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Abstract
With the introduction of 64- and post-64 slice computed tomography (CT) technology, coronary CT angiography has been increasingly used as a less invasive modality for the diagnosis of coronary artery disease. Despite its high diagnostic value and promising results compared to invasive coronary angiography, coronary CT angiography is associated with high radiation dose, leading to potential risk of radiation-induced cancer. A variety of dose-reduction strategies have been reported recently to reduce radiation dose with effective outcomes having been achieved. This article presents an overview of the various methods currently used for radiation dose reduction.
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INTRODUCTION
Coronary computed tomography angiography (CCTA) procedure has been known as an effective technique in non-invasive coronary artery assessment. With high accuracy in the detection of coronary artery disease, this makes CCTA accepted as a widely used diagnostic tool in cardiac imaging[1-4]. However, radiation dose of CCTA that has been reported in the literature is the greatest concern and varies a great deal depending on the scanning parameter settings. There are many factors influencing the overall radiation exposure including tube voltage, tube current, scan range, scanner geometry, the electrocardiogram (ECG)-gating application either prospective or retrospective ECG-gating, slice thickness and pitch value selection (for helical scan mode). 
Most of the parameters are controlled, monitored and modulated by the computed tomography (CT) operator during the procedure in order to obtain an optimum image quality. Therefore, all factors need to be taken into consideration in minimizing the radiation exposure to achieve the goal of “as low as reasonably possible”. Previous studies have also reported that standard CCTA procedure with the use of retrospective ECG-gated technique results in very high radiation dose, which ranged from 13.4 to 31.4 mSv[5-7]. This has raised serious concerns in the literature due to the potential risk of radiation-induced malignancy resulting from CCTA. Therefore, several dose-saving strategies have been introduced to deal with radiation dose issues, and these techniques include anatomy-based tube current modulation[8,9], ECG-controlled tube current modulation[10,11], tube voltage reduction[12,13], a high-pitch scanning[14,15] and prospective ECG-triggered CCTA[16,17]. This article is written purposely to provide information about the strategies that could be used to further reduce the radiation dose to patient during CCTA procedure.

STRATEGIES FOR RADIATION DOSE REDUCTION IN CCTA

Anatomy-based tube current modulation

Tube current is an important element that is directly related to radiation dose and image quality. With rapid developments of CT technology, implementation of automatic tube current modulation allows significant reduction in radiation dose for CT examinations. In CT examination, automatic tube current modulation can be defined as a series of techniques that enable automatic adjustment of the tube current in x-, y-plane (angular modulation) or z-plane (z-axis modulation), according to the size and attenuation characteristics of the human body. The purpose of these adjustments is to achieve optimum image quality with low radiation dose. The term automatic tube current modulation is similar to automatic exposure-control that is commonly used in conventional radiography[18,19]. Anatomy-based tube current modulation is then divided into two modes namely angular modulation and z-axis modulation.
Angular modulation (x-y plane)

Since the shape of patients body is not symmetrical [anteroposterior (AP) vs lateral], angular-modulation techniques automatically adjust the tube current for each projection angle to the appropriate attenuation according to patient’s anatomical structures. Without angular modulation, the tube current is held constant over the 360° rotation, regardless of the patient attenuation profile. The angular-modulation technique reduces tube current as a function of projection angles for low-attenuation projections (AP vs lateral projections). This technique calculates the modulation function from the online attenuation profile of the patient. The modulation function data are processed and sent to the generator control for further tube current modulation with a delay of 180° from the X-ray generation angle. In asymmetrical regions being scanned such as the shoulders in chest CT, the X-ray attenuation is substantially less in the AP than in the lateral direction. The radiation dose reduction could be achieved up to 90% with application of the angular-modulation technique[20]. Therefore, the technique of angular modulation helps in improving dose efficiency in the x- and y-axis by reducing radiation exposure in a particular scanning plane.
Z-axis modulation

The principle of z-axis-modulation technique is different from that of angular modulation. Unlike angular modulation, the z-axis modulation technique adjusts the tube current automatically to maintain a user-specified quantum noise level in the image data. It provides a noise index to allow users to select the amount of X-ray noise that will be presented in the reconstructed images. Using a localizer radiograph, the scanner computes the tube current required obtaining images with a selected noise level. Hence, z-axis modulation attempts to make all images have a similar noise irrespective of patient size and anatomy. The noise index value is approximately equal to the image noise (standard deviation) in the central region of an image of a uniform phantom. However, the actual noise measured on the image by drawing a region of interest that will differ from the noise index selected for scanning. This is due to the fact that noise index settings only adjust the tube current, whereas the standard deviation is also affected by other parameters, including the reconstruction algorithm, the reconstructed section thickness (if different from the prospective thickness), the use of image space filters, variations in patient anatomy and patient motion, and the presence of beam-hardening artifacts.
The CARE Dose 4D protocol (Siemens, Medical Solutions, Erlangen, Germany) was then introduced in order to adapt the tube current to the patient’s individual anatomy and modulate the tube current in the section with the lowest dose levels. Previous studies have shown that 20%-60% dose reduction was achieved depending on the anatomic region and patient habitus, with improved image quality[21]. Another study combining angular and z-axis modulation (3D Auto mA; GE Yokogowa Medical Systems, Tokyo, Japan) reported significant dose reductions (60%) in abdominal-pelvic CT examinations[22]. This technique uses a single localizer radiograph to determine patient asymmetry and appropriate angular and z-axis modulation for the patient. The investigators added noise (computer modification of original raw scan data to simulate lower tube current noise levels) to patients’ scan data to produce images and calculate the radiation dose reduction.

A lower minimum tube current may result in reduced exposure to patients, which occasionally increases image noise in smaller patients scanned with a substantially reduced tube current. Generally, larger patients receive higher tube current with z-axis modulation if a fixed-tube-current technique used in order to maintain the selected image noise. In contrast, with automatic tube current modulation, the tube current is inconsistent throughout the scan and thus results in the diagnostic image quality with reduced radiation dose. The main limitation of automatic tube current modulation is the lack of uniformity between techniques developed by different vendors.

ECG-CONTROLLED TUBE CURRENT MODULATION

The idea of decreasing radiation doses associated with tube current modulation in CT stimulates manufacturers to improve the CCTA examinations. One of the most recently developed methods, CARE dose 4D by Siemens Medical Solutions, which combining the effects of angular and z-axis modulation techniques[23]. Virtually all anatomic regions in the thorax, abdomen, and pelvis have benefited from these sophisticated techniques that result in considerable significant dose reduction[10,24].

However, the z-axis modulation principle in CARE dose 4D was not compatible with ECG pulsing. ECG-pulsed tube current modulation is the most significant improvement in minimizing radiation from CT technology and it is the only technique dedicated to cardiac imaging. ECG pulsing is performed online during cardiac CT examination which allows a decrease in radiation exposure of between 30% and 50%. The radiation dose is reduced by modulating the tube current output during the systolic phase[25]. Moreover, the algorithm for ECG-dependent dose modulation also represents a very effective tool for limiting radiation dose in the vast majority of patients undergoing cardiac CT studies.

In ECG-controlled tube current modulation technique, a high tube current with optimal image quality is applied only during the diastolic phase of the cardiac cycle, in which images are most likely to be reconstructed with minimal artifacts, while in the systolic phase, a low tube current (50% of normal tube current) is applied. Image reconstruction during cardiac CT examinations is usually performed in ventricular mid-diastole phase due to less cardiac motion that causes blurring of cardiac structures. Thus, high quality diagnostic images can be acquired during the diastolic phase[26]. However, this method totally depends on the patient’s heart rate and requires a regular sinus rhythm in order to prevent poor image quality. Unfortunately, the ECG-controlled tube current modulation algorithm cannot be performed in the presence of arrhythmias such as premature extra beats. Thus, this algorithm may not be useful in patients with arrhythmias.
LOW TUBE VOLTAGE

Since radiation dose varies with the square of tube voltage, an application of lower tube voltage during CT data acquisition is another approach for radiation dose reduction. A previous study by Huda et al[27] showed that reducing the X-ray tube potential from 140 to 80 kVp at constant tube current decreased the radiation dose by a factor of about 3.4. Consequently, image contrast and image noise will definitely be increased because of fewer numbers of photons produced[27-29]. However, since the contrast-to-noise ratio (CNR) and signal-to-noise ratio are the key factor of CT image quality, noise is rather irrelevant if the level of contrast or amount of signals are too high[28]. The change in image contrast is dependent on the anatomic number (Z) of the structures being investigated. The image structure with high-anatomic-number becomes significantly more prominent than image of low-anatomic-number structures (soft tissue) in the application of low tube voltages[27].
It has been confirmed that diagnostic image quality was not affected by lower tube voltages in pediatric CT investigations. Similarly, in a phantom study by Siegel et al[29] showed that reduced beam energy in contrast-enhanced pediatric CT decreased the radiation dose without affecting image contrast and image noise. Moreover, the interrelationship between beam energy and tube output has been described by Boone et al[30] in the context of image noise characterization in CT techniques by using tube voltages of 80-140 kVp and tube currents of 10-300 mA. Provided the tube current-time product was appropriately adapted, radiation dose can be significantly reduced at lower tube voltage while CNR remained at a constant level. Cody et al[31] reported that the use of 80-kVp tube voltage resulted in beam-hardening artifacts and thus recommended the use of 100- to 120-kVp settings in pediatric patients. For non-cardiac CT studies with kilovoltage reduction, an increase of the tube current by 50% has been proposed to maintain image quality and to reduce the dose estimation concurrently[31]. However, a further increase in tube current is limited with the available standard protocols for cardiac CT scanning on the studied CT scanners. Therefore, a trade-off between dose saving and increased image noise has to be considered with current cardiac CT protocols. 
Previous study compared the diagnostic image quality of the coronary artery segments in order to detect stenosis in various scan protocols[32]. In this qualitative analysis, no deterioration of image quality was detected in most of the scan protocols inclusive of the ECG-dose modulation and the 100-kVp tube voltage for both 16- and 64-slice CT scanners. The value of this analysis is only limited by a potential selection bias of the scanning protocols. Image obtained with 120-kVp scan protocol without ECG modulation (on patients with arrhythmia) are likely to present with more non-diagnostic coronary segments, even when no dose-saving algorithms were applied. However, the impact of dose-saving algorithms on the detection of calcified and non-calcified plaques remains unknown. Therefore, further studies are needed to investigate the balance between dose savings and maintained diagnostic image quality for CCTA investigations. 
HIGH PITCH VALUE

With the recent advent of second-generation of dual-source, another low-dose technique has been introduced for cardiac CT which is high-pitch scanning mode[33]. This technique was successfully tested with dual-source 128-slice CT in retrospective ECG-gating protocol. In this technique, the data are acquired in a spiral mode while the X-ray table runs with a very high pitch of 3.4 equaling to a table feed of 46 cm/s. When this high-pitch mode is used, the entire heart is scanned within one single cardiac cycle, generally during the diastolic phase (75% R-R interval). The temporal resolution for this system is 75 ms, with the gantry rotation time of 280 ms and only quarter rotations for data reconstruction. Early reports on phantom studies have shown that the purpose of this scan mode is to deliver images of diagnostic quality at a low radiation dose. Moreover, two studies have successfully proved that feasibility of this high-pitch mode technique also in patients by using the remodeled first generation of dual-source 64-slice CT scanners with effective dose less than 1 mSv[15,34]. Then, several recent studies also have reported similar results[35-37]. In addition to low dose aspect, high diagnostic accuracy has been achieved with the high-pitch dual-source CT[38].

In order to apply the high-pitch mode, several requirements must be fulfilled. Firstly, dual-source geometry is necessary in order to obtain the projection data by the second detector for gaps fill-up due to rapid table movement. In this way, the pitch can be increased up to 3.4 while allowing image reconstruction, although the limited field of view is covered by both detectors. A quarter rotation of data per measurement is used for image reconstruction, and each of the individual axial images has a temporal resolution of a quarter of the rotation time trot/4. Thus, the overlapping of radiation exposure can be avoided with the application of high pitch resulting in radiation dose reduction to the minimum level[39]. Secondly, a higher temporal resolution is essential to enable single cardiac cycle reconstruction without image distortion due to motion artifacts. Thirdly, patient’s heart rate must be regular and consistent in order to obtain a good image quality. With used of high pitch mode, the examination table is accelerated to the maximum speed during data acquisition which is triggered by the R-peak of the heartbeat. The examination table could not be accelerated in an infinitely small time period; therefore, it has to be set in motion sufficiently earlier prior to scanning acquisition. Inconstant heart rates lead to inaccurate positioning of the data acquisition window, with data being acquired either too early (if heart rate decreases) or too late (if heart rate increases) in the cardiac cycle. Inconsistent heart rates would compromise image quality by stair-step artifacts. 

Finally, high pitch mode requires patient with low heart rates (< 65 bpm). In order to obtain a motion-free artifact, CT data acquisition can possibly be performed during a single diastolic period if the patient heart rate is constantly lower than 65 bpm[39]. On the other hand, patients with high heart rates may not yield diagnostic image quality of the coronary arteries due to a narrow diastolic exposure of R-R interval window and therefore, tube current modulation is required for adjustment accordingly[35].
ITERATIVE RECONSTRUCTION METHODS

Alternative image reconstruction techniques such as iterative reconstruction have been used mainly in nuclear medicine studies[40,41]. In CCTA, iterative reconstruction such as adaptive statistical iterative reconstruction (ASIR) (GE Healthcare) has been introduced as a new reconstruction algorithm[42]. Iterative reconstruction is a method to reconstruct 2D and 3D images from measured projections of an object. However, unlike filtered back projection, iterative reconstruction starts with an initial estimate of the object which is subsequently improved in a stepwise fashion by comparing the synthesized image to the one acquired with projection data and improving the previous estimation. 

Moreover, iterative reconstruction reduces image noise by iteratively comparing the acquired image to a modeled projection. This reconstruction algorithm is used to help deal with one of the primary issues of dose and tube current reduction for CCTA. Since iterative reconstruction has been consistently associated with image quality improvement, especially improving CNR, it has the possibility of improving spatial resolution[43,44]. With faster computer technologies and adapted techniques, the use of iterative reconstruction for cardiac CT imaging has been increasingly studied and the reconstruction speed now allows its use in clinical practice. Iterative reconstruction has been shown to reduce noise, improve image quality and reduce radiation dose not only in body CT but in coronary CT. The ASIR technique was reported to provide about 27% of radiation dose reduction compared to that standard filtered back projection reconstruction[43]. In addition, image quality and the proportion of interpretable segments were also improved with the application of 40% or 60% ASIR in CCTA reconstruction compared to that filtered back projection reconstruction[43]. Another study using the similar reconstruction method with different nomenclature, namely iterative reconstruction in image space (IRIS) also resulted in significant reduction of image noise and improved subjective image quality[45]. However, the main limitation to its routine use is the high computational cost, which can be 100-1000 times higher than for filtered back projection[46]. 
Moreover, iterative reconstruction does not assume that the measured signal is free of noise due to x-ray photon statistics or electronic noise but rather uses more accurate statistical modeling during the reconstruction process[42]. This enables improved noise properties in the reconstructed images, while maintaining spatial resolution and other image quality parameters. The use of iterative reconstruction techniques is expected to increase in CT as computational processing improves and algorithms become more robust and easy to apply. Owing to more powerful iterative reconstruction algorithms are emerging, the impact of these techniques may show greater noise reduction and thereby permit further reductions in radiation exposure to patients.

PROSPECTIVELY ECG-TRIGGERED CORONARY CT ANGIOGRAPHY

Various strategies have been developed to reduce radiation exposure to patients, and prospectively ECG-gated CT coronary angiography is remained as the most important and effective in reducing the radiation dose which also called step-and-shoot mode. The step-and-shoot mode is characterized by turning on the x-ray tube only at a predefined time point of the cardiac cycle, usually in mid-diastole, while keeping the patient table stationary. The x-ray exposure time of this technique is short, and thus, low radiation doses ranging between 1.2 and 4.3 mSv have been reported using various 64-slice and first-generation of dual-source 64-slice CT[32,47]. Most importantly, this low-dose step-and-shoot method is still being able to produce high diagnostic accuracy for the detection of coronary stenosis[32,48].

Unlike standard retrospective ECG-gating, where the tube output (in mA) is constant throughout the data acquisition during spiral CT which results in high radiation dose, prospective triggering is performed with sequential scans. In prospective triggering, the tube current is turned off for most of the scan period and is triggered by the ECG to be ‘‘on’’ only for a short period during diastole. Thus, this results in remarkable reduction in radiation dose[49]. With application of prospective ECG triggering, the radiation dose of CCTA can be reduced by up to 83% when compared to that standard retrospective ECG gating technique[47,49].
Prospectively ECG-triggered technique uses axial images and an incrementally moving table to cover the heart with minimal overlap of axial slices. Cardiac imaging with electron beam CT also uses prospective data acquisition triggered by ECG. Prospective triggered technique in cardiac CT is not new and it was actually being used in early 1980 by Dr. Godfrey Hounsfield with conventional single-slice CT[50]. It was recognized that CT image synchronization with heart diastolic phase was optimal for imaging the heart. Unfortunately, the findings were not being achieved when the patient heart rate increases. 
When a 64-slice system is used, the scan is prescribed by using 3-5 incremental of 64 mm × 0.625 mm (40 mm) image groups which requires 2-4 incremental table translations of 35 mm. Thus, allow for 5 mm of overlap. The minimum interscan delay is approximately between 0.6 and 1.0 second which normally requires skipping a cardiac cycle between data acquisitions which results in one image acquisition per 2 cardiac R-R cycles[49]. However, the process will be faster with larger detectors (128-, 256- or 320-slice CT) being used. The detector width determines the number of steps/scans to cover the entire heart and complete an examination. For instance, the dual-source 64-slice CT has a narrower detector array (32 mm × 2 mm × 0.6 mm = 38.4 mm per acquisition); thus, it takes more incremental steps (normally 4-5 cardiac cycles) to cover the heart and complete an examination than with the 320-row system (320 × 0.5 mm = 160 mm) which covers the heart in a single acquisition[51].

Prospectively ECG-triggered technique has a limited number of cardiac phases available for reconstruction. Therefore, mid-diastolic phase (75% of R-R interval) was always being selected for data acquisition for all subjects. In addition, by using add-on ‘padding’ will allow more cardiac phases for reconstruction. Padding technique is described as prolonging the acquisition window in order to allow the reconstruction to adapt with minor heart rate variations and to produce consistent image quality. Padding turns the X-ray tube on before and after the minimum or actual acquisition time (milliseconds) required. Available padding options with current software ranges from 0 to 200 ms (Figure 1). No padding is required for patient with stable heart rates and minimal heart rate variability. However, radiation dose also will increase with application of padding window due to expense of radiation exposure on the particular windows phase[24,49]. 
Other than adjusting prospective triggering parameters in order to adapt with high heart rates, application of -blockade for heart rate control is also commonly used in CCTA to produce better results. However, precautions have to be taken in patients who are contraindicated to -blockage agent. Alternatively, calcium channel blocker could be used in order to reduce the heart rate. The maximum of 15 mg of intravenous metoprolol (-blocker) or 40 mg of intravenous diltiazem (calcium channel blocker) is recommended prior to the scan in order to control the heart rat[49,52]. 
The major drawback of prospective ECG triggering is that cardiac functional analysis is unavailable. Since prospective technique acquires data during a limited portion of the cardiac cycle, it cannot be used to evaluate cardiac function. Both quantitative and qualitative functions, either global or regional, require images to be reconstructed throughout the entire cardiac cycle. If the clinical scenario or referring physician requires information about cardiac function, then retrospective gating must be undertaken. Heart rate variability is another limitation for the prospective ECG triggered technique. Heart rate variability of > 5 beat/min is considered not applicable for prospective triggering. Therefore, the scan has to be reverted into retrospective ECG gating technique if patients’ heart rate elevated or heart rate variability does not meet the requirement after -blocker has been given[49]. However, the prospective ECG triggered technique in patients with higher heart rates still produces diagnostic images. CT scanner with higher detector arrays is an alternative to obtain CCTA in patients with high or irregular heart rates. It has been reported that high diagnostic value could be achieved with 320-slice CT angiography in the diagnosis of CAD, with image quality independent of heart rate[51]. The improved temporal resolution (175 ms) and increased coverage scan value (160 mm) of 320-slice CT results in robust image quality within a wide range of heart rates; thus providing the opportunity to image patients with higher heart rates without requiring pre-examination beta-blockage[51].
CONCLUSION
Recent technological developments have led coronary CT to be used widely and the acceptable indications for CCTA imaging become broaden. However, despite the strength of CCTA, the potential risk of radiation- induced malignancy has received attention in scientific publications although it may be unproven. Therefore, appropriate referral of CT studies, lowering tube voltage, using tube current modulation, increasing the pitch value, applying iterative reconstruction technique and implementation of prospective ECG-triggering CCTA enable CCTA to be performed at a low dose while preserving good image quality and diagnostic accuracy. Table 1 summarises above-mentioned dose-reduction strategies and corresponding effectiveness in the reduction of radiation dose associated with CCTA.
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Figure 1  Use of extra tube-on time to acquire image data during additional cardiac phases. Padding turns tube on prior to minimum half-scan time and leaves it on afterwards. It is recommended in cases when heart rate varies during examination.
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Table 1  Dose reduction strategies and corresponding effectiveness in dose reduction in coronary computer tomography angiography


Techniques


�
Advantages


�
Pitfalls


�
Dose reduction 


�
�
Tube current modulation: anatomy-based


�
Suitable for unsymmetrical body habitus


�
No apparent reduction in CCTA procedure due to homogeneity of the body thickness in the cardiac region


�
20%-60%1


�
�
Tube current modulation: 


ECG- controlled�
Dedicated for cardiac imaging


Modulates tube current output during systolic phase�
Heart rate must be regular


�
30%-50%


�
�
Low tube voltage (kVp)


�
Image structure with high-atomic number becomes more prominent than that with low-atomic number


�
Beam hardening artifacts may occur


May increase image noise which leads to suboptimal image quality�
Up to 30%


�
�
High pitch value


�
Fast image acquisition


Reduce motion artifacts�
Patient heart rate must at < 65 bpm and regular


Can only be performed on second generation of dual-source CT scanner�
Up to 80%


�
�
Iterative reconstruction algorithms


�
Improve contrast-to-noise ratio and spatial resolution


Reduce image noise�
High computational cost


�
Up to 40%


�
�
Prospectively ECG- triggered CCTA


�
High sensitivity in the detection of CAD


Tube current is only ‘on’ in a short period during diastolic phase�
Limited number for cardiac reconstruction phases


No cardiac functional analysis�
Up to 83%


�
�
1Applied to the abdominal-pelvic region. CT: Computed tomography; CCTA: Coronary CT angiography; CAD: Coronary artery disease; ECG: Electrocardiogram.








