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Abstract

Despite universal consensus that computed tomography (CT) overwhelmingly benefits patients
when used for appropriate indications, concerns have been raised regarding the potential risk of
cancer induction from CT due to the exponentially increased use of CT in medicine. Keeping
radiation dose as low as reasonably achievable, consistent with the diagnostic task, remains the
most important strategy for decreasing this potential risk. This article summarizes the general
technical strategies that are commonly used for radiation dose management in CT. Dose-
management strategies for pediatric CT, cardiac CT, dual-energy CT, CT perfusion and
interventional CT are specifically discussed, and future perspectives on CT dose reduction are
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Since its introduction in 1973 [1], x-ray computed tomography (CT) has established itself as
a primary diagnostic imaging modality. Subsequent to the introduction of helical scanning
technique in the late 1980s [2,3] and the advent of multidetector-row technology in the late
1990s [4], the number and impact of clinical applications of CT have continued to grow.
With its fast scanning speed and isotropic spatial resolution at 0.3-0.4 mm, CT allows
physicians to diagnose injuries and disease more quickly, safely and accurately than
alternative more invasive or less sensitive imaging techniques. CT imaging also plays a
major role in the staging, treatment planning and follow-up of cancer. It is because of this
tremendous value of CT that its use is now pervasive in modern medical practice. It is
estimated that 67 million CT examinations were performed in 2006 in the USA [301], up
from 3 million in 1980 [5].

However, despite the clear evidence that CT provides invaluable information for diagnosis
and patient management, a potential risk of radiation-induced malignancy exists [6]. CT
alone contributes almost one half of the total radiation exposure from medical use and one
quarter of the average radiation exposure per capita in the USA [301]. A series of recent
articles used the total radiation dose received by the entire US population from CT to
estimate the potentially attributable cancer incidence or mortality in the whole population
[5,7,8]. One study suggested that as much as 1.5-2% of cancers may eventually be caused
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by the radiation dose currently used in CT [5]. These estimates, however, remain highly
controversial [9], since the cancer-risk model used in these articles relies on the National
Academies of Science’s report on the biological effects of ionizing radiation [6], which
notes that the statistical limitations of available data make it difficult to evaluate cancer risk
in humans at low doses (<100 mSv), which is a factor of ten to 100 higher than the effective
dose from a typical CT examination. More importantly, the benefit to the patient of an
appropriately indicated CT scan was not taken into account by these articles, particularly
considering that the majority of the total radiation dose from CT to the US population was
received by older or symptomatic populations. In these individuals, the health benefit of a
timely, accurate and noninvasive diagnosis that CT facilitates far exceeds the estimated
potential risk [9].

Nevertheless, since the cancer risk associated with the radiation dose in CT is not zero, it is
clear that reducing radiation dose in CT must continue to be one of the top priorities of the
CT community, particularly in light of the continued increase in the number of CT
examinations performed annually in the USA. Two guiding principles must be followed
[10]. First, CT examinations must be appropriately justified for each individual patient
[11,302]. The requesting clinicians and radiologists share the major responsibility to direct
patients to the most appropriate imaging modality for the required diagnostic task. Second,
for each CT examination, all technical aspects of the examination must be optimized, such
that the required level of image quality can be obtained while keeping the doses as low as
possible.

This article will focus on the second guiding principle and summarize the general
technological strategies that are commonly used for radiation dose reduction in CT practice.
Several clinical areas, including pediatric, cardiac, dualenergy, perfusion and interventional
CT, will be discussed specifically. Some perspectives on future CT dose-reduction
techniques are presented.

Quantifying CT radiation dose & associated risk

Radiation dose in CT can be quantified in a variety of ways. Scanner radiation output, organ
dose and effective dose are several of the more common dose metrics. The scanner radiation
output is currently represented by the volume CT dose index (CTDl,q), which describes the
radiation output of the scanner in a very standardized way, making use of two standardized
acrylic phantoms [12]. The head and body CTDI phantoms are 16 and 32 cm in diameter,
respectively, and have a length of 14 cm. The Sl units are mGy. CTDI, and related
quantities, such as weighted CTDI (CTDI,,) and dose length product, are currently widely
used for quality assurance testing and to describe and optimize the radiation output of a
specific scanning technique. It is important to realize that these dose metrics are not a direct
measurement of patient dose; they are a standardized dose metric to represent scanner output
levels, when measured in a standardized phantom. With the increased width of detector
collimation and the introduction of cone-beam CT scanners, the accuracy of CTDI-based CT
dosimetry is in question [13-16].

Organ dose and organ-, age- and sex-specific risk data were recommended to quantify the
radiation risk to that organ for patients undergoing CT examinations [17]. Effective dose
[18,19], typically expressed in the units of mSv, is a quantity representing a ‘whole-body
equivalent’ dose that would have a similar risk of health detriment as that due to a partial
body irrradiation [20]. Effective dose allows an approximate comparison of radiation-
induced risk among different types of examinations [21]. Table 1 lists typical effective dose
values in some common diagnostic imaging examinations. Effective dose can be calculated
as a weighted sum of the equivalent doses in tissues and organs that are sensitive to
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radiation, where the weighting factor is determined by the relative risk of health detriment of
each organ [21,22]. It can be seen that effective dose is not a quantity that measures
radiation dose, but rather a concept that reflects the stochastic radiation risk to a reference
patient. Since organ dose assessment is not an easy task, a more straightforward and widely
employed approach to calculating effective dose is to simply multiply dose length product
by some empirically determined conversion factors. It should be emphasized that current
concept of effective dose is based on a mathematical model for a ‘standard’ body [23],
which is neither age nor gender specific [24]. Patient-specific Monte Carlo simulation
software packages have been developed recently [24-27].

At low dose levels, which are defined to be those less than 100 mSv, there are considerable
uncertainties in evaluating the risk of developing a radiation-induced cancer [6]. A ‘linear
no-threshold” (LNT) model was recommended in a report from National Academies of
Science [6], who believe that the risk of cancer proceeds in a linear fashion at low doses
without a threshold; thus, the smallest dose is assumed to have the potential to cause a small
increase in cancer risk. Although the LNT model remains unproven, it is used as a basis for
radiation protection in order to overprotect, rather than underprotect. Based on the LNT
model and the information available from epidemiologic studies on atomic-bomb survivors
and nuclear workers exposed to low dose rates, it is estimated that the average lifetime
attributable risk of incidence and mortality for all cancers from an exposure of 10 mSv is
approximately 0.1 and 0.05%, respectively [6]. Such an estimated risk is much lower than
the incidence and mortality rate of naturally occurring cancers, which are approximately 42
and 20%, respectively [6].

Image quality & radiation dose

Radiation dose is one of the most significant factors determining CT image quality and
thereby the diagnostic accuracy and the outcome of a CT examination. Radiation dose
should only be reduced under the condition that the diagnostic image quality is not
sacrificed. Therefore, to understand how the radiation dose in CT can be reduced, it is
necessary to be familiar with the relationship between image quality and radiation dose.

There are several metrics describing different aspects of image quality in CT. Noise
describes the variation of CT numbers in a physically uniform region. High-contrast spatial
resolution, both in-plane and cross-plane (along the z-axis), quantifies the minimum size of
high-contrast object that can be resolved. Low-contrast spatial resolution quantifies the
minimum size of low-contrast object that can be differentiated from the background, which
is related both to the contrast of the material and the noise-resolution properties of the
system. Contrast-to-noise ratio (CNR) and signal-to-noise ratio (SNR) are also common
metrics to quantify the overall image quality.

The goal of dose reduction can be approached from the following two perspectives. The first
perspective is to appropriately define the target image quality for each specific diagnostic
task, not requiring lower noise or higher spatial resolution than necessary. For example, CT
colonography mainly involves the detection of soft-tissue-like polyps from a background
consisting of air and contrast-tagged stool (i.e., a high-contrast situation) [28,29], so the
noise level is allowed to be high and the dose can be relatively low without sacrificing the
diagnostic confidence. Alternatively, brain and liver/pancreas CT involve the detection and
characterization of low-contrast lesions, which require a relatively low noise level and thus
higher dose. As simple as it may sound, finding the appropriate target image quality
demands a thorough understanding of the image quality requirements for each diagnostic
task and how the radiation dose, as determined by scanning parameters such as tube current,
scan time, helical pitch and tube potential, is related to image quality. This is a challenging
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task owing to the complexity of clinical examinations, variations in observer preferences and
differences in performance among scanners. Consensus agreement on requirements for
image quality exist in the form of guidelines and standards, although precise quantitative
requirements are detailed for only a very few examinations [30]. Coronary artery calcium
scoring is an examination where quantitative recommendations of a target noise level do
exist [31]. A more commonly used method to define the target image quality is to determine
diagnostic reference levels using an easily measured and standardized quantity, such as
CTDI,, or CTDl,,q, which indirectly define the target image quality. Diagnostic reference
levels do not indicate the desired dose level for a specific diagnostic task, but rather define a
reference dose, above which users should investigate the potential for dose-reduction
measures. Diagnostic reference levels have been established by the European Commission
(EC) and several of its member states, as well as the American College of Radiology (ACR),
for adult head, adult abdomen and pediatric abdomen (Table 2) [32-34]. The ACR also
introduced maximum dose levels for each of these three common examination types. Those
sites having CTDI,o above these values would fail the application for CT accreditation, as
90% of US scanner installations are able to obtain clinically acceptable levels of image
quality below this maximum value.

The second perspective on dose reduction is to improve some aspects of image quality, such
as reducing image noise, which can then be implemented in order to allow radiation dose
reduction. This task can be accomplished by optimizing the CT system and scanning
techniques, and improving the image reconstruction and data processing.

The rest of the article will review various dose-reduction strategies, all of which are related
to either or both of the two perspectives mentioned earlier. The implementation of these

strategies require collaborative efforts from all stakeholders, including referring physicians,
radiologists, medical physicists, technologists, regulatory organizations and manufacturers.

General dose-reduction strategies

CT system optimization

A tremendous effort has been spent on improving the dose efficiency of CT systems, which
is related to many system components, including the detector, collimator and beam-shaping
filter.

Detector—The x-ray detector is probably the most important determinant of the dose
performance of a CT system. Two dose-relevant characteristics of a detector are quantum
detection efficiency and geometrical efficiency, which together describe the effectiveness of
the detector on converting incident x-ray energy into signals. Solid state detectors (e.g.,
Gd,0,S) are currently widely used in place of the xenon gas detectors that were common in
the 1980s, mainly owing to the higher quantum detection efficiency. Detectors with rapid
response and low afterglow are also desirable to allow fast scanning speed and high image
quality [35].

One of the main obstacles to reducing radiation dose is image noise. Noise in CT has two
principal sources: quantum noise and electronic noise. The quantum noise is determined by
the number of photons incident and collected by the detector. The electronic noise is the
result of fluctuation in the electronic components of the data acquisition system. When the
number of photons is reduced to the level where the detected signal is as small as signal
from electronic noise, the images will have significantly degraded quality. Photon starvation
artifacts occur in low-dose situations or when the patient size is big but photon flux is
limited. Therefore, it is desirable to reduce the level of electronic noise in order to improve
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the image quality in low-dose examinations, which requires the refinement of all electronic
components in the x-ray detection system.

Collimators—~Prepatient collimators are positioned between the x-ray source and the
patient to define the x-ray beam coverage and avoid unnecessary radiation dose to patients.
Since the x-ray tube focal spot is not a point source, there are regions of the beam coverage
that are only partially irradiated. This region is referred to as the penumbra region, as
opposed to the umbra region that is fully irradiated by the x-ray source. In multislice CT, the
penumbra region does not contribute to image formation and represents wasted dose to the
patient. Geometric efficiency was introduced as a measure of radiation utilization along a
detector-row direction, which is defined as the ratio between the integral of single scan dose
profile within the range of the active detector width and the integral of the same dose profile
over the total length along a detector-row direction [12]. Geometric efficiency is dependent
on the detector collimation and focal spot size [36]. With the increased width of detector
collimation, the geometric efficiency increases and the dose utilization is improved.

Postpatient collimators are those located between the patient and the detector, often just in
front of the detector to reject scattered radiation, which improves the image quality but
sacrifices dose efficiency. Careful assessment of the tradeoff between dose and image
quality should be performed to optimize the design of scatter-rejection collimators [37].

Recent progress in collimator design involves reducing the amount of overscanning in
helical CT. Overscanning is required in helical CT to provide sufficient data on each side of
the reconstruction volume to allow image reconstruction at the beginning and end of the
scan range. The overscanning depends on several parameters such as detector collimation
and helical pitch. When the detector collimation becomes wider in modern multislice CT
scanners, more and more wasted radiation dose is delivered by overscanning [38—40]. In
addition to a software solution to this issue [41], Stierstorfer et al. proposed a hardware
solution where the collimator dynamically blocks the unnecessary x-ray beam [42]. Dose
reductions of up to 40% were reported, particularly for high pitch and small scanning ranges
[43].

X-ray beam-shaping filter—X-ray beam-shaping is an important consideration for dose
performance of a CT system. The x-ray beam filter is a physical object that attenuates and
‘hardens’ the beam spectra so that the x-ray beam is hard enough to efficiently penetrate the
patient yet still provides sufficient contrast information. Since the cross-section of patients is
typically oval in shape, the attenuation in the peripheral region is less than that passing
through the central region. Some filters are designed to be a special shape (e.g., bowtie) in
order to reduce the incident x-ray intensity in the peripheral region so that the radiation dose
to the patient, especially the skin dose, can be minimized. Many novel filters for different
clinical applications, including head, body, pediatric and cardiac, have been used in modern
CT scanners to reduce peripheral radiation dose [44,45].

Since scan range is directly related to the total radiation dose delivered to the patient, it is
important to keep the scan range as small as possible and as large as necessary in order to
avoid the direct radiation exposure of any regions of the body that are not necessary for
diagnosis. This is probably the simplest method to keep dose as low as possible.

Automatic exposure control

One common method to optimize radiation dose is to adjust the x-ray tube current using
weight- or size-based protocols [46-51]. For this method, the patient’s size or weight is
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measured and the appropriate tube current is then determined from a chart, referred to as a
technique chart. A more advanced technique is automatic exposure control (AEC), which
aims to automatically modulate the tube current to accommodate differences in attenuation
due to patient anatomy, shape and size [52-56]. The tube current may be modulated as a
function of projection angle (angular modulation), longitudinal location along the patients
(z-modulation) or both. Determination of the tube current modulation may be fully
preprogrammed, occur in near-real time by using an online feedback mechanism, or use a
combination of preprogramming and a feedback loop. Figure 1 shows an example of tube
current modulation for a pediatric chest/ abdomen/pelvis examination.

The intent of AEC is to use the optimal radiation level for any patient to achieve adequate
image quality for a given diagnostic task. For smaller patients, less tube current, and
therefore less dose, is sufficient to obtain the desired image quality. For larger patients, to
ensure adequate image quality, the radiation dose must be increased.

Automatic exposure control systems are now available on scanners from each of the major
manufacturers. Although the underlying principle of AEC is the same, each is implemented
somewhat differently in terms of the strategy to define the target image quality. Table 3
gives a summary of the different implementations from four major CT vendors. CT users
must be familiar with these techniques to ensure correct use. Inappropriate use may lead to
an increase of patient dose or a sacrifice in image quality. One important question is whether
it is necessary to keep the same target noise level for different patient sizes. In practice,
radiologists often do not find the same noise level acceptable in smaller patients as in larger
patients [57]. Lower noise images with thinner slice thicknesses are required in children
relative to adults because of the decreased amount of adipose tissue between organs and
tissue planes and the smaller anatomic dimensions of pediatric patients. The use of a
constant noise target may lead to unacceptable image quality in small patients and excessive
radiation dose in large patients [58].

Optimal tube potential

A number of recent physics and clinical studies have demonstrated various levels of dose
reduction or image quality improvement by using lower tube potentials (kV) in CT imaging
[59-71]. Siegel et al. suggested that the image quality improvement of lower kV increases
with the decrease of the phantom size [61]. Using both phantom and clinical studies,
Funama et al. [65] and Nakayama et al. [72] have shown that it is possible to reduce the kV
settings from 120 to 90 kV in abdominal CT without significantly sacrificing the low-
contrast detectability when the patient weight is below 80 kg. Schindera et al. demonstrated
the improved iodine CNR and reduced radiation dose at 80 kV for the detection of
hypervascular liver tumors [73]. Figure 2 compares images from an 11-year-old patient
scanned with a 120 kV protocol and a 100 kV protocol. Note the improved contrast and
visualization of mural stratification for the 100 kV image, despite a 23% reduction in
radiation dose.

The underlying principle is that iodine has an increased attenuation (CT contrast) at lower
tube potentials than at higher tube potentials in the tube potential range available on clinical
CT scanners. In CT examinations involving the use of iodinated contrast media, the superior
enhancement of iodine at lower tube potentials (e.g., renal and hepatic masses, and inflamed
bowel segments) improves the conspicuity of hypervascular or hypovascular pathologies
owing to the differential distribution of iodine [74].

Despite the increased contrast, the images obtained using lower tube potentials tend to be
noisier, especially for larger-sized patients. This is mainly due to the higher absorption of
low-energy photons by the patient. Therefore, there is a tradeoff between image noise and
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contrast enhancement in determining the clinical value of lower tube potential CT imaging.
When the patient size is above a particular threshold, the benefit of the improved contrast
enhancement is negated by the increased noise level. In this situation, the lower tube
potential may not generate better image quality than the higher tube potential for the same
radiation dose. In other words, dose reduction may not be achievable with the lower tube
potential because the higher tube potential is needed to maintain appropriate image quality.
However, below this size threshold, various degrees of dose reduction or image quality
improvement are achieved. Therefore, for a given patient size and clinical application, an
optimal tube potential exists that yields the best image quality or the lowest radiation dose.
This optimal tube potential is highly dependent on the patient size and the specific
diagnostic task.

Noise control strategies in reconstruction & data processing

For a given diagnostic task and patient size, the dose reduction is primarily limited by the
maximally allowable noise level. Optimally designed data processing and image
reconstruction methods can generate images with lower noise levels without sacrificing
other image properties, thus improving the overall image quality, which can further be
translated into radiation dose reduction.

Many techniques have been developed for controlling noise in CT, operating on the raw
projection measurements, the log-transformed sinogram or the images after reconstruction
[75-83]. Image-based filtering techniques usually perform quite well with regards to
reducing image noise while maintaining high-contrast resolution. Although some of these
techniques have demonstrated some clinical benefit, particularly in vascular applications
[83], image-based filtering usually changes the appearance of the CT image and sacrifices
the low-contrast detectability. These techniques are widely available on most commercial
scanners, but the performance requires careful evaluation before large-scale clinical use.

Instead of reducing noise in the image domain, many more sophisticated methods have
recently been developed to control noise in the projection data domain prior to the image
reconstruction [76,77,79-82,84]. These methods usually take into account photon statistics
in the CT data, either directly on the raw measurement or preprocessed data. Some of them
tried to smooth the projection data by optimizing a likelihood function or using an adaptive
nonlinear filter based on the statistical model [79-82,84], which appear to be more
promising for noise reduction than those methods working directly on the image domain.

The image reconstruction method and data utilization are also important factors for optimal
noise control. A simple example is a full-scan fan-beam reconstruction using 360° of the
projection data. Theoretically, half-scan reconstructions are possible with an angular range
of data of 180° plus the fan-angle; half of the data used in a 360° full-scan reconstruction are
redundant. However, the utilization of those redundant data is desirable in terms of reducing
image noise. Therefore, appropriately using all the available data in image reconstruction is
essential to noise and dose reduction [85-87].

Lower dose simulation for scanning technique optimization

A common question in CT is “how much radiation dose can be reduced without sacrificing
the diagnostic information?” An efficient method to determine this answer is to insert
realistic quantum and electronic noise in order to simulate CT examinations at different dose
levels, allowing readers to review actual human data sets with real pathologies. In this
manner, the diagnostic accuracy of the various dose levels (noise levels) can be determined,
as opposed to selecting the noise level that looks more pleasing, but that may not be at the
lowest dose required to perform the diagnostic task. Many studies have been performed
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using this technique to determine the lowest possible radiation dose level for various
examination types [88-91]. Before the simulated low-dose images can be used for clinical
evaluation, the fidelity of the low-dose simulation should be tested. Although modeling CT
noise is very complicated [92], a simple Poisson model is often sufficient to generate
reasonable fidelity in the synthesized low-dose images. Figure 3 displays a liver image with
original dose level and three images with lower dose levels obtained from a computer
simulation. Some researchers have also investigated the incorporation of spatial resolution
into the simulation [93].

Examination-specific dose-reduction techniques

Pediatric CT

Mostly driven by the tremendously faster scanning speed and the ease with which accurate
diagnostic information can be obtained with CT, the use of CT in pediatric patients has
grown dramatically, reaching at least 4 million examinations in the USA in 2006 [5].
Minimization of radiation dose associated with pediatric CT examinations is of particular
importance because the risk to children due to radiation exposure is two- to three-times
greater than the risk to adults [6]. This is because children’s organs are more sensitive to
radiation exposure and they have a much longer life expectancy relative to adults, thereby
allowing more time for a potential radiation-induced cancer to develop.

To reduce radiation dose in pediatric CT, the most important first step is to carefully assess
the risk and benefit of CT for each patient. When alternative imaging modalities with less or
no radiation exposure are readily available and that can adequately answer the clinical
question, these methods should be considered for use instead of the CT. In addition,
multiphase examinations should be avoided if the information obtained from a single-phase
scan is already sufficient [94].

When a CT examination is deemed necessary for a pediatric patient, scanning protocols
specifically designed for children must be used. Following the wide realization of
inappropriate use of adult techniques for children and small adults [95,303], a recent survey
found that 98% of radiologists used weight-based tube current adjustments [96]. Adapting
the dose level to different patient size has become a common practice in the CT community,
which is further endorsed by the special requirement on pediatric CT technique in ACR
accreditation [34].

Patient size-dependent scanning techniques include the use of AEC, manual technique charts
and size-dependent bowtie filters. In AEC, the tube current is automatically modulated
according to the patient size. The adjustment is based on target noise levels for different
patient sizes. Lower noise images with thinner slice thickness in children are usually
demanded. For body CT, a reduction in mAs of a factor of 4-5 from adult techniques is
acceptable in infants [97]. For head CT, the mAs reduction from an adult to a newborn of
approximately a factor of 2-2.5 is appropriate.

The use of lower tube potentials in pediatric patients to reduce radiation dose has been
actively investigated recently [59-62]. Pediatric patients are less attenuating than adults, so
the lower tube potential settings usually give better iodine contrast without significantly
increasing the noise for the same radiation dose. Conversely, one could reduce the radiation
dose and achieve the same or improved iodine CNR relative to 120 kV.

Several factors should be considered when lower tube potential techniques are used in
practice. First, the tube current—time product (mAs) at lower tube potentials has to be
increased appropriately relative to 120 kV in order to avoid excessive noise. Second, a fast
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rotation time and a high helical pitch are desirable in pediatric CT in order to reduce motion
artifacts. Because of tube current limitations, the maximum achievable dose level
(determined by maximum mAs/pitch) can also be limited, especially for lower tube potential
settings. Therefore, a higher tube potential may still be necessary for bigger children, which
demands a weightor size-based kV/mAs technique chart. Third, lower tube potential tends to
generate more artifacts than higher tube potential in the presence of high attenuating object
such as bright iodine contrast and bone owing to the more significant beam-hardening effect.
In addition, lower tube potential may lead to increased noise and deceased contrast of soft
tissues and other structures without iodine uptake. Thus, lower tube potential may not be
appropriate for every examination and has to be carefully evaluated before its use.

With the greatly improved temporal and spatial resolution, cardiac CT encompasses a wide
range of new clinical applications [98-100], including: evaluation of coronary artery disease
[101], calcium scoring [31], bypass grafts [102], ventricular function [103], cardiac valve
[104], viability/infarction [105] and myocardial perfusion [106].

Visualization of coronary arteries is probably the most challenging CT task, as it requires
excellent temporal resolution to reduce motion artifacts caused by the beating heart, and a
high spatial resolution to differentiate small coronary structures. These requirements pose a
much higher demand for radiation dose than noncardiac CT imaging. First, half-scan data
are usually used to reconstruct images in order to obtain the highest achievable temporal
resolution [107,108], which require a higher dose than in a full-scan reconstruction for the
same image noise. Second, the high spatial resolution also demands a higher radiation dose
to maintain an acceptable image noise. Third, for retrospectively ECG-gated helical scan
mode, in order to avoid anatomical discontinuities between contiguous heart cycles, the
helical pitch is often very low [109]. These factors combine together making cardiac CT
more dose intensive than other examinations [110].

Currently, retrospectively ECG-gated helical scan is the most commonly used scanning
mode in cardiac CT mainly due to its clinical stability and flexibility. The x-ray beam is
continuously on and the patient is translated through the gantry in a very slow speed (helical
pitch ~0.2-0.3). The images are reconstructed by retrospectively selecting the sinogram data
from the phase of the cardiac cycle that has the least motion. In a recent international
analysis of 50 institutions performing coronary CT angiography, some sites had an average
effective dose of 30 mSv; however, the median dose across all 1965 scans was 12 mSy,
which is similar to a scan of the abdomen and pelvis [111]. A significant dose-reduction
technique in a helical cardiac scan is ECG tube-current pulsing [112], which involves
modulating the tube current down to 4-20% of the full tube current for phases that are of
minimal interest. Weustink et al. assessed the optimal width and timing of the ECG pulsing
window at different heart rates and achieved up to 64% dose reduction without sacrificing
image quality [113].

The dual-source (DS) CT scanner introduced in 2006 has a much improved temporal
resolution of 83 ms because of simultaneously acquiring data from two x-ray sources,
allowing cardiac scans at higher heart rates without use of a p-blocker to slow and stabilize
the heart rate [114]. McCollough et al. evaluated the dose performance of a DS CT scanner
in comparison with a 64-slice scanner and concluded that up to 50% dose reduction can be
achieved on the DS CT scanner, depending on the heart rate [45]. This reduction of radiation
is primarily due to the use of more aggressive ECG-pulsing window width and increased
pitch for patients with higher heart rate. An additional cardiac bowtie filter and a 3D
adaptive noise reduction filter [83] also contributed to the overall dose reduction.
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A prospective ECG-triggered sequential (or step-and-shoot) scan is a more dose-efficient
scanning mode for cardiac CT [115], particularly for single-phase studies. In this scanning
mode, the x-ray is only turned on at the preselected phases during the cardiac cycle and
therefore the dose is much reduced relative to the retrospectively ECG-gated scan mode.
Stolzmann et al. evaluated the dose and image quality with a prospective ECG-triggered
step-and-shoot protocol on a DS scanner and found that the mean effective doses were 1.2
and 2.6 mSv for patient groups with a BMI of less than 25 and 25-30 kg/m?, respectively
[116]. Similar results were also obtained by Scheffel et al. [117]. Despite the low-dose
performance, this scanning mode requires a relatively stable heart rate or some method by
which the scanner can react to changes in heart rate and rescan the anatomic level where an
ectopic beat occurred, if necessary.

Additional developments in CT technology that promise dose savings or image quality
improvement include a 320-slice scanner with a 16-cm wide detector; this design allows for
the coverage of the entire heart in one single rotation and one cardiac cycle [118,119]. The
DS fast-pitch scanning mode also allows the full coverage of the whole heart in one cardiac
cycle [120], which can be referred to as prospectively ECG-triggered helical scan mode.
Both techniques have a better dose efficiency than retrospectively gated helical scan mode
for acquiring a single-phase heart. The displacement artifacts caused by beat-to-beat
inconsistencies that are common in scans over several heart cycles are eliminated. However,
both techniques also have limitations. B-blockade is still required to stabilize heart rates at or
below approximately 60 beats/min. For a 320-slice scanner, this is due to its relatively slow
gantry rotation speed that limits its temporal resolution. For the DS fast-pitch scanning
mode, this is because approximately 250 ms is required to cover the entire heart (~12 cm)
with a pitch of 3.4, leaving only a small window in diastole in which to gather all the needed
data. The fast-pitch scanning mode does not allow for multiphase reconstruction, as only one
phase of the cycle was scanned. This, however, markedly reduces the dose, with effective
dose estimates averaging approximately 1 mSv, which is as low as or lower than the
effective dose from a head CT or a coronary artery calcium scan.

Lower tube potentials have also been used in cardiac CT for reducing radiation dose
[121,122]. The principle is the same as that when it is used in pediatric CT and other clinical
areas. For normal-sized patients, lower tube potentials yield better iodine contrast
enhancement. Although the noise level also increases, the overall iodine CNR still improves,
and therefore the diagnostic image quality is potentially still maintained. A reduction of
radiation dose from 8.9 mSv at 120 kV to 6.7 mSv at 100 kV is reported [121]. However, for
larger-sized patients, owing to the significantly increased noise level and artifacts, special
attention has to be paid before use of lower tube potentials.

Dual-energy CT

Dual-energy CT [123] has regained a lot of attention recently [74,124] with the advent of
new CT technologies, including DS [114,125], kV switching [126] and dual-layer detectors
[127]. Several applications, such as bone removal, iodine quantification and kidney stone
characterization, have been implemented clinically [124,128-131].

Dual-energy CT involves the acquisition of data at two tube potentials and the use of various
dual-energy processing techniques to provide material-specifiic information [123,132,133].
One common question is whether dual-energy CT requires a higher dose than single-energy
CT, acknowledging that a dual-energy scan provides material-specific information in
addition to images that mimic a conventional single-energy scan. Either monochromatic
images or mixed images blended from the low- and high-tube potential data acquisition can
be generated from a dual-energy scan. One phantom study performed on a DS scanner
demonstrated that as long as the patient is not too large, the images blended from the low-
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and high-tube potential data yield similar or even better iodine CNR than a typical 120 kV
image acquired using the same radiation dose [134]. Thus, dual-energy CT can be performed
routinely in small- to average-sized patients at the same dose level as single energy, yet
provides more diagnostic information than conventional single-energy CT. Furthermore,
projection-based monochromatic imaging from dual-energy CT promises images free of
beam-hardening artifacts [123].

Another application of dual-energy CT for radiation dose reduction is virtual noncontrast
imaging [124]. Many CT examinations involve repeated scans both before and after contrast
injection. Dual-energy CT allows the creation of “virtual’ precontrast images from a post
contrast dual-energy scan, which has the potential to avoid the precontrast scan and thereby
to reduce the total radiation dose. However, the amount of dose reduction is highly
dependent on the image quality of the virtual noncontrast images created in a dual-energy
postcontrast scan. Owing to the noise amplification during dual-energy processing [132], the
virtual images often suffer from a high noise level. Greater separation between the low-and
high-energy x-ray spectra may improve the image quality in virtual images and allow more
significant radiation dose reduction [135].

CT perfusion

Computed tomography perfusion imaging may have a clinical role in neurovascular,
cardiovascular and oncologic applications. Current techniques require the acquisition of at
least 40 s of data for brain perfusion, 30 s of data for myocardial perfusion or 3 min of data
for renal perfusion. The time—-attenuation curve over the tissue/organ of interest is used, with
various models of single- and multiple-compartment flow, in order to estimate parameters
such as absolute blood flow and volume and vascular permeability [136—139]. Owing to the
long scanning time, radiation dose in perfusion study is usually much higher than a routine
CT scan. Skin injury (deterministic risk) is possible if the examination is improperly
performed [140]. As a reference, the threshold for deterministic effects can be as low as
1000 mGy in a single dose [141]. After a 2000 mGy single dose, skin reddening may begin
to occur [142]. In order to avoid such injury, the technique factors (e.g., mAs, kV) are often
setup at a relatively lower level, such that the cumulative examination skin dose is below the
threshold for skin injury. This, however, results in increased noise and artifact levels that
may compromise the quantitative accuracy of the technique. Hence, methods to decrease
image noise at the same or decreased dose levels are highly desirable.

Recently, filtering techniques that exploit the spatial-temporal relationship of perfusion
scans have been proposed. Representative algorithms of such filtering are the highly
constrained back projection local reconstruction (HYPR-LR) and the multiband filtering
(MBF) approaches [143-147]. Compared with other noise-reduction methods, HYPR-LR
and MBF can greatly reduce the image noise while preserving edges (i.e., high spatial
resolution) and requiring minimum computational effort [146]. However, in the case of
significant motion, the accuracy of these algorithms may degrade

In an animal model, it was found that a tenfold dose reduction is possible for abdominal CT
perfusion imaging, especially in highly perfused organs such as the kidneys where there is a
strong iodine attenuation signal [145,146]. The dose level of the one-tenth typical dose
acquisition is approximately 39.2 mGy (CTDI,,q) for a consecutive 3-min stationary scan.
The image quality of the one-tenth typical dose image, which was severely degraded by
quantum noise, was improved significantly to nearly the same level of routine dose images
by HYPR-LR or MBF noise-reduction algorithms, without substantial loss of quantitative
accuracy (Figure 4) [145,146].
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Interventional CT

Computed tomography fluoroscopy, first developed and reported by Katada et al. [148,149]
and Kato et al. [150], provides an effective image guidance tool for percutaneous
interventional procedures [151-156]. It has been demonstrated that CT fluoroscopy is more
effective compared with conventional CT-guided procedures [153,157]. However, one
major concern of CT fluoroscopy is the high radiation dose when long scan times or
repeated scans are performed over the same anatomic regions. This raises concerns
regarding not only the dose to the patients, but also the dose to the radiation workers, as
physicians usually stay inside the scan room during the interventional procedure. Extensive
studies have been performed to measure and monitor the radiation dose delivered to patients
and operators [150,156,158-167].

Scanning techniques used in CT fluoroscopy have a direct effect on radiation dose to both
patients and operators. Dose reduction could be achieved by lowering tube potential,
reducing tube current and exposure time, increasing slice thickness and limiting the scan
range to only necessary anatomy. The tube current used in CT fluoroscopy is usually lower
than that used in routine diagnosis, and studies have suggested that lower tube current
should be used after the initial localization scan [151,160,161,168]. Although image quality
was compromised by reducing tube current, it was still sufficient for visualizing needles and
catheters during the interventional procedure.

In the original CT fluoroscopy design, the x-ray beam was continuously on during the
needle operation [148-150]. An intermittent mode (or quick check mode) was later proposed
[164] in which the x-ray beam was turned off during the needle insertion. A very short CT
scan was then performed to check the needle position. This method delivers lower radiation
dose compared with continuous mode [157,160,161,164].

To reduce radiation dose to radiation workers, proper shielding garments (lead apron,
thyroid collars and leaded eyeglasses) must be worn for personnel inside the scan room
[162,169] and staff should stay away from the scanner as far as possible, because dose
decreases as the square of the distance from the x-ray source. To reduce dose to physicians’
hands, a variety of needle holders have been developed so that physician can position from
outside the primary beam to avoid direct x-ray radiation [150,167].

Other radiation dose-reduction methods used in CT fluoroscopy include using angular beam
modulation [170] or using a lead drape [159] or lead-free tungsten antimony shielding
adjacent to the scanning plane [171] to reduce scatter radiation. Finally, operator experience
has an effect on the dose to patients and personnel. As an operator becomes more
experienced, both exposure time and radiation dose are expected to be reduced [153].

Future perspective

Individualizing scanning techniques

The attenuation level, anatomical structure and clinical indication are different for each
individual patient. In order to use the minimum radiation dose to achieve a reasonable
diagnostic image quality, the scanning techniques must take into account all of these patient-
specific factors. AEC represents the most significant technical advancement towards the
goal of optimizing scanning techniques for each individual patient [46-53]. Another major
effort towards this goal is the design of different beam-shaping filters for different patient
groups and clinical applications [44,45].

Along either of these two directions, there are still many potential improvements that
promise further reduction of radiation dose. As described earlier, lower tube potential has
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been observed to result in various levels of dose reduction, especially for small patients.
Further work is required to determine the optimal tube potential, which could become
another significant technological advancement towards the goal of individualizing scanning
techniques [66].

With the increased number of detector rows, each x-ray beam projection covers a larger
area. Within each x-ray beam projection, the exposure level is controlled by the beam-
shaping filter. Although most CT vendors provide multiple filter shapes to adapt to different
body types and regions, such as head, body, cardiac and pediatric, the efficacy of such
control is obviously suboptimal since it does not have the capability to adjust dynamically
according to the attenuation level within the beam coverage, which is usually highly
nonuniform, especially when the detector coverage is large. With the current scanner design,
it appears to be very difficult to implement a dynamically adjustable beam filter. Distributed
multisource technology, which is currently under investigation [172-174], offer more
potential to modulate the x-ray beam dynamically.

Another important observation towards the goal of individualizing scanning techniques is
that the image quality in the scanning field of view is not necessarily uniform, and the
radiation dose distribution can be modulated so that the organ of interest is targeted and the
doses to critical organs that are not of diagnostic interest are minimized. The concept of
targeted region of interest imaging has already been proposed and experimentally
demonstrated [175-177] based on new reconstruction algorithms that allow minimum data
acquisition [178,179]. However, clinical implementations are not currently available.

Iterative reconstruction

Iterative reconstruction has been widely used in PET and single photon emission computed
tomography for a long time [180-186]. Recently, it has received much attention in x-ray CT
[187-193]. Compared with the conventional filtered backprojection (FBP) techniques,
iterative reconstruction algorithms have the advantage in accurately modeling the system
geometry, incorporating physical effects such as beam spectrum, noise, beam hardening
effect, scatter and incomplete data sampling. Unlike FBP algorithms, in which all projection
data are treated equally, different degrees of credibility among projection data are allowed
[191]. More accurate noise models are used in iterative reconstruction based on photon
statistics and other physical properties of the data acquisition [81,92,191], yielding lower
image noise compared with FBP. Therefore, iterative reconstruction presents potential
opportunities to reduce radiation dose in x-ray CT. Concurrently, iterative reconstruction can
also improve spatial resolution [190,191] and reduce image artifacts such as beam
hardening, windmill and metal artifacts [188,191,194]. Owing to the intrinsic difference in
data handling between FBP and iterative reconstruction algorithms, images from iterative
reconstruction might have a different appearance from those using FBP algorithms
[191,195]. Careful investigation will be required on this aspect before it is widely used in
clinic diagnosis.

Iterative reconstruction can also handle incomplete data sets better than the filtered back-
projection algorithms. A new image reconstruction theory, compressed sensing, was recently
introduced to allow accurate image reconstruction from incomplete data sets [196,197]. This
theory and its extension have been applied in CT imaging [198-202], demonstrating that the
number of projection views can be significantly reduced without sacrificing the image
quality. Therefore, these algorithms have significant potentials for radiation dose reduction
in CT.

High computation load has always been the biggest challenge for iterative reconstruction,
which kept it from being clinically practical in CT imaging. However, software
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[186,203,204] and hardware [205-209] methods have been investigated to accelerate the
iterative procedure. Using a graphical processing unit [205-208] and cell broad-band engine
[209], reconstruction times have been significantly shortened. With further advances in
computation technology, it is expected that manufacturers will introduce iterative
reconstruction into clinical practice in the near future.

Photon-counting detector

Detectors can be classified by operation mode — pulse mode and current mode [210]. In
pulse mode, the signal from each interaction is processed individually. In current mode, the
electrical signals from individual interactions are integrated together and averaged, forming
a net current signal. When a detector is operated in current mode, all information regarding
individual interactions is lost, neither the interaction rate nor the energies deposited by
individual interactions can be determined. In pulse mode, however, it is possible to count
each photon and record its energy individually provided the electronics are fast enough to
detect, discriminate and record information on a photon-by-photon basis. These detectors are
referred to as photon-counting detectors.

Photon-counting data acquisition has a number of advantages over charge-integrated
acquisition. The photon-counting detector can improve the SNR due to the elimination of
electronics noise and Swank noise [211]. An energy-resolving photon-counting detector can
further improve SNR by assigning a more optimal, energy-dependent weighting factor to
each detected photon [212-215]. An additional SNR improvement is possible for the
energy-resolved photon-counting detectors by the rejection (complete or partial) of scattered
radiation [216]. A Monte Carlo simulation study showed that the SNR improvement of
breast CT imaging is 10-30% using plain photon counting (i.e., weighting factor = 1), and
20-90% using optimal weighting factors. The optimal weighting factor is dependent upon
photon energy, material of interest and its thickness. For the low diagnostic x-ray energy (up
to 40 keV), the optimal weighting factor is approximately 1/E3, independent from material
and thickness owing to the strong photoelectric effect in this energy range [214,215]. The
benefit of this SNR improvement can be directly used to reduce patient dose. Computer
simulations showed that the dose can be reduced by a factor 1.5-2.5 for breast CT imaging
[215,217].

Although photon-counting detectors with energy discrimination capabilities are widely used
in radiation field surveys, health physics and nuclear medicine, they have not been
considered in x-ray transmission imaging systems until recently, simply because the photon
fluxes are too high to allow the detector to count each photon individually. Detectors used in
current clinical CT scanners are exclusively scintillator detectors operated in current mode.
With the introduction of faster detector electronics and more robust semiconductor detector
materials, it will soon be possible to use photon-counting detectors in transmission imaging
systems, such as mammography and CT scanners [218-221]; much progress has already
been made on developing photon-counting detectors for mammography and CT systems
[216,217,222-226]. Owing to the relatively low x-ray energy and photon flux, it is easier to
develop a photon counting-based mammography. A dedicated photon-counting digital
mammography system is already commercially available [217,223]. Approximately 35-45%
of the dose can be saved, compared with a system employing a charge integrating detector
with the same image quality [223]. Although a photon counting-based clinical CT is not
available yet, micro-CT systems with photon-counting capability have been reported by
several groups [219-221,224,226].
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Conclusion

Keeping radiation dose as low as reasonably achievable (ALARA) is the guiding principle
for a medically indicated CT examination. Many techniques and strategies are available for
radiation dose reduction, as described in this article. The appropriate use of these strategies
is critical to accomplish the goal of ALARA.

In addition to efforts to reduce the radiation dose from each CT scan, justification of the CT
examination represents the other critical aspect of dose reduction, requiring guidelines from
subspecialty for referring physicians and radiologists. Two extremes should be avoided:
using unnecessary CT examinations (e.g., whole-body screening) while neglecting the
potential risk, or placing too much emphasis on risk without considering the tremendous
benefit of CT, which often far outweighs the potential risk. When the radiation dose per each
examination is reduced, such as with the introduction of novel technologies, the associated
risk is also reduced, resulting in further improvement of the benefit/risk ratio.

Executive summary
Radiation dose in computed tomography

- Despite a universal consensus that computed tomography (CT)
overwhelmingly benefits patients when used for appropriate indications,
concerns have been raised regarding the potential risk of cancer induction
from CT due to the exponentially increased use of CT in medicine.

. To keep radiation dose as low as reasonably achievable, two guiding
principles must be followed:

- CT exams must be appropriately justified for clinical need.
- All technical aspects of each CT examination must be optimized.
Strategies for CT dose reduction

. Radiation dose reduction for each CT examination can be approached using
two inter-related steps:

- Define the appropriate target image quality for each diagnostic
task.

- Use the most dose-efficient technique to achieve the target image
quality.

- The dose efficiency in CT can be improved by using the following methods:

- Optimize the dose performance of detector, collimator and beam-
shaping filter.

- Use manual technique charts or automatic exposure control
systems to adapt the dose to patient size, and select the
appropriate tube potential.

- Improve data processing and image reconstruction.

- In addition to general strategies, each CT clinical application has its own
considerations and limitations for dose reduction.

Future perspective

- Individualizing scanning techniques according to each patient’s attenuation
level, anatomical structure and clinical indication may be further improved
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by advanced automatic exposure control techniques that select the
appropriate tube potential and then modulate the tube current.

. With ever-increasing computational power, iterative reconstruction will be
implemented in daily clinical practice, which may lead to substantial image
quality improvements and radiation dose reductions over conventional
filtered back-projection-based reconstruction algorithms.

. Photon-counting detectors with sufficiently high count rate capabilities will
be available on clinical CT scanners, offering improved dose efficiency and
image quality over conventional energy-integrating detectors.
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Figure 1. An example of automatic exposure control in a helical scan

The tube current was automatically modulated according to the attenuation level at each x-
ray projection view. Owing to the continuous translation of patient table through the
computed tomography gantry in the helical scan, each table position corresponds to a
projection view. When the attenuation level at a projection view is large, the tube current
increases. When the attenuation level is small, the tube current decreases. The goal of the
tube current modulation is to automatically maintain the same noise level or image quality
irrespective of the attenuation level or patient size. The targeted noise level or image quality
is predefined through noise index, quality reference mAs or other metrics, varying with the
different implementations of automatic exposure control.
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EE—

Figure 2. Patient scanned with a protocol at 120 kV (A) and 100 kV (B)

Note the improved contrast-to-noise ratio and visualization of mural stratification of the 100
kV image, despite a 23% radiation dose reduction.

CTDlyq: Volume computed tomography dose index.
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Figure 3. An example of computed tomography simulation for evaluating the possible dose
reduction
(A) Liver computed tomography image at arterial phase with original dose level and (B-D)

three images with lower dose levels obtained from computer simulation.
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Figure 4. Renal perfusion computed tomography images with (A) routine dose level (80 kV, 160
mAs), (B) one-tenth of the dose level (80 kV, 16 mAs) and (C) highly constrained back projection
local reconstruction processed with one-tenth of the dose level

Mean and standard deviation of computed tomography numbers at a selected region of
interest (arrow) in the back muscles are also shown in the figure. The highlighted renal
contour is the region of renal cortex.

Reprinted with permission from [145].
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Typical effective dose values for common diagnostic imaging examinations and annual background radiation

per individual in the USA.

*

Effective dose (mSv)

Ubiquitous background (per individual in US population)i

CT
Head CT 1-2
Chest CT 5-7
Abdomen CT 5-7
Abdomen and pelvis CT 8-14
Coronary CT angiography 5-15
Coronary calcium CT 1-3
Radiographic/ﬂuoroscopic*
Hand radiograph <0.1
Dental bitewing <0.1
Chest radiograph 0.1-0.2
Mammogram 0.3-0.6
Lumbar spine radiograph 0.5-1.5
Barium enema exam 3-6
Coronary angiogram (diagnostic) 5-10
Nuclear medicine™
Lung scan 2-3
Bone scan 3-5
Heart scan — sestamibi 13-16
Heart scan — thallium 35-40
311

*
Data from [227].

¢Data from [301].

CT: Computed tomography.

Imaging Med. Author manuscript; available in PMC 2012 February 3.



Page 33

Yuetal.

‘uolssiwwo) ueadoing D3 ‘xapul asop AydesBowoy paindwod pawybrapn :MaLD ‘xapul asop AydesBowoy psindwod swnjoA :10A|q LD ‘ABojoipey 4o ab3[|0D uBdLBWY YDV

‘|oA3] WNWIXBW 8y} 3AOCE SI 9SO ay} 41 uonelpalooe AydesBowol paindwod oy uonesrjdde ayy |1ey sang

§

‘woueyd |@LD WO ZE pJepuels & Uo paseq Si JUaWaINseajy

%

‘woueyd |1 WO 9T pJepuels & UO paseq Si JUSWaINSeajn
*

(*NaLo)
[vel o1 0z 0 o1 08 Gl 800Z HOV
™1awo)
[e€] - o1 - GE - 09 2002 4OV
(™a.o)
[ce] - - - GE - 09 666T O3
(fow) (fow) (fow)  (Aow) (fow)  (Aow)
mE:E_xm_\/_ ERIVERETEN] mc.:.__t_xm_\/_ CRIVEREIEN] mE:E_xm_\/_ CRIVEFETEN]
1oy uawiopqe dLnelpad $Uswopqe 1npy sy unpy

‘ABojoipey J0 863[|0D UBDLISWY puUe UoISSIWWOY ueadoing ay) Aq papuswiodal 191D 10 ML) 4o swis) Ul S|aAs| 8ouaiajal ansoubelq

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Imaging Med. Author manuscript; available in PMC 2012 February 3.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Yuetal.

Page 34

Table 3

Summary of the four most common automatic exposure control strategies.

Manufa cturer

AEC trade name

Image quality reference

Goal

General Electric

Auto mA, Smart mA  Noise index

Maintain a constant noise level (defined in noise index), using tube
currents within prescribed minimum and maximum values

Toshiba SureExposure Standard deviation (high Maintain a constant noise level (defined in standard deviation
quality, standard, low dose)  values for each protocol), using tube currents within preset
minimum and maximum values
Siemens CARE Dose4D Quality reference mAs Maintain the same image quality (varying noise target for different
attenuation level) with reference to a target effective mAs level for
a standard- sized patient
Philips DoseRight Reference image Keep the same image quality as in the reference image, regardless

of attenuation level

AEC: Automatic exposure control; mAs: Product of tube current and rotation time.
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