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Objective: To investigate the feasibility of low-tube-
voltage (80 kVp) coronary CT angiography (CCTA) com-
bined with contrast medium (CM) reduction and iterative
model reconstruction (IMR) on patients with standard
body mass index compared with clinical routine protocol.
Methods: Retrospectively gated helical CCTA scans were
acquired using a 256-slice multi-slice CT (Brilliance iCT;
Philips Healthcare, Cleveland, OH) on 94 patients with
standard body mass index (20-25kgm 2) who were
randomly assigned into 2 groups. The scan protocol for
Group 1 was 100kVp and 600 mAs with 70ml CM at an
injection rate of 4.5-5.5 mls~'; images were reconstructed
by a hybrid iterative reconstruction technique (iDose?;
Philips Healthcare). Group 2 was scanned at 80kVp
and 600 mAs with 35ml CM at an injection rate of
3.5-45mls™ " images were reconstructed with IMR.
Objective measurements such as the mean image noise
and contrast-to-noise ratio of the two groups were
measured on CT images and compared using the paired
t-test. In addition, a subjective image quality evaluation
was performed by two radiologists who were blinded to
the scan protocol, using a 5-point scale [1 (poor) to 5
(excellent)]. The results of the two groups were compared
using Mann-Whitney U test.

INTRODUCTION

With the development of multidetector CT, coronary CT
angiography (CCTA) has become a preferred non-invasive
approach to evaluate coronary artery disease,"” but has
persistently contributed to a certain burden of radiation
dose.” Moreover, the use of iodinated contrast medium
(CM) for CCTA also remains a concern since it may
contribute to renal impairment.* Therefore, it is important

Results: The iodine delivery rate of Group 2 was 1.0 +
0.5gls™' compared with 21+ 0.5gls™" in Group 1 result-
ing in a reduction of 52.4%. In addition, an effective
radiation dose reduction of 56.4% was achieved in Group
2 (2.4 £1.2mSv) compared with Group 1 (5.5 + 1.4 mSv).
The mean CT attenuation, contrast-to-noise ratio and
image quality of all segments in Group 2 were signifi-
cantly improved compared with those in Group
1 (all, p < 0.01).

Conclusion: The use of IMR along with a low tube voltage
(80 kVp) combined with a low CM protocol for CCTA can
reduce both radiation and CM dose with improved image
quality.

Advances in knowledge: In this study, we used a novel
knowledge-based IMR which remarkably reduced the
image noise. We compared the quality of the images
obtained when the tube voltage was reduced to 80 kVp
and that of those obtained according to the clinical
routine protocols to determine whether ultra-low-dose
imaging plus IMR is feasible in CCTA scans. We found
that a low dose protocol combined with 80 kVp and
reduced CM for CCTA can reduce both radiation dose
and CM dose with improved image quality by the use of
IMR in non-obese patients.

to find an approach that can optimize both radiation and
CM dose in CCTA examinations. Low tube voltage has
been investigated as a means to decrease radiation dose as
well as to optimize CM dose. The mean photon energy at
low tube voltage approaches the iodine K-edge of 33 keV,>°
which will result in higher iodine contrast enhancement.
However, low tube voltage may also deteriorate the di-
agnostic quality of CT images by increasing image noise
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and/or beam-hardening artefacts. One solution for improving
image quality at low tube voltage is to increase tube current to
balance image noise;” however, this may come at the cost of
increased radiation dose, especially on larger patients. Another
solution is the use of iterative reconstruction (IR) techniques to
address the increased image noise.

During the past decade, IR algorithms were introduced to help
reduce the quantum noise associated with standard-convolution
filtered back projection (FBP) reconstruction algorithms.
Hybrid-type IR (HIR) algorithms have been applied in CCTA in
clinical settings, with low-dose acquisitions combined with HIR
facilitating dose reductions of up to 63% depending on the
proportion of iteration blending with FBP”'* Recently,
a knowledge-based iterative algorithm known as iterative model
reconstruction (IMR), which represents the latest advances in
the field of reconstruction techniques, has been introduced to
enable further dose reduction and image quality improvements
in low-dose CCTA."'™"* Previous studies'>'* demonstrated that
IMR vyielded significant improvement in both qualitative and
quantitative image quality compared with FBP and HIR when
using low tube voltage at 100kVp, indicating a potential for
further dose reduction.

Thus, we investigated a dose-saving protocol combining a low
tube voltage (80kVp) and reduced CM along with the use of
IMR by comparing the image quality of scans acquired with this
protocol with those acquired with a routine clinical protocol
reconstructed with HIR to determine whether the new protocol
can result in CCTA scans with improved image quality.

METHODS AND MATERIALS
This prospective study received institutional review board ap-
proval; prior informed consent was obtained from all patients.

Study population

We prospectively enrolled 94 consecutive patients (44 males and
50 females; mean age 66 * 13 years) who underwent retro-
spective helical electrocardiogram (ECG)-gated CCTA between
April and August 2013. All had suspected or confirmed coronary
artery disease and were referred for CCTA for clinical reasons
based on guidelines promulgated by the American College of
Cardiology."”” The inclusion criteria were a body mass index
(BMI) between 20 and 25 and an Agatston score <400 Agatston
units. Exclusion criteria included the presence of severe ar-
rhythmia, atrial fibrillation, prior coronary artery bypass graft-
ing, heart rate >80 beats per minute (bpm) despite therapy by
B-Blocker, allergy to CM, renal insufficiency (estimated glo-
merular filtration rate <40 mlmin~ ' 1.73m™?), unstable clini-
cal condition and inability to perform a breath hold.

CT acquisition

We used a 256-slice CT scanner (Brilliance iCT; Philips Health-
care, Cleveland, OH). All CCTA examinations started with a cal-
cium scan without contrast, which produced a coronary artery
calcium score following the Agatston method.'® Thereafter, CCTA
scans were performed using retrospective ECG-gated protocol
using the following parameters: detector collimation, 128 X 0.625 mmy;
slice thickness, 0.9 mm; section increment, 0.45 mm; gantry rotation
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time, 0.27s; pitch, 0.16; tube current time product, 600 mAs
with ECG-dependent tube current modulation; and tube voltage
of 100 and 80kVp for Group 1 and Group 2, respectively. All
patients received intravenous contrast (Ultravist® 370; Schering,
Berlin, Germany) via an 18-gauge catheter placed in the ante-
cubital vein followed by saline. The injection protocol for Group
1 delivered 70 ml of contrast at 4.5-5.5mls™ " followed by a sa-
line chaser of 20-30 ml injected at the same rate as the contrast,
while the protocol for Group 2 delivered 35 ml of contrast at
3.5-4.5mls™ ' by a saline chaser of 20-30 ml injected at the same
rate as the contrast. The start time of data acquisition was de-
termined with a computer-assisted bolus-tracking program
(Bolus Tracking; Philips Healthcare) with a trigger threshold of
120 HU in the ascending aorta. Data acquisition started 5 s after
triggering. To minimize the presence of motion artefact in our
studies, patients with a baseline heart rate of over 75bpm were
treated with intravenous atenolol (5-10mg) approximately
2-5min before the scan.

Image reconstruction

The raw data from Group 1 were reconstructed with an HIR
algorithm (iDose*; Philips Healthcare), and the raw data from
Group 2 were reconstructed with a prototype implementation of
the new knowledge-based IR algorithm (IMR). All raw data were
reconstructed using identical parameters of 0.9 mm thickness at
0.45mm increment, 512 X 512 pixel matrix, 250 mm field of
view (FOV) and a standard cardiac reconstruction kernel (XCB).
For Group 1, we applied a moderate-level HIR reconstruction
(iDose*; Philips Healthcare Level 4) which is routinely used at
our hospital. For the IR employed in Group 2, there are two
IMR cardiac settings (Cardiac Routine and Cardiac Sharp) each
with three levels (L1, L2, and L3). For our reconstructions, we
targeted the lowest noise reduction, Level 1, with the cardiac
routine setting.

CT radiation dose and iodine delivery rate
Machine-generated CT dose index volume (CTDIvol), scan
length, dose-length product (DLP) values and injection rate
were recorded for each patient. Estimated effective dose was
calculated from the product of DLP and a conversion factor k for
the chest (k= 0.028 mSv X rnGy*1 Xcm .Y In order to
compare with previous studies focusing on radiation dose of
cardiac CT, we performed the effective dose calculation with the
old chest conversion factor of 0.014'® as well.

The iodine load was calculated as contrast concentration mul-
tiplied by the total amount of CM, and the iodine delivery rate
was calculated as the iodine load multiplied by injection rate."

Image assessment

All images were reviewed and interpreted on a commercially
available workstation (Extended Brilliance Workspace v. 4.5.2;
Philips Healthcare). Two radiologists with 2 years” experience in
CCTA performed objective quantitative assessments on axial
source images and recorded the following findings: (1) mean CT
attenuation of the proximal, medial and distal segments of the
right coronary artery (RCA), left anterior descending (LAD) and
left circumflex artery (LCX). For these measurements, a circular
region of interest was placed in an area of the vessels that was

2 of 9 birpublications.org/bjr

Br J Radiol;89:20150766


http://birpublications.org/bjr

Full paper: Iterative model reconstruction (IMR) on standard BMI patients

not so small as to be affected by pixel variability and not so large
as to approach the edges of the vessel. (2) Contrast enhancement
of the proximal, medial and distal segments of the RCA, LAD
and LCX, calculated as the difference between the mean attenuation
in the lumen of the contrast-enhanced vessel and left ventricle.
(3) Image noise, determined as the standard deviation of the attenu-
ation value in a single circular region of interest placed in the left
ventricle. (4) Contrast-to-noise ratio (CNR) of the proximal,
medial and distal segments of the RCA, LAD and LCX, calculated
as CNR = contrast enhancement/image noise. We compared these
parameters between two groups. The coronary segmentation was
according to Society of Cardiovascular CT guidelines for the in-
terpretation and reporting of coronary CT angiography.”’

For subjective image quality assessment, available images in-
cluded transverse source images, multiplanar reformations and
thin-slab (3 mm) maximum intensity projections. Two cardio-
vascular radiologists with 5 and 10 years’ experience in CCTA,
who were blinded to the scan conditions and reconstruction
settings, independently evaluated the image quality of the
proximal, medial and distal segments of the coronary arteries
using a 5-point scale in which 5 (excellent) = images neither
noisy nor artifactual, contours smooth and clear, useful di-
agnostic information; 4 (good) = image slightly noisy or arti-
factual, clear contours, sufficient diagnostic information; 3 (fair) =
image noisy and artifactual, contour partially obscured, ac-
ceptable diagnostic information; 2 (poor) = image very noisy
and artifactual, insufficient information for diagnosis; and
1 (unacceptable) = severe noise and artefacts, image non-
assessable. When they disagreed, a third cardiovascular radiol-
ogist with >15 years’ experience was asked to adjudicate the
differences in order to obtain a consensus score.

Statistical analysis

All continuous values were expressed as mean * standard de-
viation. To compare the invariable relationships of the patient

Table 1. Patient demographics

demographic and pathological characteristics between groups,
we used x* or Fisher’s exact test when the predictor was cate-
gorical and used Wilcoxon rank sum test when the predictor was
quantitative. Differences in the mean values of the objective
image quality parameters with normally and non-normally
distributed data were determined with the analysis of in-
dependent ¢ test and Mann—Whitney U test, respectively. The
subjective scores were compared by using the Mann—Whitney
U test. Interobserver agreement for subjective image scores was
measured using Kappa test. All statistical analyses were per-
formed with commercially available software (SPSS® v. 18.0;
IBM Corporation, Armonk, NY; formerly SPSS Inc., Chicago,
IL). Two-sided testing was used. A value of p << 0.05 was con-
sidered to be a statistically significant difference.

RESULTS

Patient demographics and radiation dose

The results of patient demographics are summarized in Table 1.
There was no significant difference between the two groups with
respect to age, gender, body weight, BMI and the clinical char-
acteristics including hyperlipidemia, hypertension, diabetes
mellitus and heart rate.

Radiation dose and iodine delivery rate

The results of radiation dose and iodine delivery rate are sum-
marized in Table 2. In Group 2 and Group 1, the mean CT dose
index volume, scan length, DLP, effective radiation dose, in-
jection rate, iodine load and iodine delivery rate were 23.6 = 2.2
and 11.5 = 1.2 mGy; 141 = 15 and 140 * 17 mm; 392 * 119 and
169 = 6mGycm; 10.9*28/5.5+1.4 and 4.8*24/24=*
1.2mSv; 4.9 + 0.5 and 3.8 + 0.6mls™'; 0.44 + 0.05 and 0.26 +
0.04gIml™'; and 2.1 +0.5 and 1.0 =0.5gls™ ', respectively.
There were significant differences between the two groups for all
parameters except scan length. The effective radiation dose and
the iodine delivery rate of Group 2 were reduced by 56.4% and
52.4%, respectively, compared with Group 1.

Values
Characteristics p-value
Group 1 Group 2
Age, years, mean = SD (range) 65 *+ 13 (48-82) 68 = 15 (45-78) NSD
Male/female, n/n 25/22 19/28 NSD
Body weight, kg, mean = SD 583+72 55.7 * 8.4 NSD
Body mass index, kg m 2, mean * SD 22.6*+23 224*21 NSD
Chest pain, n/N 24/47 28/47 NSD
Hyperlipidemia, n/N (%) 11/47 (23) 9/47 (19) NSD
Hypertension, n/N (%) 21/47 (45) 18/47 (38) NSD
Diabetes mellitus, n/N (%) 8/47 (17) 14/47 (30) NSD
Heart rate, bpm, mean = SD 62+ 8 60 =9 NSD
Current smoking, n/N (%) 11/47 (23) 15/47 (32) NSD
Prior smoking, n/N (%) 13/47 (28) 18/47 (38) NSD

NSD, no significant difference; SD, standard deviation.
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Group Group 1 Group 2 p-value

CTDI,; (mGy) 23.6+22 115=12 <0.01
Scan length (mm) 141 = 15 140 =17 NSD
DLP £ SD (mGycm) 392 2119 169 = 6 <0.01
Effective dose (mSv)

k=10.028 109*+28 4.8=*+2.4 <0.01

k=10.014 55+ 14 24%1.2 <0.01
Injection rate (mls™") 3.8+ 0.6 49 +0.5 <0.01
Iodine load (gl ml™Y) 0.44 = 0.05 0.26 = 0.04 <0.01
TIodine delivery rate (gl sh 1.8 £0.5 1.4+0.5 <0.01

CTDlye), CT dose index volume; DLP, dose-length product; Group
deviation.

Quantitative analysis

Table 3 and Figure 1 show the results of our quantitative anal-
ysis. Both mean CT attenuation and CNR of all segments of
LAD, LCX and RCA were significantly greater on Group
2 compared with those of Group 1. The mean CT attenuation and
CNR of distal segments of LAD, LCX and RCA in both groups
were significantly lower than their corresponding proximal and
mid segments. The mean image noise of Group 2 was signifi-
cantly lower than that of Group 1 (11.5 * 3.8 HU and 27.1 *
5.3 HU, respectively, p = 0.024).

Qualitative results

Table 4 summarizes the kappa value and the subjective image
quality scores of the LAD, LCX and RCA for the two reviewers.
The two radiologists showed very good consistency in quali-
tative assessment, kappa value = 0.46—0.78. A significant dif-
ference was found between Group 1 and Group 2 for image
quality scores of proximal, mid and distal segments of LAD,
LCX and RCA. Group 2 (80kVp with IMR) scoring was sig-
nificantly better than Group 1 (100kVp with HIR). Moreover,
the subjective rankings of proximal segments of LAD, LCX and
RCA were significantly higher than their corresponding mid
and distal segments in Group 1; in contrast, there were no
significant differences in image quality scores among segments
in Group 2. Representative cases are shown in Figures 2—4.

DISCUSSION

To our knowledge, this study is the first clinical study of IMR
with combined low tube voltage (80kVp) and low CM pro-
tocol in CCTA. Previous studies*"*> demonstrated that the use
of a low tube voltage protocol at 100kVp could facilitate sig-
nificant reduction of radiation exposure in non-obese patients
while at the same time maintaining image quality compared
with a 120kVp protocol in CCTA. Moreover, other
studies”*™** demonstrated that the use of HIR techniques
enabled improvement to image quality of CCTA in low-dose
protocols. Thus, 100 kVp plus HIR protocols are supposed to
be at least as good or better when compared with 120kVp
employing FBP on patients with standard BMI. Therefore, we
adopted the protocol of 100 kVp plus HIR as clinical routine in

1, 100kV; Group 2, 80kV; NSD, no significant difference; SD, standard

our institute and as the control group in this study. For the
experimental group, we proposed a combined dose-saving
protocol using 80 kVp with both reduced volume and injection
rate of CM. In theory, the use of 80kVp enables further ra-
diation dose reduction®® and improved enhancement of vas-
cular structures when compared with 100kVp.>® However,
reduced contrast volume and injection rate may lead to in-
sufficient peak intravascular enhancement and thus adversely
impact the image quality of CCTA scans.”” Our results dem-
onstrated that the use of 80 kVp not only reduced the radiation
dose by about half in Group 2, but also increased the mean CT
attenuation of all coronary segments in this group compared
with those in Group 1, despite the reduction of CM (in Group 2).
This demonstrates that 80 kVp could effectively compensate
for reduced CM owing to its X-ray output approaching the
K-edge of iodine. The reduction of CM is especially helpful for
patients with renal dysfunction since contrast-induced ne-
phropathy is closely related to pre-existing renal insufficiency
and the amount of contrast injected.**® In addition, high flow
rate may sometimes be associated with a higher extravasation
rate.”” Thus, the combined dose-saving protocol can be helpful
to minimize diagnostically appropriate amount of CM to help
reduce the incidence of contrast-induced nephropathy and
other adverse reaction.

On the other hand, the use of IMR in Group 2 resulted in
a significant decrease in image noise at 80kVp. IMR is an
advanced IR algorithm that uses a knowledge-based approach
to accurately determine the data, image statistics and system
models of CT scanner and produces optimal images by itera-
tively minimizing the difference between acquired data and
their ideal form.'"* In theory, image noise can be removed
during IMR reconstruction, resulting in an artefact- and noise-
free image. Similar to previous studies,'>'* our results showed
that IMR yielded significant noise reductions at low tube
voltage and helped to improve CNR and image quality. How-
ever, excessive image noise reduction could result in image
blurring and resolution degradation, with early studies®’*’!
suggesting that some implementations of iterative approaches
could produce images that are significantly different in
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Figure 1. Box plot shows the results of quantitative analysis of
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Table 4. Qualitative analysis of each reviewer
LAD LCX RCA
Readers
Proximal Mid Distal Proximal Distal Proximal Mid Distal

Image quality score
R-1

Group 1 3.5 +0.5" 3.3+0.5" 3.2+05 34+0.5 33*0.5 35%0.5 33+0.4" 3.1 +0.4%

Group 2 3.9*0.5 3.8*20.4 3.8*20.5 39204 3.7 +0.4" 39104 3.8*+0.4 3.8*£0.5
R-2

Group 1 3.6 +0.5" 3.2+0.5° 32%04 33+04 3.2*+0.6 33%+0.2 3.2+0.5 3.1 +0.4"

Group 2 3904 3.9*0.3 3.8*0.4 3904 3.8*+0.4 3904 39*04 3.8£04
Final

Group 1 3.5*0.5 3.2+0.5° 3.2+0.4" 33+04 3.2+ 0.6" 33%+0.2 3.2+0.5° 3.1 +0.4"

Group 2 3904 3.8*0.4 3.8*0.4 3904 3.7%x0.4 39104 3.8%£04 3.8%£04

p- value < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Kappa value

Group 1 0.67 0.62 0.70 0.65 0.65 0.46 0.67 0.78

Group 2 0.71 0.68 0.71 0.78 0.70 0.78 0.68 0.72

Group 1, T00kVp; Group 2, 80kVp; LAD, left anterior descending artery; LCX, left circumflex artery; R-1, Reader 1, R-2, Reader 2; RCA, right

coronary artery.
?Significant difference compared with proximal vessel.
bSignificant difference compared with mid vessel.

calcified plaques owing to increased image noise and blooming
artefacts from dense structures. Nevertheless, our results
revealed that IMR was able to yield superior noise reduction at
80 kVp in non-obese patients which may be further extended to
larger patients. Meanwhile, Oda et al'' reported that IMR was
able to reduce artefacts that may help to improve visual evalu-
ation of coronary plaques, while den Harder et al*> observed that
Agatston scores were decreased significantly when using IMR;
thus, we suggest further investigations with a gold standard to be
performed to assess the accuracy of IMR in severe calcified
plaques.

Our study has several limitations. Foremost, the diagnostic
performance of our observers in the detection of coronary
stenosis was not evaluated because the prevalence of lesions
in this study was too low and we had no reference standard
for the majority of lesions. Consequently, future studies are
needed to evaluate the diagnostic performance of coronary
stenosis with IMR by correlating imaging findings with the
results of coronary catheterization (reference standard).
Second, considering prospective ECG-gated technique
requires a relatively steady low heart rate and cannot be used
to assess cardiac function because the images are acquired at

Figure 2. Axial cardiac CT images of the proximal left anterior descending coronary artery of a 65-year-old male (body mass index, 22)
(Group 1) (@) and 63-year-old male (body mass index, 22) (Group 2) (b) with a partially calcified plague (arrows). Images reconstructed
with iterative model reconstruction (IMR) algorithm (b) show lower image noise than those reconstructed with hybrid-type iterative
reconstruction (HIR) algorithm (a). The plaque contour is clearly identified with IMR and HIR. A, above; F, front; L, left.
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Figure 3. Axial cardiac CT images of the normal distal right coronary artery (arrows) of a 55-year-old male (body mass index, 24)
(Group 1) (a) and 58-year-old male (body mass index, 24) (Group 2) (b). Images reconstructed with iterative model reconstruction
(IMR) algorithm (b) show lower image noise than those reconstructed with hybrid-type iterative reconstruction (HIR) algorithm (a)

(arrowheads).

a single, predetermined, end-diastolic, quiescent phase. The
retrospective-gated technique is still useful for some patients,
and is a protocol where radiation dose reduction is impor-
tant. Hence, we adopted retrospective-gated CCTA in our
investigation. However, the use of prospective ECG-gated
techniques could enable further reductions to radiation dose
bringing it down into the sub-mSv range. Third, since the
appearance of IMR images was significantly different from
that of HIR images, it could have potentially influenced the
readers and posed a challenge for the double-blinded as-
sessment of subjective image quality, by introducing a bias in
the image quality scores. Hence, further exploration such as
multiple observer study may help with a better assessment of
image quality of the knowledge-based IR.

CONCLUSION

In conclusion, the use of knowledge-based IMR in a dose-saving
protocol which combines 80kVp with reduced CM offers sig-
nificant reductions in image noise and improvements in image
quality. Improvements were measured across all coronary seg-
ments compared with the 100 kVp HIR protocol with a standard
injection dose for non-obese patients. Radiation dose savings of
56.4% and CM dose savings of 52.4% were achieved by the use
of the dose-saving protocol.
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