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Abstract To assess the image quality and radiation
dose of low-dose dual-source CT (DSCT) coronary
angiography reconstructed using iterative reconstruc-
tion in image space (IRIS), in comparison with
routine-dose CT using filtered back projection
(FBP). Eighty-one patients underwent low-dose cor-
onary DSCT using IRIS with two protocols: (a)100
kVp and 200 mAs per rotation for body mass index
(BMI) < 25 (group I), (b)100 kVp and 320 mAs for
BMI > 25 (II). For comparison, two sex-and BMI-
matched groups using standard protocols with FBP
were selected: (a)100 kVp and 320 mAs for BMI < 25
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II), (b)120 kVp and 320 mAs for BMI > 25 (IV).
Image noise, signal to noise ratio (SNR) and modu-
lation transfer function (MTF) 50% were objectively
calculated. Two blinded readers then subjectively
graded the image quality. Radiation dose was also
measured. Image noise tended to be lower in IRIS of
low-dose protocols: 22.0 + 4.5 for group I versus
24.8 £ 4.0 for III (P <0.001); 20.9 4.5 for II
versus 21.6 £ 4.9 for IV (P = 0.6). SNR was better
with IRIS: 25.8 £ 4.4 for I versus 22.7 &+ 4.6 for III
(P < 0.001); 24.6 &= 5.4 for II versus 18.7 + 4.5 for
IV (P < 0.001). No differences in MTF 50% or image
quality scores were seen between each two groups
(P > 0.05). Radiation reduction was 40% for I and
51% for II, compared to standard protocols. Compared
with routine-dose CT using FBP, low-dose coronary
angiography using IRIS provides significant radiation
reduction without impairment to image quality.

Keywords Cardiac CT - Iterative reconstruction -
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Coronary angiography

Abbreviations

CT Computed tomography

FBP Filtered back projection

ASIR Adaptive statistical iterative reconstruction
IRIS Iterative reconstruction in image space

BMI Body mass index
DSCT Dual-source CT
Bpm Beats per minute
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SNR Signal-to-noise ratio

CNR Contrast-to noise ratio

ROI Region of interest

MTF Modulation transfer function
CTDI,,; Volume CT dose index

DLP Dose length product

Introduction

Dose reduction techniques of computed tomography
(CT), such as anatomy-adapted tube current modula-
tion [1], low tube voltage [2-9], noise reduction filters
[10] and optimization of z-axis scan length [3] for
general application, as well as ECG pulsing [11], heart
rate-adaptive pitch [12], sequential ECG triggering [9,
13] and high pitch acquisition [14] for cardiac
application, have been successfully shown to reduce
radiation exposure while generating acceptable image
quality. However, further reductions in radiation dose
are hindered by increased image noise and degraded
image quality mainly as a result of the limitations of
the standard filtered back projection (FBP) recon-
struction algorithm currently used on all CT scanners.
When using this conventional technique of recon-
structing raw data into image data, a fixed connection
between spatial resolution and image noise exists, with
higher spatial resolution being directly correlated to
increased image noise.

As iterative reconstruction approaches theoretically
allow the decoupling of this correlation between
spatial resolution and image noise, a wide variety of
iterative reconstruction approaches have been devel-
oped in the last 20 years. However, although iterative
reconstruction has been widely used in positron
emission tomography, it has only recently been
introduced to CT and has been handicapped due to
the slow convergence process of reconstruction and,
consequently, demand for more robust computing
power. Recently, the first modified and computation-
ally faster iterative reconstruction technique based on
only one statistical corrective model, adaptive statis-
tical iterative reconstruction (ASIR), was newly
introduced, and the published data suggest that
radiation dose could indeed be significantly reduced
using ASIR [15-21].

Now, another method for iterative reconstruction
(iterative reconstruction in image space, IRIS;
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Siemens) has been developed. The new IRIS algo-
rithm generates a “master” image only once from raw
data not like the classic iterative reconstruction in
which the reconstructions from the raw data are
performed numerous times. The following iterative
corrections known from theoretical iterative recon-
struction are consecutively performed in image space
based on the “master” image. They remove the image
noise without degrading image sharpness. Therefore,
the time-consuming repeated projection and corre-
sponding back projection from the raw data can be
avoided. In this study, we hypothesized that IRIS
would allow for additional reduction in tube current
and tube voltage, resulting in further radiation dose
reduction for coronary CT angiography with accept-
able image noise without degrading image sharpness.

Materials and methods

This retrospective study was approved by our institu-
tional review board and the requirement for informed
consent was waived due to retrospective manners of
this study.

Study population

From May to June 2010, two different low-dose
protocols of coronary CT angiography were applied
according to body mass index (BMI): (a) 100 kVp and
200 mAs per rotation in patients with a BMI of less than
25 (group I; 56 subjects) and (b) 100 kVp and 320 mAs
per rotation or more in patients with a BMI of 25 or
greater (group II; 25 subjects). For comparison, two
sex- and BMI-matched groups using standard proto-
cols were selected in reverse chronological order from
April to March 2010 by one investigator (E. A. P):
(a) 100 kVp and 320 mAs per rotation in patients with a
BMI of less than 25 (group III; 56 subjects) and (b) 120
kVp and 320 mAs per rotation or more in patients with
a BMI of 25 or greater (group IV; 25 subjects). BMI
matching was performed by using a tight BMI
difference limit; mean difference 0.084 4 0.512. The
investigator was allowed access to clinical informa-
tion, but was blinded to CT image data. Finally, 162
subjects, 78 men (mean age, 60.7 years £+ 9.9; range,
30-83 years) and 84 women (mean age, 61.8 years £
9.9; range, 37-83 years) with an overall mean age of
61.3 years & 9.9 ranging from 30 to 83 years, were
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enrolled in this study: 24 men and 32 women for groups
I and II1, respectively; and 15 men and 10 women for
groups II and IV, respectively. All patients were
referred for clinically indicated CT coronary angiog-
raphy and additional iterative reconstruction images
were obtained in all patients.

CT protocol

All CT examinations were performed using a dual-
source CT (DSCT) scanner (Somatom Definition;
Siemens Medical Solutions, Forchheim, Germany).
Patients with a pre-scan heart rate of 65 beats per
minute (bpm) or higher were given 50-100 mg of oral
metoprolol (Betaloc; AstraZeneca, Sweden) 45-60 min
prior to the CT examination, unless the subject had a
contraindication to beta-blockers. Additional beta-
blockers were not administered to any subjects who
underwent CT scanning 45-60 min after administration
of beta-blockers, even if the heart rate was not decreased
to below 65 bpm.

Precontrast scanning for calcium scoring was
performed using prospective ECG-triggering with
80% of R-R interval protocol (3-mm section thickness
and collimation, 120 kVp, tube current-time 100 mAs,
collimation, 32 x 0.6 mm; section acquisition, 64 x
0.6 mm with the z-flying focal spot technique; gantry
rotation time, 330 ms; pitch, 0.2-0.5, depending on
the heart rate).

A total of 0.4 mg of Sublingual nitroglycerin
(Nitroquick; Ethex, St. Louis, Mo) was administered
in all subjects except two who had a contraindication
to nitroglycerin for coronary vasodilation after com-
pletion of calcium scoring scanning. 60 mL of a
nonionic contrast medium (Ultravist 370; Shering,
Berlin, Germany) was injected into an antecubital vein
at 5 mL/s, followed by an additional 20 mL of a
nonionic contrast medium and 50 mL of an 8:2
mixture of normal saline and contrast medium, at a
flow rate of 4 mL/s with the use of a dual power
injector (Stellant; Medrad, Indianola, Pa). The bolus
triggering method was used to determine the begin-
ning point of CT acquisition by monitoring the signal
density of the contrast medium in the mid-ascending
aorta. CT scans were started 8 s after a threshold
trigger of 150 HU above baseline was reached.

All scans were performed from the level of the
tracheal bifurcation to the diaphragm in a caudocranial

direction with a detector collimation of 32 x 0.6 mm,
section collimation of 64 x 0.6 mm with a z-flying
focal spot, gantry rotation time of 330 ms, and
adaptive pitch of 0.2-0.5 depending on the heart rate.
Pitch was adjusted to the lowest expected heart rate
while scanning. For the low dose protocols, two
different parameters were used according to BMI: in
patients with a BMI of less than 25, a tube voltage of
100 and maximum tube current—time of 200 mAs per
rotation was used; in patients with a BMI of 25 or
greater, a tube voltage of 100 and maximum tube
current—time of 320-360 mAs per rotation was used.
For the standard protocols as well, two different
parameters were used according to BMI: in patients
with a BMI of less than 25, a tube voltage of 100 and
maximum tube current—time of 320 mAs per rotation
was used; in patients with a BMI of 25 or greater, a
tube voltage of 120 and maximum tube current—time
of 320-380 mAs per rotation was used.

A retrospective ECG-gated technique with a mono-
segment reconstruction algorithm was used for image
reconstruction. The ECG-pulsing window for radia-
tion dose reduction was applied in all patients:
65~75% of R-R interval in patients with <65
beats/min and 25~80% for in patients with >65.
Outside the ECG-pulsing window, the tube current
was reduced to 4% of the full current (Mindose;
Siemens Healthcare). Standard reconstruction algo-
rithms were applied by using an absolute reverse or
percentage technique to obtain data sets during end
systole and/or mid- to end diastole according to heart
rate. Retrospective ECG-gated image reconstruction
was performed with a half-scan and single RR-interval
reconstruction algorithm, providing for a temporal
resolution of 83 ms. The first image reconstruction was
performed at 70% of the RR-cycle, followed by an
automatically generated reconstruction using dedi-
cated reconstruction software, which automatically
generates the most quiescent phase during the RR-
cycle by calculating a motion strength function
between several reconstructions at low resolution over
the cardiac cycle and identifying periods of low
difference between neighboring phases (BestDiast/
BestSyst, Siemens Medical Solutions). If motion
artifacts were present, additional data sets were
manually reconstructed. Image reconstruction win-
dows were manually repositioned to achieve high
image quality in patients with arrhythmia, as previ-
ously described by Oncel et al. [22].
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Parameters used for image reconstruction for the
DSCT coronary angiography included a slice thick-
ness of 0.8 mm, increment of 0.4 mm, and a medium-
soft convolution kernel (B26f for FBP and 126f for
IRIS).

CT analysis
Evaluation of image noise and contrast

To obtain objective indices of image quality, we
determined image noise, signal-to-noise ratio (SNR)
[23], and contrast-to noise ratio (CNR) [23] in 0.8 mm
thickness images of both FBP and IRIS algorithms for
the four different scanning protocols. Image noise was
derived from the standard deviation of the density
values (in HU) with a 300 mm? sized region of interest
(ROI) located in the ascending aorta. SNR was
assessed in the sinus of Valsalva with an ROI of
50 mm? in area, by calculating the mean density of the
sinus of Valsalva divided by image noise. CNR was
defined as the difference between the mean density of
the contrast-filled left ventricular chamber and the
mean density of the left ventricular wall, which was
then divided by image noise [23]. In terms of
measuring the densities of the left ventricular wall,
we measured the densities twice on the septal and
lateral wall and averaged them. All measurements and
calculations were performed by placing ROIs in the
same location on both FBP and IRIS images by one
investigator (K. W. K).

Evaluation of spatial resolution based on modulation
transfer function

To determine the spatial resolution of images recon-
structed with FBP and IRIS, we measured the mod-
ulation transfer function (MTF) 50%, i.e. the spatial
frequency corresponding to 50% of MTF. MTF
mathematically quantifies the frequency responses of
various filters, providing quantitative assessment of
spatial resolution [20]. MTF was calculated as the
angular mean of the two-dimensional Fourier trans-
form of the point-spread function measured from CT
images [24]. The investigator (K. W. K) converted
paired transverse images of FBP and IRIS techniques
at the same location of the right coronary artery mid
portion from dicom files to TIFF files. MTF 50% was
measured twice by placing the ROI across the right
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coronary artery wall using a commercially available
matlab 15.0 (The Mathworks Inc., Natick, MA), and
then was averaged. The greater value of MTF 50%
indicated better spatial resolution.

Subjective image quality analysis

Two independent, blinded and experienced readers (E.
A. P. and W. L. with 7 and 9 years of coronary CT
angiography experience, respectively) reviewed the
324 data sets (162 FBP and 162 IRIS images) in
randomized order. Each reader assigned a Likert scale
for each data set on the basis of preferred image
quality, with a focus on image noise, coronary wall
definition, and low contrast resolution. The readers
were instructed to ignore issues such as respiratory
motion and poor gating which could not be attributed
to the reconstruction algorithm. The mean value of the
Likert scores from the two readers was used for
analysis. The Likert scale was defined as 1: poor,
impaired image quality limited by excessive noise or
poor vessel wall definition; 2: adequate, reduced
image quality with poor vessel wall definition or
excessive image noise, limitations in low contrast
resolution evident; 3: good, moderate image noise,
limitations of low contrast resolution and vessel
margin definition are minimal; 4: very good, good
attenuation of vessel lumen and delineation of vessel
walls, relative image noise is minimal, coronary wall
definition and low contrast resolution well maintained;
and 5: excellent, excellent attenuation of the vessel
lumen and clear delineation of the vessel walls, limited
perceived image noise [19].

Radiation dose evaluation

Scan length was documented for every examination.
Volume CT dose index (CTDI,,) and dose length
product (DLP), which were provided by the scanner
system, were recorded. The estimated effective dose
was derived from the DLP and a conversion coeffi-
cient for the chest as the investigated anatomic region.
Different conversion factors (k) according to sex and
voltage were applied based on ICRP publication 103:
0.0104 mSv mGy ' cm ! for adult male with use of
100 kV, 0.0105 for adult male with use of 120 kV,
0.0183 for female with use of 100 kV and 0.0185
female with use of 120 kV [25, 26].
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Statistical analysis

Comparisons of paired results between FBP and IRIS
images in each protocol were analyzed using the
paired ¢ test. Differences in clinical parameters and
results between FBP images of the standard protocols
and IRIS images of low-dose protocols according to
BMI category were evaluated using the student ¢ test.

All statistical analyses were performed with statis-
tical packages (SPSS for Windows, version 17.0,
SPSS, Chicago, Ill; GraphPad Prism, version 3.02,
GraphPad Software, San Diego, Calif; MedCalc for
Windows, version 8.1.0.0, MedCalc Software, Mari-
akerke, Belgium). Differences were considered sig-
nificant when the P value was less than 0.05.

Results
Study group characteristics

There were no significant differences in patient age,
heart rate, heart rate variability, and BMI between the
groups (Table 1).

Comparison between FBP and IRIS images
in same patients

In all patients, image noise significantly decreased
from a mean of 26.3 + 5.6 in FBP images to
19.9 £ 4.5 in IRIS images (P < 0.001), resulting in
an average reduction of 24.3% (Fig. 1). On the other
hand, mean densities of the sinus of Valsalva and left
ventricular wall were similar in both images in all
patients: 519.3 + 103.3 HU in FBP and 519.5 &+
104.4 HU in IRIS for mean density of the sinus of

Valsalva (P = 0.793); 128.4 & 21.2 HU in FBP and
128.3 &+ 21.1 HU in IRIS for left ventricular wall
(P = 0.341). Both SNR and CNR were also signifi-
cantly better in IRIS images than in FBP images in all
patients: 20.3 &+ 4.6in FBP and 26.8 £ 5.7 in IRIS for
SNR (P < 0.001); 14.2 £ 3.9 in FBP and 18.6 + 4.8
in IRIS for CNR (P < 0.001). Similar trends were
found in the comparison of paired results between FBP
and IRIS images in each group (Fig. 2a, b, c, d).

Mean values of MTF 50% were 0.0283 £ 0.0030
for FBP images and 0.0290 =+ 0.0029 for IRIS images
in all patients. Although a significant difference was
found (P < 0.001), mean differences in MTF 50%
values of both images were very small, 0.0007 &
0.0015. As shown in Fig. 2e, similar tendencies were
noted in each group: MTF 50% of IRIS images was
slightly better than that of FBP images.

Mean scores of subjective image quality was
significantly better in IRIS images than in FBP images
in all patients: 4.12 + 0.62 in FBP and 4.49 + 0.60 in
IRIS images (P < 0.001). In each group, subjective
image quality was also significantly better in IRIS
images than in FBP images (all, P < 0.05) (Fig. 2f).

Table 2 provides the mean values of image quality
parameters of each group in detail.

Comparison between FBP images of the standard
protocol and IRIS images of the low-dose protocol

In the category of a BMI of less than 25, image noise
was significantly lower in the IRIS images of the low-
dose protocol than in the FBP images of the standard
protocol (P < 0.001) (Fig. 2a). On the other hand,
mean densities of sinus of Valsalva and left ventric-
ular wall were similar in both images (P > 0.005)
(Fig. 2b). Therefore, significant improvement of SNR

Table 1 Comparison of general features according to the four different groups

Total BMI less than 25

BMI 25 or greater

Low-dose protocol ~ Standard protocol P value Low-dose protocol Standard protocol P value

Group 1 Group III Group II Group IV
No. patients 162 56 56 25 25
Age 61.3£99 606 %115 61.0 £9.3 0.863 643 £09.1 60.4 £ 8.1 0.111
HR 61.0 £9.7 60.7 £ 10.5 61.8 £09.1 0.572 61.1 £ 10.0 60.1 £9.5 0.718
HR variability 10.1 + 14.6 8.1 £+ 8.3 11.1 £ 16.7 0.235 124 £ 155 99+ 194 0.620
BMI 247 £32 228+ 14 228+ 1.4 0.947 28.6 £ 2.1 289 £22 0.609

HR heart rate, BMI body mass index
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Fig. 1 CT images of a 56-year-old female: filtered back projection (FBP) (a) and iterative reconstruction in image space (IRIS) (b) CT
densities of the ascending aorta were similar in both images but image noise was decreased in the IRIS image

and CNR was found in IRIS images of the low-dose
protocol, compared to those in FBP images of the
standard protocol (all, P < 0.001) (Fig. 2c, d). There
were no significant differences in MTF 50% values
between both data sets (P = 0.913) (Fig. 2e). On
subjective analysis of image quality, there were no
significant differences between IRIS and FBP images
(P = 0.546) (Fig. 2f).

In the category of a BMI of 25 or greater, image
noise was similar between IRIS images of the low-
dose protocol and FBP images of the standard protocol
(P = 0.609) (Fig. la). Of note, mean densities of
sinus of Valsalva and left ventricular wall were
significantly higher in IRIS images of the low-dose
protocol than in FBP images of the standard protocol
(Fig. 2b). Therefore, significant improvement of SNR
and CNR was found in the IRIS images of the low-
dose protocol, compared to those in the FBP images of
the standard protocol (all, P < 0.01) (Fig. 2¢c, d).
There were no significant differences in MTF 50%
values between both data sets (P = 0.533) (Fig. 2e).
On subjective analysis of image quality, there were no
significant differences between IRIS and FBP images
(P = 1.0) (Fig. 3).

Reduction of radiation dose

Mean scan ranges were slightly longer in the standard
protocols than in the low-dose protocols but the
difference did not reach a statistical significance
(P > 0.05) (Table 3). Table 3 summarizes the com-
parison of radiation dose estimation between standard
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and low-dose protocols according to BMI category. In
the category of a BMI of less than 25, CTDI,,;, DLP,
and mean effective dose showed an average reduction
of 39.2, 39.3, and 39.7%, respectively, in the low-dose
protocol compared to the standard protocol. In the
category of a BMI of 25 or greater, CTDI,;, DLP, and
mean effective dose showed an average reduction of
49.8, 50.0, and 51.3%, respectively, in the low-dose
protocol compared to the standard protocol.

Discussion

The principal findings of the present study can be
summarized as follows: (1) IRIS images significantly
improved objective and subjective image quality by
reducing image noise compared with FBP images, (2)
spatial resolution based on calculation of MTF did not
decrease when using the IRIS reconstruction tech-
nique. On the contrary, MTF 50% (spatial resolution)
improved with statistical significance in the IRIS
images compared with the FBP images although the
difference was small, (3) in patients with a BMI of less
than 25, IRIS images provided 40% radiation reduc-
tion without any impairment to image quality by
reducing the tube current from 320 mAs per rotation to
200 mAs per rotation, and (4) in patients with a BMI of
25 or greater, IRIS images provided 51% radiation
reduction without any impairment to image quality by
reducing the tube voltage from 120 to 100 kVp.

The IRIS approach is based on an initial “master”
FBP reconstruction with a very sharp convolution
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Fig. 2 Boxplots of objective measurements of both filtered
back projection (FBP) and iterative reconstruction in image
space (IRIS) images according to the four different protocols.
a Image noise, b Densities of the sinus of Valsalva, ¢ Signal to
noise ratio, d Contrast to noise ratio, and e Modulation transfer
function 50%. A thick horizontal line in the center of each box
indicates the median of mean values. Thin horizontal lines at the
top and bottom of each box indicate the minimum and maximum
values. The boxplot itself represents interquartile range. Group I,

kernel still containing all the frequencies and, thereby,
all the information of the initial raw data. Subsequent
iterative processing loops are applied to the image
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low-dose protocol using 100 kVp and 200 mAs per rotation in
patients with a body mass index (BMI) of less than 25, Group II,
standard dose protocol using 100 kVp and 320 mAs or more per
rotation in patients with a BMI of less than 25, Group III, low-
dose protocol using 100 kVp and 320 mAs per rotation in
patients with a BMI of 25 or greater, and Group 1V, standard
dose protocol using 120 kVp and 320 mAs or more per rotation
in patients with a BMI of 25 or greater

volume in which the image noise is reduced while
sharpness is preserved depending on the physical prop-
erties of the scanner system and the reconstruction
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Table 2 Results of image noise, contrast, modulation transfer function, and image quality

A: BMI less than 25 Low-dose protocol

Standard protocol

Group I Group III

FBP IRIS FBP IRIS
Image noise (HU) 292 £52 220 £45 248 £4.0 19.2 £ 35
Sinus Valsalva density (HU) 556.7 £ 92.7 557.7 £ 929 5512 £ 843 551.9 £ 839
Left ventricular wall (HU) 135.1 £+ 20.1 135.1 £+ 20.1 1334 £ 18.6 1332 £ 184
SNR 19.5 £ 3.7 258 £ 44 227+ 4.6 294 £ 58
CNR 13.8 £ 34 183 £42 16.1 £4.0 20.8 £ 4.8
MTF 50% (cycles/pixel) 0.0278 £ 0.0028 0.0285 + 0.0025 0.0284 + 0.0034 0.0290 £ 0.0031
Image quality 3.93 £ 0.60 4.32 £+ 0.61 4.39 £+ 0.62 4.79 £ 0.41
B: BMI 25 or greater Low-dose protocol Standard protocol

Group II Group IV

FBP IRIS FBP IRIS
Image noise (HU) 282 £5.8 209 £ 4.5 21.6 £49 14.6 £ 5.8
Sinus Valsalva density (HU) 496.8 £+ 87.2 4974 £+ 87.1 386.7 £ 58.9 383.3 £ 62.2
Left ventricular wall (HU) 125.5 £ 19.7 125.5 £ 19.7 104.8 £ 11.8 104.8 £ 11.8
SNR 18.1 £4.0 246 £ 54 18.7 £ 4.5 25.1 £ 6.5
CNR 124 £ 3.0 16.8 £ 3.9 123 £ 3.7 16.6 £ 5.0
MTF 50% (cycles/pixel) 0.0288 £ 0.0032 0.0293 £ 0.0032 0.0288 + 0.0025 0.0300 £ 0.0030
Image quality 4.00 £ 0.41 428 £ 0.54 4.12 £+ 0.62 4.49 £+ 0.60

HU Hounsfield unit, SNR signal to noise ratio, CNR contrast to noise ratio, MTF modulation transfer function, FBP filtered back

projection, RIS iterative reconstruction in image space

parameters. On the other hand the noise model is
generated from the raw data. The general image
properties, e.g., edge information and contrast-to-
noise ratio are analyzed based on a noise model and
applied to the so-called regularization step. The result
from each regularization stepis compared to the initial
data leading to an updated image, which is added to the
previous dataset before the next iteration is performed.
Therefore the iterative loops enable significant noise
reduction while preserving edge information and low-
contrast structures. The iterative reconstruction is
performed in the image domain, the time consuming
classical iterative reconstruction approaches in which
the reconstruction form the raw data sets is necessary
(Fig. 4). Most importantly, our data showed that
spatial resolution of IRIS images was not impaired
during the process of significant noise reduction.
Recently, several studies using IRIS have been
reported [27-35]. They consistently reported that IRIS
enables significant reduction of image noise without
loss of diagnostic information in comparison to FBP
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images and suggested potential for reducing radiation
exposure [27-29, 32, 34, 35]. Further, two studies
using IRIS in the application of chest and abdomen
reported radiation reduction at 35 and 50% dose,
respectively [30, 31], which results are similar to ours.

Our study also showed that using the IRIS tech-
nique was able to reduce both tube current or tube
voltage without impairment to image quality, provid-
ing a tool to obtain additional dose reduction to
established dose reduction techniques. Tube current
reduction in CT is typically expected to result in
increased image noise due to the decreased number of
photons; however, despite the tube current reduction,
images reconstructed with IRIS had no significant
increase in image noise when compared with FBP
images. Furthermore, with tube voltage reduction, the
IRIS technique becomes a more powerful technique as
radiation exposure can decrease exponentially not
linearly by reducing tube voltage. Several studies on
the usefulness of low kVp in coronary CT angiography
have already been published [2, 3,5, 6, 8,9, 23]. As the
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Fig. 3 Graph of subjective image quality of both filtered back
projection (FBP) and iterative reconstruction in image space
(IRIS) images according to the four different protocols. Box
indicates mean values of subjective image quality between the
two images. Thin horizontal lines at the top and bottom of each
box indicate standard deviation. Group I, low-dose protocol
using 100 kVp and 200 mAs per rotation in patients with a body
mass index (BMI) of less than 25, Group II, standard dose
protocol using 100 kVp and 320 mAs or more per rotation in
patients with a BMI of less than 25, Group III, low-dose protocol
using 100 kVp and 320 mAs per rotation in patients with a BMI
of 25 or greater, and Group IV, standard dose protocol using 120
kVp and 320 mAs or more per rotation in patients with a BMI of
25 or greater

Table 3 Comparison of radiation dose estimations between groups

lower photon energy at lower X-ray tube voltages
causes higher attenuation levels of iodinated contrast
media, using a low kVp may permit a substantial
increase in vessel signal intensity, and thus might
compensate for the higher image noise [4, 7, 8].
Therefore, for low tube voltage protocols, investiga-
tors generally use 80 kVp for slim patients and 100
kVp for patients with normal weight [4, 6, 9]. Yet,
radiologists still hesitate to use 100 kVp for patients
with a high BMI over 25, as they remain suspicious as
to whether high vessel density can overcome the
higher image noise in overweight patients [2, 6]. In
this situation, IRIS images of low tube voltage
protocols can efficiently work to improve image
quality by reducing image noise. The use of iterative
reconstruction techniques is expected to increase in
CT as computational processing continues to improve
and algorithms become more robust and easy to apply
[19]. As more powerful iterative reconstruction algo-
rithms start to emerge, we may see greater noise
reduction and thereby permit further reduction in
current radiation dose [19]. Indeed, CT vendors are
now providing their own iterative reconstruction
algorithms. Recently, several studies using ASIR have

A: BMI less than 25

Low-dose protocol Standard protocol P value
Group 1 Group III
Parameters 100 kVp 100 kVp
200 mAs 320 mAs
CTDI,, (mGy) 15.0 £ 3.7 247 + 8.8 <0.001
DLP (mGy cm) 242.1 £+ 65.7 399.2 £ 156.6 <0.001
Effective dose (mSv) 36+ 1.3 6.0 £ 3.0 <0.001
Scan range (mm) 1289 + 10.2 130.7 + 12.6 0.385
B: BMI 25 or greater
Low-dose protocol Standard protocol P value
Group 11 Group IV
Parameters 100 kVp 120 kVp
320-360 mAs 320-380 mAs
CTDI,, (mGy) 24.6 £ 8.2 49.0 £ 15.7 <0.001
DLP (mGy cm) 384.6 £ 129.9 769.0 £ 251.2 <0.001
Effective dose (mSv) 52+22 10.7 £ 5.1 <0.001
Scan range (mm) 1254 £ 9.5 127.6 £ 9.4 0.419

BMI body mass index, CTDI,,; Volume CT dose index, DLP dose-length product
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Fig. 4 Simple diagram of method for iterative reconstruction in image space

also been reported, including application of ASIR in
the imaging of the lung, heart, abdomen and colon
[15-21], and they have consistently found a significant
improvement of image quality of iterative reconstruc-
tion compared to that of the FBP technique [15, 18,
20]. They also found that radiation dose can be
significantly reduced using ASIR [16, 17, 19, 21].

@ Springer

Several technical issues still remain, however. One
issue is that the noise texture of the images is notably
different from standard FBP reconstruction, and thus
may limit its use, as operators must become accus-
tomed to working with these unfamiliar image
impressions. Another issue is the determination of
the optimal combination of iterative reconstruction
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and FBP as aggressive noise reduction causes a noise-
free appearance with unusually homogeneous attenu-
ation [18].

There are several limitations to this study. First,
although we used sex-and BMI-matched data in order
to minimize confounding factors, for obvious ethical
reasons, we could not compare signal and dose
parameters in an intra-individual fashion. Therefore,
the size of the breast in the female was not matched and
thus differences in body habitus may have contributed
to variations in signal and noise measurements.
Second, individual hemodynamic differences may
have influenced our study results, even though the
bolus tracking method was used in all subjects in order
to optimize contrast-agent injection. Third, diagnostic
accuracy was not measured for the detection of
coronary artery disease. Therefore, we were not able
to verify that IRIS images of low-dose protocol would
improve accuracy in the detection of coronary artery
disease.

In conclusion, low-dose coronary CT angiography
using the IRIS technique provides significant radiation
reduction without any impairment to image quality
compared with routine-dose CT using FBP. IRIS
allows additional reduction in tube current or tube
voltage while decreasing image noise, resulting in
further radiation reduction for coronary CT with
acceptable image quality without degradation in
image sharpness.
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