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Abstract

Background: Coronary computed tomography angiography (CCTA) requires high spatial and temporal resolution,
increased low contrast resolution for the assessment of coronary artery stenosis, plaque detection, and/or non-coronary
pathology. Therefore, new reconstruction algorithms, particularly iterative reconstruction (IR) techniques, have been
developed in an attempt to improve image quality with no cost in radiation exposure.

Purpose: To evaluate whether adaptive statistical iterative reconstruction (ASIR) enhances perceived image quality in
CCTA compared to filtered back projection (FBP).

Material and Methods: Thirty patients underwent CCTA due to suspected coronary artery disease. Images were
reconstructed using FBP, 30% ASIR, and 60% ASIR. Ninety image sets were evaluated by five observers using the
subjective visual grading analysis (VGA) and assessed by proportional odds modeling. Objective quality assessment
(contrast, noise, and the contrast-to-noise ratio [CNR]) was analyzed with linear mixed effects modeling on log-
transformed data. The need for ethical approval was waived by the local ethics committee as the study only involved
anonymously collected clinical data.

Results: VGA showed significant improvements in sharpness by comparing FBP with ASIR, resulting in odds ratios of
1.54 for 30% ASIR and 1.89 for 60% ASIR (P=0.004). The objective measures showed significant differences between
FBP and 60% ASIR (P < 0.0001) for noise, with an estimated ratio of 0.82, and for CNR, with an estimated ratio of 1.26.
Conclusion: ASIR improved the subjective image quality of parameter sharpness and, objectively, reduced noise and
increased CNR.
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have been developed in an attempt to possibly decrease
the radiation dose or improve image quality (3-6).
Diversity in reconstruction algorithms may result in
images that do not look familiar to the observer and
may thereby influencing the diagnostic performance (7).

Previous studies have shown that IR significantly
reduces image noise without loss in the overall diagnos-
tic information and thus holds the potential for sub-
stantial radiation dose reduction (1,8—12). However,
previous studies only assessed the impact of IR on the
overall image quality, either by objective or subjective
assessments irrespective of the particular detailed ana-
tomical image quality criteria and the intra-observer
and inter-observer agreement among more than two
observers. Key issues in CCTA interpretation are spe-
cifically the sharp visual reproduction of small anatom-
ical structures that might be affected or disappear after
the use of IR (13,14). This issue clarifies the need for a
detailed assessment by more observers with respect to
visual image quality perception (15,16) and for a cor-
relation to objectively assess image quality, which has
not yet been explored in CCTA to our knowledge.

The aim of this study was to evaluate whether adap-
tive statistical iterative reconstruction (ASIR) enhances
the detailed perceived image quality in CCTA obtained
by comparing the image quality for standard filtered
back projection (FBP) with those for 30% ASIR and
60% ASIR reconstruction algorithms.

Material and Methods
Study population

Thirty consecutive patients with chest pain who were
referred to CCTA for the assessment of suspected cor-
onary artery disease (CAD) with a minimum of three
clinical risk factors were included. The following exclu-
sion criteria were used: age < 18 years, unable to hold
the breath for 155, body mass index (BMI) > 40 kg/m?,
atrial fibrillation, ectopic heart beats or other irregular
heart rhythm, serum-creatinine >200 pmol/L, contrast
media allergy, previous coronary artery bypass graft-
ing, and inability to cooperate during the scan.

The need for written informed consent was waived
by the local ethics committee due to the nature of the
study, which only involved clinical data collection,
which were collected anonymously.

CT acquisition

All CCTA examinations were performed on a CT750
HD scanner from GE Healthcare (Milwaukee, WI,
USA) including 64 detector rows. Patients with a
heart rate of > 60 bpm received IV B-blockers and all
patients were given 0.4mg of sublingual nitroglycerin

immediately before the scan. A triple-phase contrast
agent injection protocol was used for every patient:
55mL of iodixanol (Visipaque 320mgl/mL, GE
Healthcare, Milwaukee, WI, USA), followed by
40 mL of a 60:40 mixture of iodixanol and saline, fol-
lowed by a 50-mL saline flush. The iodinated contrast
agent was injected through a venflon (18 G) in the bra-
chial vein with a flow rate of 6.0 mL/s. The timing of
the scan was time to peak in the aorta plus 10s, giving
an individual delay in the interval of 22-24 s from start
of contrast injection.

The scanning parameters were: rotation time,
350 ms; collimation, 64 x 0.625mm; tube voltage,
100 Kv; tube current, 650-750 mA depending on the
patient chest size. Prospectively gated sequential scan-
ning with 25 ms padding was used.

Each patient had one CCTA scan performed, yielding
30 image sets reconstructed with FBP in the 75% phase
of the cardiac cycle. The raw data were retrospectively
reprocessed using ASIR reconstruction to generate 30%
ASIR and 60% ASIR image sets (given 90 image sets).

Subjective image quality assessment

The 108 image sets (90 image sets with 18 duplicated
for intra-observer variability) were assessed for image
quality using absolute visual grading analysis (VGA)
(17-21). As no internationally recognized image criteria
for CCTA are available, we chose to build five image
criteria based on knowledge from specialized cardiolo-
gists, chest pain as clinical indication, and the criteria
from the European Guidelines for chest CT (22)
to secure the technical CT image quality criteria (14)
(Table 1). The images were evaluated blindly in a
random order by five experienced level 3-certified
CCTA cardiologists from five different hospitals.

Using Viewer for Digital Evaluation of X-ray images
(ViewDex, Gothenburg, Sweden) (23,24), the images
were presented to the observers in an individually ran-
domized order and the scoring marks (Table 1) were
noted directly on the monitor. Each observer’s individ-
ual quality ratings were stored and subsequently
exported into Microsoft Excel. The images were dis-
played on a 10-bit grayscale 1600 x 1200 pixels 20.1”
TFT Dicom-14 monitor with max luminance level of
250cd/m? (Olorin, MedicLine MC200D; Fineman,
Birkered, Denmark). The monitor was calibrated
according to the Digital Imaging and Communications
in Medicine (DICOM) part 14 (25).

To optimize the settings for the intra-/inter-observer
agreement analysis and ensure that the full VGA rating
scale was utilized, the evaluations were performed at
the same location and with the same ambient surround-
ings, and a training session was conducted to illustrate
the best and worst possible image qualities (16,19-21).
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Objective image quality assessment

The following objective image criteria were evaluated:

e Contrast was determined as the difference in HU
between two adjacent anatomical structures (13) as
indicated in Fig. 1;

Table I. VGA image criteria connected to the referring tech-
nical image quality parameters for CT [14] and the VGA scoring
scale used for assessing the quality of the visual reproduction of

the anatomical structures [23-27]

e Noise was measured as the standard deviation (SD)
of the pixel HU-value variations within each region
of interest (ROI) of two anatomical areas (13). The
positioning of the ROIs was chosen to be in expected
anatomically homogenous areas where only the con-
tribution to HU variability was from noise (26,27)
(Fig. 2);

e The contrast-to-noise ratio (CNR) was computed as
the ratio between contrast, as measured in the myo-
cardium at the ventricular septum (Fig. 1b) and
noise as measured in the aorta.

No. Image criteria Relation to technical image
quality
Statistical analysis
| Sharp/clear demarcation Sharpness of the edge in a
of the aortic wall large structure The study was conducted in a paired design.
2 Sharpness of the coronary ~ Sharpness of the edge in a The analyses of the subjective image quality experi-
artery contour relatively small structure ~ ments were performed using an ordered logistic regres-
3 Sharp/clear reproduction  High contrast spatial sion (proportional odds model), with the VGA scores
of the anterior mitral resolution explained by the reconstruction algorithms used (FBP,
valve 30% ASIR, and 60% ASIR), and odds ratios (OR)
4 Homogeneity in the lef/  Noise were given. Intra-observer agreement was assessed
right ventricle using Cohen’ kappa (k) for each of the five readers in
5 Visualization of the myo-  Low contrast resolution combination with the image criteria (28). Cohen’s with
cardial septum between Cicchetti-Allison (CA) weighting was applied to evalu-
the right and left ate the scores for image criteria 1-5, and a respective
ventricle 95% confidence interval (CI) was given using bootstrap
Score Definition Explanation techniques (29,30). Inter-observer agreement was
| Not reproduced The structure could not be assessed by F1§iss’ A for five raters, and'a resp.ect.ive
discerned 95% CI was given using bootstrap techniques similar
2 Poorly reproduced The structure was vaguely to the lmra_obser.ver.agreement: .
reproduced For thC.ObjeCtIVC image quality assessment analysis,
3 Adequate reproduced The structure was moder- .a linear mlxed.effects model wag used, Wlt.h a random
ately reproduced intercept varying for each patient; the 1ndependent
4 Well reproduced The structure was clearly explanatory variable was the reconstruction used
reproduced (FBP, 30% ASIR, anq 69% ‘ASIR), anq the response
5 Very well reproduced The structure had a com- variables were the objective image quality parameters
pletely distinct shape (contrast, noise, and CNR). As t.hese response varla.bles
proved not to be normally distributed, the calculations
Fig. |I. Example of ROI locations for objective measures of contrast with a ROl diameter of 3 mm in measure A (a) and 5mm in

measure B (b).
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Fig. 2. The ROI locations for objective measures of noise with a diameter of 20 mm for measure A (a) and 10 mm for measure B (b).

were performed using log-transformed data. The log-
transformed quality data for images reconstructed with
ASIR (30% and 60%) were modeled as a linear
response of the log-transformed quality data for the
same images reconstructed with FBP, with no con-
straints on the intercept. The slope of the regressions
was subsequently back-transformed to the original
scale to yield the expected mean ratios of the outcome
variable values for the 30% ASIR and 60% ASIR
reconstructions compared with those for FBP. The
inter- and intra-rater agreements were assessed by
means of Bland—Altman plots. The agreements were
analyzed by the limits of agreement. The importance
of the scattering pattern for the clinical result of the
objective image analysis was considered.

All statistical analyses were performed using © Stata/
MP 12 (StataCorp LP, College Station, TX, USA).

Results

Patients and CT acquisition characteristics are shown
in Table 2. The mA varied minimally based on the
small variation in patient chest size affecting an
almost equal signal-to-noise ratio (SNR) between the
patient’s image sets.

Subjective image quality assessment

For image criterion 1 (sharp demarcation of the aortic
wall) and image criterion 2 (sharpness of the coronary
artery contour), significant improvements were found
for 30% ASIR and 60% ASIR compared with FBP.
There was a trend favoring of 60% ASIR. For image
criteria 3-5 (spatial resolution, noise, and low contrast
resolution, see Table 1), no significant differences
were found among the different reconstruction types
(Table 3).

The visualized image quality is shown in Fig. 3,
using one axial example.

Table 2. Thirty patient and CT acquisition characteristics.

Patient data

Age (years), mean +=SD 59+10

Sex, male/female 20 (67%)/10 (33%)
Height (cm), mean £ SD 176 £ 10

Weight (kg), mean £ SD 86+ 19

BMI (kg/m?): body mass index,
mean =+ SD (range)

28+ 5 (18.9-40.0)

Chest area at cardiac apex
(ellipse in cm?), median

958 (572-1282)

(range)
Heart rate (bpm) 59+3
Scanning data
kVp 100
mA, median (range) 650 (650-750)
Scan length (cm), mean +=SD 13.7+1.30
DLP (mGy x cm), median (range) 176 (138-176)
CTDl,o), mean £ SD (range) 9.8+£0.53 (56.3-57.8)
Effective dose (mSv), mean &= SD 25+03

Agreement study for the subjective image quality
assessment

The intra-observer agreement varied from “poor” to
“very good” depending on image criteria and obser-
vers, with k values ranging from 0.16 (95% CI, —0.43
—0.74) to 1 for the observer with the largest variability
and « values ranging from 0.54 (95% CI, 0.25-1.0) to
0.69 (95% CI, 0.24-0.84) for the observer with the
smallest variability. In general, wide disagreement was
found for most observers and, on average one-third of
the repeated images deviated by only one VGA score,
which is considered as clinical acceptable (see supple-
mental material). For all observers, the smallest x value
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Table 3. Results from the proportional odds model for the subjective analysis for five observers for each image criterion. FBP was

the reference reconstruction method.

Image criteria Reconstruction method Odds ratio 95% ClI P value
|: Sharp demarcation of aortic wall FBP (reference)

30% ASIR 1.55 1.23-1.94 <0.0001

60% ASIR 1.89 1.48-2.43 <0.0001
2: Sharpness of coronary artery contour FBP (reference)

30% ASIR 1.54 1.15-2.06 0.004

60% ASIR 1.90 1.43-2.52 <0.0001
3: Sharp reproduction of anterior mitral valve FBP (reference)

30% ASIR 1.05 0.64-1.72 0.85

60% ASIR 0.87 0.52—1.45 0.59
4: Homogeneity in left/right ventricle FBP (reference)

30% ASIR 1.08 0.70-1.67 0.72

60% ASIR I.19 0.74-1.92 0.46
5: Visualization of myocardial septum FBP (reference)

30% ASIR I.16 0.68-1.99 0.58

60% ASIR 1.28 0.74-2.19 0.38

Fig. 3. CCTA images illustrating (a) FBP reconstructed image, (b) 30% ASIR image, and (c) image reconstructed with 60% ASIR.

was found for criteria 1 and 2, and the largest k-value
was found for criteria 3 and 4.

The inter-observer k values were calculated for each
VGA criterion (Table 1), revealing a wide variation in the
perceived image quality among the five observers. The k
values ranged from —0.005 (95% CI, —-0.01 —0.002) for
image criterion 5 to —0.10 (95% CI, —-0.11 — —0.09)
for image criterion 4, which indicate poor inter-observer
agreement for all image criteria.

Objective image quality assessment

As shown in Table 4, significant differences between the
reconstruction algorithms were found for noise and
CNR, whereas no significant difference was found for
contrast. For noise, the change in reconstruction
showed a drop (30% ASIR: 0.94; 95% CI, 0.91-0.99;

P=0.009; 60% ASIR: 0.82; 95% CI, 0.79-0.86;
P <0.0001). The reverse relationship was observed for
contrast (30% ASIR, 1.00; 95% CI, 0.95-1.05;
P=0.99; 60% ASIR: 1.01; 95% CI, 0.96-1.06;
P=0.76) and CNR (30% ASIR: 1.09; 95% CI, 1.02—
1.15; P=0.006; 60% ASIR: 1.26; 95% CI, 1.19-1.34;
P <0.0001).

In the linear regression analysis, the anatomical ROI
position was taken into consideration, showing a highly
significant difference for contrast, noise, and CNR. All
image quality parameters were associated with P values
below 0.01, and the ratio of anatomical location B to A,
as shown in Fig. 1 to be similar to noise, was estimated
to be 0.89 (95% CI, 0.86-0.93), which meant a decrease
in the standard deviation of HU, changing the recon-
struction software. The same relationship was observed
for contrast and CNR.
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Box plots did not indicate any obvious difference in
contrast among the reconstruction types (Fig. 4a),
whereas noise decreased with an increasing percentage
of ASIR (Fig. 4b). In contrast, CNR slightly increased
with an increasing percentage of ASIR (Fig. 4c).

The variability of objective image quality assessment
was performed and evaluated by Bland—Altman plots
showing almost clinically sufficient intra- and inter-
observer agreement for noise measures and small dis-
agreements for contrast measures (Fig. 5).

Discussion

This study demonstrated significant improvement in the
observer’s subjective perceived sharpness of both the
aortic wall and coronary artery contour when using

Table 4. Results of the linear mixed effects models for each
image quality criterion after back-transformation to the original
scale of HU: contrast, noise, and CNR. The reference recon-
struction method was FBP, and the reference anatomical location
was A, shown in Fig. | and explained for noise.

95% Cl
Image Estimated for estimated
quality Reconstruction ratio ratio P value
Contrast FBP (reference)
30% ASIR 1.00 0.95-1.05 0.99
60% ASIR 1.01 0.96—1.06 0.76
Anatomical 0.65 0.62-0.68 <0.0001
location
Noise FBP (reference)
30% ASIR 0.94 0.91-0.99 0.009
60% ASIR 0.82 0.79-0.86 <0.0001
Anatomical 0.89 0.86-0.93 <0.0001
location
CNR FBP (reference)
30% ASIR 1.09 1.02-1.15 0.006
60% ASIR 1.26 1.19-1.34 <0.0001
Anatomical 0.24 0.23-0.25 <0.0001
location
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ASIR compared with FBP. In addition, objective
assessments showed a significant decrease of noise,
and a corresponding significant increase in CNR
using 60% ASIR compared with FBP.

Based on the subjective image quality assessment,
significant improvements were found for the perceived
sharpness of both the aortic wall and the coronary
artery contour using 30% ASIR and 60% ASIR.
These findings are quite surprising, given that ASIR
primarily removes noise from the image. However, a
potential disadvantage of ASIR is an artifactual over-
smoothing in the image, which is visualized as a weak
contrast demarcation among differences in attenuation
between neighboring pixels (6). This oversmoothing
was expected to negatively influence the human percep-
tion, as indicated by cognitive and perceptual mechan-
isms used to recognize anatomical contrast-enhanced
structures with an edge-enhanced border (31).
According to the significant findings of this study, the
observers preferred the smoothest images best. This
preference may be explained by the observations that
the amount of ASIR processing applied to the image
did not significantly affect image quality negatively
(6,7) and that the observers were more disturbed by
the minor noise represented in the image. Miéville
et al. (12) found an increase in sharpness relying on a
mean VGA score (VGAS) for a list of structures,
including the left/right coronary artery and aorta for
the use of 20% and 40% ASIR, followed by a decrease
beyond 50% ASIR. They only focused on CCTA in
children aged 0-7 years, which makes a clear difference,
as pediatric structures are smaller and have a slimmer
texture, which could explain the difference found to our
study.

No significant differences were found for homogen-
eity or low contrast resolution. Based on the noise
reduction by ASIR, the homogeneity and low contrast
resolution were expected to increase, but this expected
increase was not found to influence the VGA results. A
possible explanation for this disconnect may be that the
noise level was relatively low compared with the normal
use of IR as the CT acquisitions were performed with
an effective dose on 2.5+ 0.3 mSv. Finally, there was no

ST T — FEF 4SIR30 e

Fig. 4. Objective image quality for FBP, 30% ASIR, and 60% ASIR illustrated as a box plot with the mean, median, Ist and 3rd quartiles
and minimum and maximum HU for (a) contrast, (b) noise, and (c) CNR.
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Fig. 5. Bland—Altman plot with indication a limits of agreement;

significant difference regarding sharpness in the repro-
duction of the anterior mitral valve related to the spa-
tial resolution. This finding means that for ASIR to
have an effect on the visibility of details in the image,
these structures should either be of low contrast or be
smaller than the anterior mitral valve. One should,
however, bear in mind that the observer VGA scores
were assessed collectively and that their disagreements,
as indicated by the poor inter-observer agreement,
could affect the non-statistical significance finding.

The majority of studies focusing on IR applied to
CCTA evaluate the subjective image quality by only
two observers based on an independently predefined
scale for the overall image quality (1,9—11). Using this
approach, it is problematic to compare outcome of the
studies or to evaluate the IR influence on the individual
image quality parameters. For example, Wang et al. (1)
showed a significant improvement in both the subject-
ive image quality and diagnostic accuracy using IR.
Other studies (9-11) used a 4- or 5-point scale to rate
vessel blur, artifacts, and image noise individually
defined for each of the four steps. Thus, they reported
a better overall image quality than that of FBP.

The inter-observer agreement in VGA among the
observers for the same image criterion was estimated
to be in the range of pure random agreement. The
rather poor observer agreement explains the complexity
involved in evaluating image quality subjectively and
the need to make the image assessment as detailed as
possible and to include as many observers as possible.
The intra-observer agreement was found to be clinical
acceptable despite some very low x values (see supple-
mental material).

Similar to previous studies, the objective image qual-
ity assessment demonstrated that the use of ASIR
resulted in significant noise reduction and increased
CNR. The largest difference was found for 60%
ASIR compared with FBP, which was expected accord-
ing to the processing algorithm (4-7). The noise

(a) intra-observer variability, (b) inter-observer variability.

measurements also showed the best intra- and inter-
observer agreement. An increase in CNR means a
larger ratio for the measured contrast signal to the
background noise, which was improved based on the
noise reduction (13). Hereby, the minor contrast differ-
ences were easier to visualize in HU. No differences
between the reconstructions were found for the contrast
measures, which could be explained by either the prin-
ciple of IR and/or the largest variation in the assess-
ment of intra- and inter-observer agreement. Dose
reduction in CCTA using IR has been extensively inves-
tigated using objective image quality assessments (1,8—
12,32,33). Our findings are in accordance with the
results from those previous studies in which significant
reductions in image noise and increases in CNR are
reported even for 40-50% dose reductions. As our
study did not involve dose reductions, the differences
found between FBP and ASIR were more pronounced;
however, our findings could contribute to the recom-
mendation of the use of 60% ASIR.

An additional important finding was the influence of
the heterogenic anatomical structures within the ROI
measurements that were performed in two different
axial slices. The difference between the two ROI place-
ments showed high significance in all results. This find-
ing highlights the importance of choosing the most
appropriate axial slices for image assessment. It could
be explained by the possibility that the two selected
axial slice images emerged from different rotations on
the 64 multislice CT scanner, resulting in a shift in the
iodine contrast phase. As an identical iodine contrast
concentration and protocol were used, even though the
patients differed slightly in size and had a different car-
diac output, the iodine contrast resolution and X-ray
absorption varied between the different anatomical
structures.

As found in the objective image quality assessment,
the noise level significantly decreased using 30% ASIR
and decreased further for 60% ASIR. This should then
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be expected to show up in the VGA score as a signifi-
cant increase in perceived homogeneity in the ven-
tricles. This was, however, not the case. Whereas the
objective ROI measurements were taken in a uniform
area, the subjective assessments related to the percep-
tion of the ventricles will always be influenced by other
physical factors (e.g. scattered radiation, iodine con-
trast enhancement, and patient cardiac output) and
the two sources of noise that affect our perception: (i)
photonic noise; and (ii) the anatomical complexity in
our area of interest (16,31). These effects could explain
the differences between the observed objective and sub-
jective assessments of noise. A study by Moore et al.
(34) focusing on chest radiography in computed radi-
ography systems is one of the few studies correlating
subjective and objective image quality. The anatomical
noise is known as the most limiting factor for diagnos-
tic X-rays (35), and they show the importance of inves-
tigating detailed perceived image quality and not only
focusing on the objective measures. The correlation
between CNR and the average VGA score is good,
and CNR is the only objective factor that can be used
with clinical relevance.

The significant finding of the increase in objectively
measured CNR using ASIR could affect the first three
image criteria of the VGA. Enhanced contrast should
make smaller structures more easily visible (anterior
mitral valve), which was not found in these results,
maybe because the smaller structures are extremely
influenced by the heart moments (2). The lack of sig-
nificance for the objective contrast measure may
explain this lack instead.

This study has some limitations. First, this study
consisted of a relatively small number of patients,
which was considered to be applicable because of the
paired design related to the three reconstructions.
Second, only five specialized experienced cardiologists
performed the subjective VGA. Due to the relatively
large number of anatomical structures considered in
the VGA and the time-consuming nature of the ana-
lysis, increasing the size of the observer cohort was dif-
ficult. The intra- and inter-observer agreement was
assessed in both the objective and subjective assess-
ments and showed quite a large variation, which is
not unusual and is often observed especially related to
subjective image quality assessments. Based on all these
considerations, the results of this study are assessed as
applicable, but more studies are needed to focus on
possible dose reduction using IR or more studies that
evaluate the actual influence on the identification of
coronary plaques or stenosis.

In conclusion, the use of ASIR enhanced the per-
ceived image quality compared with the FBP processing
when the radiation dose was maintained, and these
results suggest that the radiation dose could potentially

be reduced. The subjective evaluation revealed a signifi-
cant improvement in edge sharpening of the aortic wall
and coronary artery contour using ASIR. The objective
measurements revealed a significant difference for 60%
ASIR with respect to noise reduction and increased
CNR. The relationship between the subjective and
objective image quality assessment was rather poor.
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