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Objectives:  To compare  image  quality  of  coronary  artery  plaque  visualization  at  CT  angiography  with
images  reconstructed  with  filtered  back  projection  (FBP),  adaptive  statistical  iterative  reconstruction
(ASIR),  and model  based  iterative  reconstruction  (MBIR)  techniques.
Methods:  The  coronary  arteries  of  three  ex vivo  human  hearts  were  imaged  by  CT and  reconstructed  with
FBP, ASIR  and  MBIR.  Coronary  cross-sectional  images  were  co-registered  between  the different  recon-
struction techniques  and  assessed  for  qualitative  and  quantitative  image  quality  parameters.  Readers
were  blinded  to the  reconstruction  algorithm.
Results:  A  total  of  375  triplets  of  coronary  cross-sectional  images  were  co-registered.  Using  MBIR,  26%
of  the  images  were  rated  as  having  excellent  overall  image  quality,  which  was  significantly  better  as
compared  to  ASIR  and  FBP  (4%  and  13%,  respectively,  all  p <  0.001).  Qualitative  assessment  of  image  noise

demonstrated  a noise  reduction  by using  ASIR  as compared  to  FBP  (p < 0.01)  and  further  noise  reduction
by  using  MBIR  (p <  0.001).  The  contrast-to-noise-ratio  (CNR)  using  MBIR  was  better  as compared  to ASIR
and FBP  (44  ± 19,  29 ± 15,  26 ± 9, respectively;  all p < 0.001).
Conclusions:  Using  MBIR  improved  image  quality,  reduced  image  noise  and  increased  CNR  as  compared
to  the other  available  reconstruction  techniques.  This  may  further  improve  the  visualization  of  coronary
artery  plaque  and  allow  radiation  reduction.

© 2011 Elsevier Ireland Ltd. All rights reserved.
. Introduction

Computed tomography (CT) coronary angiography has excel-
ent sensitivity and good specificity for the detection of coronary
rtery stenosis when compared with invasive coronary angiogra-
hy [1–5]. CT coronary angiography does not only provide data
bout luminal narrowing of the coronary artery tree but also
llows the noninvasive characterization of coronary atherosclerotic
laque [6].  Thereby qualitative and quantitative imaging parame-
ers to characterize plaque at CT may  be helpful to improve risk
tratification in patients with coronary artery disease (CAD) [7].
owever, the ability to detect and distinguish the various plaque
ypes with CT is relatively weak [8].  Although CT coronary angiog-
aphy has been shown to be highly accurate in detection of calcified
laque, various studies have demonstrated limitations in detection
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of noncalcified plaque [9,10].  This has been linked to the difficulty to
establish outer and inner plaque boundary due to the limited con-
trast resolution, which may  have been influenced by the noise of the
CT images [6].  Currently, most CT imaging studies have been recon-
structed by using the filtered back projection (FBP) technique. An
adaptive statistical iterative reconstruction (ASIR) algorithm was
developed to help reduce the quantum noise associated with stan-
dard convolution reconstruction algorithms [11,12]. Most recently,
an algorithm called model-based iterative reconstruction (MBIR)
was introduced representing a latest advancement in the field of
reconstruction techniques [13]. ASIR is a hybrid method, which
updates iterative reconstruction technique on FBP, and MBIR is
a raw data based 3-dimensional image reconstruction method,
which increases point spread function and thus image resolution.
In general, Iterative reconstruction techniques have been found to
yield lower noise than the FBP technique [14].

We hypothesized that both ASIR and MBIR are superior to FBP

reconstructions in the visualization of coronary artery plaque at CT
coronary angiography using qualitative and quantitative imaging
parameters in a controlled ex vivo environment. The purpose of this
study was to compare the image quality of CT coronary angiography

dx.doi.org/10.1016/j.ejrad.2011.11.051
http://www.sciencedirect.com/science/journal/0720048X
http://www.elsevier.com/locate/ejrad
mailto:uhoffmann@partners.org
dx.doi.org/10.1016/j.ejrad.2011.11.051
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egarding coronary artery plaque visualization in human ex vivo
earts with images reconstructed with FBP, ASIR, and MBIR tech-
iques.

. Materials and methods

.1. Study specimens

All procedures were performed in accordance with local and
ederal regulations and the Declaration of Helsinki. Approval of
he local Ethics Committee was obtained. The human donor hearts
ere retrieved through the International Institute for the Advance-
ent of Medicine (IIAM). IIAM is a non-profit oriented organization,
hich facilitates the recovery and placement of donated non-

ransplantable human organs and tissues with researchers. The
onor hearts recovered transplantation evaluation, however, the
rgans deemed unusable or unable to be transplanted mainly due
o CAD.

The donor inclusion criteria according to our protocol were male
ender, age between 40 and 70 years, and proven CAD. To minimize
he prevalence of coronary segments with chronic total occlusion
nd severe calcification, donors with long standing diabetes melli-
us and/or chronic renal failure were excluded from the study. The

aximum warm ischemia time was 6 h and the maximum cold
schemia time was 15 h. The fresh donor hearts were transported
o our institution in histidinetryptophan-ketoglutarate or Univer-
ity of Wisconsin solution and packed in wet ice. Three isolated
onor hearts (the mean age of the donors: 53 years) were acquired
nd investigated. The cause of death was stroke in two cases and in
ne case the cause of death was non-natural. CAD was proven in all
onor hearts either with catheter coronary angiography or based
n the donor’s medical history.

.2. Specimen preparation

As a first step, the ascending aorta was removed in order to
rovide access to the coronary artery ostia. The right and the left
oronary arteries were selectively canulated with plastic luers. The
uers were secured in the coronary arteries by ligating the ostial
art of the coronaries from the outer surface of the coronary. After

mplanting the luers in the coronary arteries, a balloon was  placed
n the left ventricle and inflated with saline to regain the physiolog-
cal shape of the left ventricle. The following steps were performed
n the heart submerged in saline bath. The coronaries were flushed
ith saline to remove superficial thrombus and air bubbles. As the
ext step plastic tubes filled with methylcellulose based iodinated
ontrast agent were attached under water to the luers. The loose
nds of the plastic tubes were sealed with a T-port valve. The heart
as positioned in the centre of a Styrofoam box filled with canola

il to simulate the epicardial adipose tissue compartment.

.3. CT protocol

The heart was  placed in styrofoam-box on the CT table and
ethylcellulose based contrast agent (approximately 5–10 ml)  was

njected in the coronary arteries. To achieve an intra-luminal con-
rast enhancement similar to in vivo CTA of the coronary arteries

 methylcellulose (Methocel, DOW Chemical Company, Midland,
I)  with 3% iopamidol contrast agent (Isovue 370, Bracco Diag-

ostics, Milan, Italy) was used. Typically, with this procedure an

ttenuation within the vessel lumen was achieved similar to in-vivo
tudies. All CT data acquisition was performed with a 64-detector
ow CT scanner (High-Definition, GE Discovery, CT 750HD). The
ollowing parameters were used for scanning: 64 mm × 0.625 mm
iology 81 (2012) e363– e369

collimation; 0.35 s rotation time; tube voltage of 120 kV; tube cur-
rent of 500 mAs.

2.4. CT image reconstruction

Iterative reconstruction techniques are an approach to improve
the image quality of CT images based on two parts: (1) system optics
or geometry (i.e., data fidelity term) and (2) noise statistics (i.e.,
priori information). In comparison to FBP, iterative reconstruction
algorithms are able to synthesize the forward projection for each
X-ray projection angle, taking into account the actual process of
CT scanning in which X-ray photons originate from their location
at a focal spot to the detector through the scanned object. This
residual error between this forward projection and the scanner-
acquired raw projection data is back-projected to update the image.
Furthermore, iterative reconstruction techniques are able to incor-
porate noise statistical information as a priori information in the
mathematic formulation of the reconstruction process.

Thereby, a modeling of the actual detector response function,
focal spot size, and system geometry (so called system optics
modeling) along with statistical behavior of incident photons
and electronic noise (so called statistical modeling) is performed.
Unlike the FBP technique, the model-based iterative reconstruction
technique synthesizes the forward projection by using dedicated
system optics modeling and compares it with the actual mea-
surement. Initial images for model-based iterative reconstruction
are filtered back projection-reconstructed images because they are
closer to the final results than other assumptions and help to speed
up the reconstruction process. This technique also accounts for
statistical modeling of the reconstructed object to balance substan-
tial fluctuation of the individual image voxel. These reconstruction
steps may  help to improve image quality with respect to noise and
resolution.

ASIR is a reconstruction algorithm that performs computations
to compare image data to a noise model to improve image qual-
ity from a perspective that focuses on the modeling of the system
noise statistics. Only a limited number of iterations are required
to complete an entire analysis for ASIR that was  performed at the
workstations of our department’s CT console. In our study, the aver-
age reconstruction time was approximately 40–60% longer with the
ASIR algorithm than with the standard FBP reconstruction algo-
rithm.

MBIR is a reconstruction algorithm that is able to improve image
quality by modeling the system statistics and the system optics. The
MBIR algorithm is more time consuming due to multiple iterations
from raw data based image reconstruction. It analyzes the X-ray
beam from the focal spot to the shape of the beam as it passes
through the patient three-dimensionally and again once more as
the beam strikes the X-ray detector on the other side of the patient.
Therefore the reconstructions for MBIR data sets were performed
outside our department by the vendor (GE, Healthcare) at worksta-
tions equipped with dedicated software and computational power
to ensure adequate reconstructions.

All Images were reconstructed at 0.625-mm slice thickness with
FBP, ASIR, and MBIR techniques by using soft-tissue kernel. All
reconstructed CT images were sent to an offline workstation for
further analysis.

2.5. Co-registration of the reconstruction techniques

An experienced investigator, who  was not participating in the
image analysis, performed the matching process. The matched

cross-sectional images from all three reconstruction modes
were analyzed in one millimeter longitudinal intervals. Multi-
planar reformations perpendicular to the vessel centerline were
performed in one-millimeter intervals. The CT cross-sectional
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Table 1
Inter- and intra-observer agreement for qualitative parameters.

Inter-observer Intra-observer

Kappa Agreement Kappa Agreement

Image quality 0.92 >90% 1.00 >90%
Calcification 0.73 85% 0.97 >90%
Blooming 0.47 70% 0.89 >90%
H. Scheffel et al. / European Journal

rientation was based on distance calculations from the coronary
stia and on fiducial markers (side branches, bifurcations and vessel
all morphological features).

.6. CT data analysis

Image analysis were performed at a commercially available
orkstation (Advantage Windows 4.2; GE Healthcare) by an car-
iac radiology fellow who was blinded to the image review results
nd had 1 and 2 year of experience in cardiovascular imaging,
espectively. The three image sets, obtained with reconstruction
echniques FBP, ASIR, and MBIR in each patient, were displayed
ide by side a preset soft tissue window (window width, 200 HU;
indow level, 700 HU).

.7. Qualitative image analysis

The two reviewers were asked to grade the overall image
uality on a four-point scale (1 = excellent; 2 = good (minor arti-
acts); 3 = moderate (considerable artifacts but diagnostic quality);

 = poor, non-diagnostic). Regarding calcification and blooming
rtifacts both readers were asked to rate if there is calcification or
ot and if present a three-point scale was used to qualify blooming
rtifacts (0 = no blooming; 1 = blooming but lumen clearly visual-
zed; 2 = blooming, no lumen visible).

Image noise was defined as overall graininess or mottle in the
oronary artery. It was graded on a four-point scale (1 = no image
oise; 2 = average noise; 3 = above average noise; 4 = severe noise).

Image sharpness was evaluated on a five-point scale
0 = extremely poor no definable lumen; 1 = poor severe streaking
omprising more than 50% of the vessel lumen; 2 = fair vessel
alls may  show mild streaking or blurring, but a defined lumen

s identifiable; 3 = good coronary walls may  be blurred but lumen
s clearly discernible and separate from the surrounding fat;

 = excellent coronary walls are sharp and well-defined with no
lurring). Such an assessment scheme was used in a previous
tudy of coronary lumen analysis at CT [15,16].

.8. Quantitative image analysis

We obtained mean CT attenuation values (in Hounsfield units)
or the peri-coronary fat and coronary artery by manually placing
ircular regions of interest (ROIs) at the same image level. The atten-
ation of the coronary artery was recorded from a single drawn
OI that was as large as the vessel lumen. For each protocol, image
oise was measured as the standard deviation of the pixel values

rom a circular or ovoid ROI drawn in a homogeneous region of the
eri-coronary fat. For all measurements, the size, shape, and posi-
ion of the ROIs were kept constant among the three protocols by
pplying a copy and paste function at the workstation. The attenu-
tion of the peri-coronary fat was recorded as the measurement
f one ROI placed in the in the peri-coronary area to the coro-
ary lumen. Areas of focal changes in parenchymal attenuation
nd prominent artifacts, if any, were carefully avoided. For each
f the three reconstructions, the contrast-to-noise ratio (CNR) rel-
tive to peri-coronary fat for the coronary artery was  calculated
y using the following equation: CNR = (HUlumen − HUfat)/SDlumen,
here HUlumen and HUfat are the mean CT numbers of the coronary

rtery lumen and the peri-coronary adipose tissue, respectively.
Dlumen represents the SD of luminal CT number.

.9. Statistical analysis
Continuous variables were expressed as mean ± standard
eviation, and categorical variables qualitative parameters as
requencies (percentages). The observer-agreements regarding
Image noise score 0.62 74% 0.92 >90%
Sharpness 0.38 43% 0.91 >90%

qualitative parameters (i.e. presence of calcifications, image qual-
ity, image noise score, sharpness) between readers and read-outs
were analyzed by using weighted kappa and interpreted as fol-
lows: a kappa value greater than 0.81 corresponded to an excellent
agreement and a kappa value of 0.61–0.80 corresponded to a good
inter-observer agreement. The Mantel-Haenszel Chi2-test was  used
to compare categorical parameters between the reconstruction
techniques and between images with and without calcifications.

The inter- and intra-reader agreement between quantitative
parameters (i.e. luminal CT number, image noise, CNR) was
assessed using Pearson’s correlation coefficient. Comparisons of
quantitative parameters between reconstruction techniques was
carried out using ANalysis Of VAriances, t-test for related samples
was used for pairwise comparisons. Spearman’s correlation anal-
ysis was  used to correlate image noise as assessed quantitatively
with the qualitative image noise score. Data analysis was performed
using commercially available software (PASW Statistics 18, release
18.0.0, Chicago, IL, USA; SAS, version 9.2 SAS Institute Inc., Cary, NC,
USA). A p-value of <0.05 was considered statistically significant.

3. Results

A total of 1125 images were derived from all of three datasets
reconstructed with FBP, ASIR, and MBIR yielding 375 triples of co-
registered image sets. All of these were included in image quality
analysis.

3.1. Qualitative image analysis

Kappa-values indicated good to excellent inter- and intra-
observer agreement regarding qualitative parameters (Table 1)
except for image sharpness (k = 0.38). Although both readers had
full agreement only in 43% of the cases regarding image sharpness,
both were only a single category apart using a 5-point likert scale
in 54% of the cases.

Overall image quality was  classified to be good or excellent
in 274 (73.1%) and 48/375 images (12.8) using FBP, 318 (84.8%)
and 15/375 images (4.0%) using ASIR, and 248 (66.1%) and 96/375
(25.6%) using MBIR (Fig. 1). Image quality was  significantly bet-
ter with MBIR than with ASIR (p < 0.001) or FBP (p < 0.001). ASIR
and FBP reconstruction techniques yielded similar image quality
(p = 0.17).

Calcifications were observed in 369/1125 images (32.8%), no
significant differences were discovered among the three recon-
struction algorithms (FBP, 33.9%; ASIR, 32.8%; MBIR, 31.7%;
p = 0.53). Independent of the CT image reconstruction technique,
image quality was significantly (p < 0.001) worse calcification was
present. Regarding images with presence of calcifications, 87/369
images (23.6%) were considered to show no blooming, 267/369
images (72.4%) were considered to have blooming artifacts but

allowing luminal visualization, and 15/369 images (4.1%) were
considered to have blooming artifacts rendering luminal visualiza-
tion impossible. No differences among FBR, ASIR, and MBIR were
revealed (p = 0.95) (Fig. 2a–c).
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Fig. 1. Overall image quality was  significantly better with MBIR than with ASIR
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*p < 0.001) or FBP (*p < 0.001). ASIR and FBP reconstruction techniques yielded sim-
lar  image quality (p = 0.17).

Regarding image noise score the majority of images was rated
o be of score 3 using in 325/375 images (86.7%) reconstructed
ith FBP and in 296/375 images (78.9%) reconstructed with ASIR.
egarding the reconstruction technique of MBIR, images were most

requently classified to be of image noise score 2 representing
31/375 of the cases (61.6%). Image noise was significantly lower
y ASIR as compared to FBP (p < 0.01) and was further reduced by
BIR as compared ASIR (p < 0.001, Fig. 3).
Image sharpness with MBIR was significantly improved with

BIR as compared to ASIR (p < 0.001) and FBP (p < 0.001); however,
SIR and FBP were comparable (p = 0.61). Percentages represent-

ng the different image sharpness categories are demonstrated in
igs. 4 and 5a–c according to the individual reconstruction tech-
iques.

.2. Quantitative image analysis
Inter- and intra-reader correlation coefficients ranged from 0.65
o 0.91 and 0.79 to 0.94, respectively (Table 2). Mean luminal
T number was 297 ± 27 HU and higher (on average 6–10 HU)

n images reconstructed with MBIR than in those reconstructed

ig. 2. Cross-sectional CT image reconstructed with (a) FBP, (b) ASIR, and (c) MBIR tech
rtery  plaque in the three different reconstruction modes.
Fig. 3. Image noise score was  significantly lower by ASIR as compared to FBP
(#p < 0.01) and was further reduced by MBIR as compared ASIR (*p < 0.001).

with FBP and ASIR (p < 0.05, both; Fig. 6). Mean image noise was
16.0 ± 5.1 HU in images reconstructed with FBP, 14.5 ± 4.3 HU in
images reconstructed with ASIR, and 10.2 ± 4.0 HU in images recon-
structed with MBIR (Fig. 7). Quantitative assessment of image
noise correlated significantly with the qualitative image noise score
(r = 0.43, p < 0.001). Mean CNR was  26 ± 9 HU in images recon-
structed with FBP, 29 ± 15 HU in images reconstructed with ASIR,
and 44 ± 19 HU in images reconstructed with MBIR (Fig. 8). The
image noise and CNR among the three reconstruction techniques
were significantly different (p < 0.001, both). Image noise was high-
est using FBP and lowest using MBIR (p < 0.05, all); whereas CNR
was lowest using FBP and highest using MBIR (p < 0.05, all) (see
Fig. 8). MBIR increased the CNR by 51–69% while decreasing the
noise by 30–36% as compared to both other techniques of ASIR and
FBP.

4. Discussion
Our study demonstrates better image quality using MBIR com-
pared with ASIR or FBP for both qualitative and quantitative image
analysis. Analysis of ASIR and FBP yielded similar image quality. The

nique. There is no difference in blooming of calcified component of the coronary
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Table 2
Inter- and intra-observer correlation for qualitative parameters.

Inter-observer
correlation

Intra-observer
correlation

Luminal CT number 0.91 0.94
Image noise 0.82 0.79
CT  number of adipose tissue 0.72 0.92

F
a

ig. 4. Image sharpness with MBIR was significantly improved with MBIR as
ompared to ASIR (*p < 0.001) and FBP (*p < 0.001); however, ASIR and FBP were
omparable (*p = 0.61).

mage noise was highest using FBP and lowest using MBIR; whereas
NR was lowest using FBP and highest using MBIR. The described
BIR algorithm shows improved image sharpness as compared

o ASIR and FBP, but no differences were discovered among the
hree reconstruction techniques regarding the detection of calcifi-
ations. Qualitative image analysis revealed higher mean luminal
T numbers on average in images reconstructed with MBIR than

n those reconstructed with FBP and ASIR. The subjective image
uality rating for MBIR was better than ASIR and FBP images.

Previous studies that have been evaluated the image quality of
terative reconstructions in chest [11,17] and abdominal [12] CT
emonstrated similar results for the comparison of ASIR with FBP.

n contrast to their experiences, we were not able to show signif-
cant difference regarding the analysis of image quality between
SIR and FBP that was rated equally. This might be related to the
se of a subjective overall image quality scoring system. Interest-

ngly Prakash et al. [11] did also found no difference for AISR and
BP for evaluation of small bronchioles of the lungs that was  only

resent when an ASIR-HD reconstruction technique was used. The
ualitative rating of image sharpness showed MBIR better than
SIR and FBP images, however, ASIR and FBP were not different.
his finding is in line with the findings from overall image quality

ig. 5. Cross-sectional CT image reconstructed with (a) FBP, (b) ASIR, and (c) MBIR tech
djacent vessel wall in (c) compared with (a) and (b).
Fig. 6. Mean luminal CT number was  297 ± 27 HU and higher in images recon-
structed with MBIR than in those reconstructed with FBP and ASIR ($p < 0.05, both).

reading showing no differences between ASIR and FBP but for MBIR.
The coronary image sharpness was assessed subjectively with
a considerable inter-observer variability. However, other stud-
ies assessing image quality have used similar subjective scoring
systems [15,16].

According to our results MBIR and ASIR was not more effec-
tive in the suppression of blooming artifacts than FBP at constant
X-ray tube settings. We  hypothesized, that iterative reconstruc-
tion techniques would substantially lower blooming artifacts,
enabling better appreciation of the vessel lumen, which have
traditionally been recognized as limitation of cardiac CT. How-
ever, independent of the CT image reconstruction technique,
image quality was significantly worse when calcification was
present.

The quantitative analysis showed lower image noise using MBIR
compared with ASIR or FBP. We  are unable to compare results of our
study owing to lack of published clinical studies of the MBIR tech-

nique. However, prior phantom studies using the MBIR techniques
for CT image reconstruction have reported potential for image noise
and artifact reduction [13,18,19].  Thus, lower image noise with the

nique. Note the substantial reduction in noise better sharpness vessel lumen and
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Fig. 7. The three reconstruction techniques were significantly different for image
noise (*p < 0.001).
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ig. 8. The three reconstruction techniques were significantly different for contrast-
o-noise-ratio (CNR) (*p < 0.001).

BIR and ASIR reconstruction techniques allow the use of sharper
r greater edge-enhancement kernels, which may  have contributed
o the improved CNR ratio and aided in the visualization of small
tructures not satisfactorily evaluable with the more noise-prone
ltered back projection technique. That ASIR technique is able to

ower the images noise has already been found in several other non-
oronary CT studies [11,12,14,17,20]. Furthermore, an increase in
NR as in our study was also shown by an abdominal CT study eval-
ating the potential radiation dose reductions potentially related
ith this technique [12]. The finding of lower noise and higher CNR

ogether with better vessel sharpness using MBIR compared with
SIR or FBP analysis may  have an important clinical implication for

he evaluation of coronary artery plaques that needs to be validated
n vivo. Qualitative image analysis revealed higher mean luminal
T numbers on average in images reconstructed with MBIR than in
hose reconstructed with FBP and ASIR. This can be explained by a
arrower point spread function.

.1. Limitations

Several potential limitations of our study merit consideration:
rst, although we observed significant differences in our results,

his investigation reflects our preliminary experience from an ex
ivo study on a small number of highly selected coronary arter-
es. Ex vivo plaque constituents may  not be representative of
here in vivo equivalents. Second, coronary image sharpness was
iology 81 (2012) e363– e369

assessed subjectively, which introduces the possibility of bias into
the study. Third, we  did not evaluate potential radiation dose
saving methods. Owing to increasing concern about the possible
radiological–biological consequences of greater cumulative radia-
tion doses from medical exposures, noise efficient reconstruction
algorithms such as ASIR should be implemented to reduce radi-
ation doses in cardiac CT protocols. Fourth, the CNR relative to
the pericoronary fat represents a surrogate measure of CT image
quality that may  not completely encompass all of the components
needed to make a correct diagnosis. As such, it remains to be deter-
mined whether the increase in CNR achieved with MBIR and ASIR
markedly increase coronary plaque evaluation. Fifth, high compu-
tational cost and long reconstruction times of MBIR remain as a
barrier to the use of MBIR in practical applications.

5. Conclusion

In summary, our initial results suggest that use of MBIR algo-
rithm, as compared with ASIR and a standard FBP reconstruction
algorithm, leads to significantly improved image quality accompa-
nied with a substantial decrease in image noise and increase of the
CNR. These findings and the ability to achieve better vessel sharp-
ness using MBIR compared with ASIR or FBP may have an important
clinical implication in the evaluation of the coronary artery tree that
needs to be validated in vivo.
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