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Abstract

Objective: Iterative reconstruction algorithms offer potential radiation dose reduction while maintaining image quality.
We attempted to compare image quality parameters of iterative reconstruction and conventional filtered back-projection
(FBP) quantitatively in cardiac CT angiography, using second generation dual-source CT technology.

Methods: Ten patients were scanned using retrospective ECG-gated dual-source CT for assessment of native coronary
artery disease. Multiphase datasets were reconstructed using FBP and iterative reconstruction techniques. Image noise was
measured throughout 20 phases of the cardiac cycle (at varying tube currents). Contrast-to-noise ratios (CNR) were
compared at 9 specific coronary artery locations in diastole.

Results: In all evaluated coronary artery locations, the CNR was significantly improved with iterative reconstruction
when compared to conventional FBP (improvement: 39.5 + 2.8%, p<0.05). Iterative reconstruction demonstrated less
image noise across all cardiac phases (reduction: 22.1 + 4.0%, p<0.05).

Conclusions: Iterative reconstruction offers the potential to increase CNR in cardiac CTA. Our experience suggests that
iterative reconstruction algorithms have the potential to reduce radiation doses while maintaining similar objective image
quality measures such as CNR and noise levels versus standard FBP reconstructions. Further work with comparison to
invasive coronary angiography is needed to ensure maintained diagnostic accuracy.
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1 Introduction
]

Computed tomography (CT) now represents the primary source of medical radiation exposure to the population t,
Cardiac CT angiography (CTA) exams offer reliable non-invasive visualization of the coronary arteries, and can reliably
exclude significant coronary artery stenosis . This exam is possible because of continual improvements in scanner
technology that have resulted in exquisite spatial and temporal resolution. Cardiac CT initially required one of the highest
doses per anatomy scanned, due to the requisite ECG gating and challenge of visualizing small vessels, and this early
experience with high radiation doses resulted in heightened awareness among the medical community. This in turn has
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spurred physicians and vendors to make numerous innovations in the field of radiation protection, specifically with respect
to cardiac CTA. These innovations include low kV techniques [*%, automatic tube current (mA) selection *, ECG-based

tube current modulation ', and prospective ECG triggering ' '/,

However, lowering of radiation dose via tube current (mAs) reduction results in an increase in image noise ' which might
impair accurate assessment of luminal narrowing in CCTA when using standard reconstruction technique (i.e. filtered
back projection)

Recently, new CT reconstruction algorithms, based upon iterative rather than traditional filtered back projection (FBP)

reconstruction, have been introduced by several manufacturers ['>'4,

It has been shown that the use of iterative reconstruction algorithms result in better image quality at CCTA, mostly by
reducing image noise and therefore improving contrast-to-noise ratio "> ', Because these iterative reconstruction (IR)
algorithms may be more efficient, manufacturers have proposed that they can allow reduced radiation doses while
maintaining image quality commensurate with standard-dose FBP CT.

This alternative reconstruction technique has been used in positron-emission-tomography (PET) imaging prior to CT '/, Tt
uses a correction loop process to progressively refine image data. The iterative descriptor applies to the recursive nature of
the process; iterative reconstructions have been described using raw data, statistical data, and reconstructed image data. A
priori knowledge of imaging system characteristics are applied by comparing the current iteration’s new reconstructed
image with prior raw image projection data, and over the course of successive iterations, image quality is improved in
some pre-defined domain (i.e. noise reduction). In essence, an iterative reconstruction technique employs information
from measured projections to reconstruct images. However, unlike conventional filtered-back projection (FBP), iterative
reconstruction simulates the expected measurements based on known CT system parameters. This estimation of the object
or “forward projection” uses original reconstruction rays through the original image to create a new image. Through
repetitive comparison with the original reconstruction, the simulated data sets are repetitively compared with the original
reconstructed data sets and constantly improved in each cycle through non-linear processing. The results are more
homogenous images with overall noise level reduction ',

This process is demanding on computer processor power and can significantly increase reconstruction times; several
manufacturers have developed methods that are now fast enough for routine clinical use (see Figure 1) !* 7],
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The aim of this study was to compare quantitative image quality parameters in patients that underwent cardiac CTA for
assessment of native coronary artery disease in data sets that were reconstructed with iterative reconstruction (IR) and
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traditional filtered back projection (FBP) at varied radiation doses. This work may help estimate the potential of this novel
reconstruction algorithm for dose reduction in cardiac CTA.

2 Materials and methods

2.1 Financial disclosure

The study was approved by the human research committee of the institutional review board (Partners IRB) and compliance
with the Health Insurance Portability and Accountability Act guidelines was maintained. The requirement for informed
consent was waived for this retrospective study. The authors maintained full control over the study design and data.

2.2 Patients

In this retrospective study, we analyzed data from 10 consecutive patients—with a total of 90 segments—referred for
evaluation of the coronary arteries by cardiac CT angiography.

2.3 MDCT scan protocol

MDCT exams were performed on a second generation dual-source CT (Somatom Definition FLASH, Siemens Medical
Solutions, Forchheim, Germany), with two sets of x-ray tubes detector arrays. Each array enables data acquisition with 64
detector rows, and in combination with a z-flying focus (z-sharp, Siemens Medical Solutions, Forchheim, Germany),
simultaneous data acquisition of 2x128 slices is possible.

After initial scout images, a timing bolus scan at the level of the ventricles was performed with 20 cc of iodinated contrast
agent (iopamidol 370 g/cm’ Isovue 370, Bracco Diagnostics, Princeton, NJ USA) to determine the peak descending aortic
timing of the contrast agent. A bolus of contrast, based on scan length with a volume of 60-70 mL, was power-injected at
5-7 mL/s followed by a 40mL of saline at 5-7 mL/s. A retrospective ECG-gated volume dataset was acquired using ECG
gated “optimal” tube current modulation (MinDose “Auto”, Siemens Medical Solutions, Forchheim, Germany) "*. This
modulation algorithm allows for 100% of peak reference tube current at diastole, with limitation of tube current to 4% of
the reference mA at systole. The operator can specify the duration of the peak tube current within the R-R interval; a
reference table was set to automatically widen the tube current pulsing at higher heart rates. If heart rates temporarily
became irregular, the scanner was configured to temporarily disable ECG pulsing until heart rates stabilized.

Volume data set was acquired with 64 mm x 0.6 mm collimation, a gantry rotation time of 280 ms, a pitch of 0.2-0.5
(automatically adapted based on heart rate), tube voltage of 80-120 kV (weight-based nomogram), and a tube current of
312-370 mAs/rotation (scout-based automatic reference tube current selection—CareDose 4D, Siemens Medical Solutions,
Forchheim, Germany).

2.4 Estimation of radiation dose

The dose-length-product [(DLP); mGy x xm] was extracted from the scanner dose exposure record. The effective radiation
dose was calculated by multiplying the DLP with a standard chest conversion factor of k=0.014 mSv / (mGy x cm) ',

2.5 Image processing

Complete sets of image reconstructions were performed with FBP (B26 kernel) and again with IR (126 kernel). These
kernels (and the resulting image characteristics and noise filtration) are standard recommended kernels for coronary
imaging as per the manufacturer, and share a relatively similar diagnostic profile. They were selected in order to maintain
similar image characteristics, other than the method of reconstruction (filtered back-projection vs. iterative
reconstruction).
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Axial images were reconstructed with a slice thickness of 0.75 mm at a reconstruction increment of 0.5 mm in the best
diastolic phase, using both a standard FBP algorithm, as well as an image-based filtered FBP and iterative reconstruction
(IR) algorithm (Image Reconstruction in Image Space — IRIS, Siemens Medical Solutions, Forchheim, Germany). For
every patient a multiphase axial dataset of 2mm slice thickness (reconstruction interval 1 mm) were reconstructed at 20
different points during the R-R interval (in 5% increments).

2.6 Image analysis

2.6.1 Multiphase image noise analysis

In every phase of the R-R cycle reconstructed (5% increments), image noise was measured using a circular region of
interest (ROI) (area of 100 mm?) placed in the contrast-enhanced lumen of the aorta on both the FBP and the matching IR
images for each patient.

2.6.2 Contrast-to-noise ratio analysis

The single diastolic phase with the overall least coronary motion was selected for high-detail diagnostic image
reconstruction using the scanner’s proprietary software (BestPhase, Siemens Medical Solutions, Forchheim, Germany);
the raw data was then used to reconstruct IR and FBP images with corresponding reconstruction kernels (126 and B26,
respectively); all other factors were held constant (0.75 mm image thickness, 0.5 mm reconstruction interval, 150 mm x
150 mm field of view centered on the heart).

Figure 2. Coronary locations for
contrast-to-noise measurements.

To determine the contrast-to-noise-
ratio, nine regions of interest were
placed in the coronary lumen and the
adjacent tissue. The measurements

were performed in nine locations
(black bars).

Using the resulting axial images of each patient, nine circular regions of interest (2-4 mm?) were placed in the lumen of the
coronary arteries and the adjacent fatty epicardial connective tissue to measure the contrast-to-noise ratio (CNR) as

¥ in the following locations: left main coronary artery, proximal and distal (distal to the second

described previously
diagonal branch) left anterior descending coronary artery, proximal first diagonal branch, proximal and distal left
circumflex coronary artery, first obtuse marginal branch, proximal and distal (proximal to the origin of the posterior
descending coronary artery) right coronary artery. These locations are marked on a sample coronary tree in Figure 2. A
circular region of interest (100 mm?) was placed in the contrast-enhanced lumen of the aortic root to measure image noise
by determining the standard deviation of CT attenuation. CNR was calculated by the following formula as described

previously: contrast-to-noise ratio = (CT attenuation lumen — CT attenuation adjacent tissue) / image noise *°’.
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2.7 Statistical analysis

Data analysis was performed using Stata IC version 11.0 (StataCorp LP, College Station, Texas). Continuous variables
were expressed as mean * standard deviation; categorical variables were expressed as percentage. Differences in
continuous variables were assessed using unpaired Student’s t-tests. A two tailed p-value < 0.05 was considered
statistically significant. Intraclass correlation coefficient was used for interobserver agreement of contrast-to-noise ratio.

3 Results

Patient characteristics are shown in details in Table 1. Median radiation dose associated with each cardiac CTA exam was
6.3 mSv [5.0 to 9.4]. Rate of nondiagnostic segments, scan parameters and radiation doses for each patient are shown in
table 2.

Table 1. Patient Demographics and Median Effective Radiation Dose (mSv)

Patient Demographics

Age (yrs), mean+£SD 52+ 14
Male Gender (%) 80%
BMI (kg/m2), mean+SD 31+£9
Heart rate (bpm), mean+SD 60+4
Hypertension (%) 70%
Dyslipidemia (%) 50%
Diabetes Mellitus (%) 20%
Smoking (%) 20%

6.3 mSv

Effective Radiation dose (mSv), median [range] [5.0-9.4]

3.1 Noise measurements

Noise measurements of the traditional FBP across all phases varied from 21.9 to 128.3 Hounsfield units (HU), with an
average of 79.4 + 41.6 HU. Iterative reconstruction’s image noise varied from 16.2 to 106.9 HU, with an average of 62.8 +
34.6 HU. Across every phase of the R-R interval, iterative reconstructions demonstrated less image noise than the
corresponding FBP reconstructions, as illustrated in Figure 3. The difference in noise for each of the phase varied between
15.6 to 32.3%, with an average noise reduction at IR of 22.1 +4.0%. At all phases of the cardiac cycle (with varying levels
of tube current), the noise reduction with IR was significant (all p<0.01). These differences are illustrated in Figure 4
and 5.

Aelative Noise vs. Phase of Cardisc Cycle (all patients)

Figure 3. Noise and relative difference in noise in
multiple car-diac phases. This diagram illustrates that =

/ 1A [reiatove rose)

across all phases of the cardiac cycle, IR images had Pt
less noise than FBP images. The relative difference is . ~ R
also shown. The shaded area denotes the prescribed . =
pulsing window. Image noise is slightly irregular due K s S

to inter-patient variability in heart thythm and resultant ®e e s m om o omom e 4 o wowomomomonomowomow
ECG pulsing. T
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Table 2. Nondiagnostic Segments, Scan Parameters and Radiation Dose for each Patient

Patient Non-diagnostic ~ Scan ECG-gate Tube Voltage -(I;E??ent CTDI DLP Efc;‘::ive ?:mh
SegmentsRate  Mode dTCM (kV) (mAS) (mGy) (mGy x cm) (mSV) il
No.1 0% (0/17) RGT Yes 120 376 73.4 699 9.8 13.0
No.2 0% (0/17) RGT Yes 80 304 14.6 141 2.0 15.3
No.3 0% (0/17) RGT Yes 120 107 38.5 354 5.0 13.9
No.4 0% (0/17) RGT Yes 100 141 21.2 350 4.9 22.8
No.5 0% (0/17) RGT Yes 100 166 29.7 360 5.0 16.3
No.6 0% (0/17) RGT Yes 120 97 40.5 481 6.7 17.4
No.7 0% (0/17) RGT Yes 120 261 353 419 59 15.2
No.8 0% (0/17) RGT Yes 120 85 49.1 585 8.2 15.5
No.9 0% (0/17) RGT Yes 120 130 55.1 713 10.0 16.7
No.10 0% (0/17) RGT Yes 120 227 53.8 1284 18.0 28.4

Note. Abreviations: RGT, retrospective ECG gated helical mode; ECG-gated TCM, electrocardiogram-gated tube current modulation; CTD, Ivol, volume weighted computed tomography dose index; DLP,

dose-length-product.

Mean: 392.5 ; SD: 22.2 Mean: 392.0 ; SD: 15.5

Figure 4. Comparison of ’ ’
image noise between FBP Mean: 393.2; SD: 435 _ Mean: 384.9 ; SD: 31.6
and IR. Image noise at FBP §

(A) is higher than at IR (B). Q.( Q/

Both images were reconstr-

ucted at an identical diastolic
phase (65% R-R).

3.2 Contrast-to-noise ratio measurements

Inter-observer agreement of the CNR in all nine measured coronary locations and was found to be excellent (Intraclass
Correlation Coefficient: 0.84). The average CNR of the nine examined regions in the coronary arteries of both
reconstruction algorithms are illustrated in Table 2. In all coronary locations, there was significant improvement of the
CNR in iterative reconstructions when compared to FBP. The difference in CNR ranges between 36.6% and 46.1%, with
an average of 39.5 + 2.8%.

4 Discussion

Recent research effort in CT image reconstruction algorithms has been focused on the development of iterative
reconstruction techniques. However, true iterative reconstruction algorithms currently demand an immense amount of
computer processing power and time, making them unsuitable for clinical use thus far *'. In response, many scan
manufacturers have released iterative reconstruction techniques that work within the image data domain, resulting in
improved reconstruction time and clinical feasibility !'*'”). Thus, advances in computer power and CT technology allow
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the incorporation of iterative reconstruction algorithms in the clinical setting. While IR techniques were formerly
prohibitively time-intensive due to the necessity of several cycles of image data processing, now timely image
reconstructions are possible.

In this preliminary experience, we evaluated iterative reconstruction methods in comparison to traditional FBP
reconstruction. We found that image noise is consistently decreased in all phases of the cardiac cycle. The difference in the
noise levels were statistically significant at the full tube current (reference tube current) in diastole and all the way down to
the 4% of the reference tube current that was applied during systole. Furthermore, in the diastolic phase, the CNR values
for iterative reconstructions were significantly better than those of FBP images in all nine coronary locations measured.

These initial results are promising, and consistently show that image quality can be objectively improved with the use of
iterative reconstruction techniques. This study utilizes ECG-gated CT to enable the analysis of multiple images of the
same patient anatomy at different radiation doses. Although iterative techniques could be compared to traditional FBP
techniques at differing radiation doses by scanning patients twice, this type of study becomes ethically difficult due to the
use of repeated exposure to ionizing radiation with no added benefit to the patient. Further, if repeated scans of the same
patient are performed, the potential for other confounders (such as contrast enhancement, patient positioning, or heart rate)
must be accounted for.

At CCTA, a lot of algorithms use tube current modulation to achieve dose reduction at CCTA . The relation between
radiation dose and tube current is linear and a reduction of the tube current is associated with an increase in image noise.
However given a non-linear relation between image noise and tube current (noise is proportional to 1/ V mAs) when all

other dose related factors are kept constant !> %%

, our results suggests that a considerable amount of radiation dose can be
saved when using IR instead of FBP while maintaining the same objective image quality. The results also raise the
possibility that IR algorithms may improve diagnostic image quality in routine patients, particularly when analyzing
systolic images obtained at low mA values. This may be beneficial since systolic images obtained at low dose may only be
used for evaluation of wall motion rather than coronary anatomy. For pure coronary assessment, data sets of cardiac CT
are traditionally reconstructed and interpreted in end-diastole, which in most cases offers motion-free images. For
evaluation of functional data sets (i.e. assessment of wall motion, etc.) animated “cine” images of all phases of the cardiac
cycle are required. In order to save radiation dose, the tube current (mAs) is usually reduced during systole, resulting in a
higher noise level during that phase. This is generally not a problem because the myocardial wall is a much thicker
structure than the coronary lumen. The use of IR offers the possibility improve the noise level including the systolic phase

of the cardiac cycle.

Figure5. Comparison of image noise in end-systole
and end-diastole.

FBP [A] at end-systole (35% R-R) versus IR at
end-systole [B] demonstrates a 25% noise reduction
relative to FBP. A 30% noise reduction vs. FBP [C]
is achieved in end-diastole using IR [D]. At very
low radiation doses, such as those used for systolic
scans with ECG pulsing, the diagnostic benefit of
noise reduction may be proportionally similar, but
offer more significant diagnostic benefits.

An example of the benefits of reconstructing low-dose systolic images using IR is demonstrated in Figure 5. Further dose

[10]

reduction is possible using prospectively-triggered axial sequential modes ' ™, or prospectively-triggered high pitch helical
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modes **); although we did not evaluate images obtained in these scan modes, our results suggest that the increased CNR

gained by using iterative reconstructions would apply regardless of the phase of image acquisition.

5 Limitations

This initial retrospective study has some inherent limitations. The CT protocol was not completely identical in every
patient, as amount of contrast, flow rate of contrast and z-coverage were tailored individually. However, comparisons of
image quality between iterative reconstruction and FBP were performed in each individual patient, and therefore all
parameters other than reconstruction algorithms were fixed. Finally, although IR consistently improves objective image
quality parameters, this improvement may not necessarily add incremental diagnostic value. To validate this approach, an
outcomes-based study such as sensitivity analysis versus a gold standard (i.e. catheter angiography) could be performed in
future analyses.

6 Conclusions

Iterative image reconstruction increases CNR in cardiac CTA by approximately 39.5% while decreasing image noise by
22%; our experience suggests that, iterative reconstruction algorithms have the potential to reduce radiation doses while
maintaining similar objective image quality measures such as CNR and noise levels versus standard FBP reconstructions.
Iterative reconstruction may also offer the potential to improve diagnostic sensitivity in distal small coronary vessels.
Further work is necessary, including comparison to a reference standard (invasive coronary angiography) to ensure that
diagnostic accuracy is maintained.
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