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I. Introduction
A. Background and Significance

“High-end” CT systems allow acquisition of isotropic volumetric data sets that permit images
less than 1 mm thick and high quality reformatted images. These capabilities have greatly
expanded the utility of CT, and CT usage has correspondingly increased, replacing more and
more radiographic examinations. In 1990, approximately 13 million CT scans were performed
in the United States 1. In 2000, the number of CT scans more than tripled to approximately 46
million 1. The estimated number of CT scans for 2006 is 62 million 1. With high quality CT
imaging being performed more frequently, patients can benefit from a quicker and more
accurate diagnosis and precise anatomic information for planning therapeutic procedures.
However, in spite of the tremendous contributions of CT to modern healthcare, some attention
must also be given to the very small health risk associated with the ionizing radiation received
during a CT exam.

CT scanners create cross-sectional images by measuring x-ray attenuation properties of the
body from many different directions. Currently, the radiation dose associated with a typical
CT scan (1–14 mSv depending on the exam) is comparable to the annual dose received from
natural sources of radiation, such as radon and cosmic radiation (1–10 mSv), depending on
where a person lives 2. Hence, the health risk to an individual from exposure to radiation from
a typical CT scan is comparable to background levels of radiation. However, considering the
growing population of people undergoing CT scans, the implications of CT radiation dose on
public health effects may be significant, although considerable debate exists regarding this
assumption. One study suggested that as much as 0.4% of all current cancers in the United
States may be attributable to the radiation from CT studies based on CT usage data from 1991–
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1996 1. When organ specific cancer risk was adjusted for current levels of CT usage, it was
determined that 1.5–2% of cancers may eventually be caused by the ionizing radiation used in
CT 1. This study and a similar series of previous articles 3, 4 received considerable attention
from the public media. One positive effect of the media attention was that the CT community
was obliged to review the amount of radiation prescribed for CT scans, especially for pediatric
patients. This ultimately resulted in an aggressive effort to minimize CT doses and optimize
image quality. Concurrently, new technologies such as automatic exposure control (AEC) were
in development and eventually made commercially available for all current CT systems. The
use of AEC greatly enhances and simplifies efforts to decrease patient dose.

However, the media reporting on the risk of CT radiation doses has had a negative effect on
the public’s perception of CT imaging and radiation, influenced by the sensationalist and
alarmist tone of the news stories. Phrases such as “…dangerous radiation from ‘super X-
rays’…” 5 and comparisons to atomic bomb survivors 6 exploit the public’s general
apprehension of radiation. Although informing the public of potential health risks—even small
risks—is not inappropriate, journalistic responsibility should ensure that the data be presented
so as not to exaggerate or present the risk estimates in a manner that can be easily misinterpreted
by a population that, in general, is not sufficiently knowledgeable in radiation or radiobiology
to accurately assess the information. Such alarmist articles are a public disservice in that they
cause unnecessary stress to patients, or in some cases, may persuade a patient to decline a CT
scan that could have a positive impact on their health. The latter case cannot be overstated
because low-level radiation risk estimates, which are derived primarily from atomic bomb
survivors and have considerable uncertainties at low doses (<100 mSv), give no consideration
to the medical benefit of a CT scan. There is no question that the benefit of an appropriately
indicated CT scan far exceeds the associated estimated risk or that CT providers need to
prescribe the minimal amount of radiation required to obtain images adequate for evaluating
the patient’s condition. Additionally, the medical community needs to better educate the public
to the risks and benefits associated with CT, such that they can make informed decisions
regarding their healthcare.

B. Brief tutorial on the measurement of radiation output for CT
Scanner output—The Computed Tomography Dose Index (CTDI) is the primary metric
used in CT to describe the radiation output from a scanner. It is a measure of the amount of
radiation delivered from a series of contiguous irradiations to a pair of standardized acrylic
phantoms. It is, however, measured from one axial CT scan (one rotation of the x-ray tube)
7–10. The CTDI was defined in the early days of CT, when dose assessments were made using
thermoluminescent dosimeters (TLDs) and multiple axial scans, each one incremented from
the previous scan by the nominal beam width. This procedure was not only time consuming
and laborious, but also required many scans (exposures) for each beam width, phantom size,
tube potential setting (kV), and position in the field of view (FOV, periphery or center). The
resultant parameter was referred to as the multiple-scan average dose (MSAD), which was
typically a factor of 2–3 times higher than the peak radiation dose from one axial scan. Shope
and Gagne9 demonstrated the mathematical equivalence between the scan intensive MSAD
and the CTDI, which is able to be measured using only one scan (one gantry rotation), when
certain criteria are met with regard to the length of the ionization chamber and the length of
the clinical scan being assessed.

The theoretically perfect equivalence of MSAD and CDTI is not achieved in many clinical
scenarios, but due to the speed and ease of CTDI measurements, the use of MSAD declined.
CTDI is now used internationally based on a standardized measurement technique. Several
variants of CTDI exist that describe specific steps in the measurement and calculation
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processes. These include the CTDI100 and the weighted CTDI (CTDIw). These parameters
are described in multiple publications 11–13.

Volume CTDI (CTDIvol): The CTDI variant that is currently of most relevance is the Volume
CTDI (CTDIvol). This parameter accounts for gaps or overlaps between the x-ray beams from
consecutive rotations of the x-ray source and variations in dose across the FOV. The
CTDIvol provides a single parameter, based on a directly and easily measured quantity, which
describes the radiation delivered to the scan volume for a standardized (CTDI) phantom13. The
SI units are milli-Gray (mGy). CTDIvol is a useful indicator of the radiation output for a specific
exam protocol, because it takes into account protocol-specific information such as pitch.
However, it is important to realize that CTDIvol is not a direct measurement of dose; it is a
standardized measure of radiation output in the CT environment14.

Dose Length Product (DLP): To better represent the overall energy delivered by a given scan
protocol, the CTDIvol can be integrated along the scan length to compute the Dose-Length
Product (DLP)7, where the DLP (in mGy-cm) is equal to CTDIvol (in mGy) times scan length
(in cm). The DLP reflects the integrated radiation output (and thus the potential biological
effect) attributable to the complete scan acquisition. Thus, an abdomen-only CT exam might
have the same CTDIvol as an abdomen/pelvis CT exam, but the latter exam would have a greater
DLP, proportional to the greater z-extent of the scan volume.

Effective Dose (E)—Effective dose, E, is not a measurement of dose, but rather a concept
that reflects the stochastic risk (e.g. cancer induction) from an exposure to ionizing
radiation15, 16. It is typically expressed in the units of milli-Sieverts. Effective dose reflects
radiation detriment averaged over gender and age and its use has several limitations when
applied to medical populations15–18. In particular, it uses a mathematical model for a
“standard” body in its calculation19 and is hence not an appropriate risk indicator for any one
individual. However, it does facilitate the comparison of biologic effect between diagnostic
exams of different types or having different acquisition parameters15, 16. By comparing patient
effective dose to background radiation dose from natural sources, which in the U.S. averages
3 mSv per year with a range across the U.S. from 1–10 mSv2, patients and their families are
better able to put the risk associated with medical doses into perspective.

The European Working Group for Guidelines on Quality Criteria in CT has proposed a generic
estimation method for effective dose7. A set of coefficients k, where the values of k are
dependent only on the region of the body being scanned (Table 1), were determined in relation
to the DLP. E (in mSv) can thus be estimated by multiplying the DLP value (in mGy-cm),
which is reported on most CT systems, by the region-specific k coefficient (in mSv/(mGy-
cm)).

The values of E predicted by DLP and the values of E estimated using more rigorous
calculations methods are remarkably consistent, with a maximum deviation from the mean of
approximately 10 to 15 %20. Hence, the use of DLP to estimate E appears to be a reasonably
robust method for estimating effective dose. However, effective dose alone does not give a
complete picture of estimated radiation risk to specific radiation sensitive organs or patients
of a specific age or gender. For a complete picture, specific organ doses and age, gender, and
organ specific risk estimates are needed.

Recently the International Commission on Radiation Protection (ICRP) altered their
recommendations regarding the relative radiation sensitivities of various organs and tissues.
Thus, for the same exact scan performed on the same exact equipment and resulting in the same
predicted organ doses, the value for effective dose will differ depending on whether the
recommendations from 1991 (ICRP 60) or 2007 (ICRP 103) are used15, 18. Hence, the version
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of E (e.g. ICRP 60 or ICRP 103) must be provided when a value of effective dose is given.
The data presented in Table 1 make use of the organ weighting factors from ICRP 60; the new
values from ICRP103 have not yet been widely adopted.

II. Justification and Optimization
General principles of ALARA

The guiding principles for radiation protection in medicine are:

1. Justification: The exam must be medically indicated.

2. Optimization: The exam must be performed using doses that are As Low As
Reasonably Achievable (ALARA), consistent with the diagnostic task.

3. Limitation: While dose levels to occupationally exposed individuals (i.e. the
radiologist or technologist) are limited to levels recommended by consensus
organizations, limits are not typical for medically-necessary exams or procedures.

As the growth in CT utilization increased, particularly in pediatric patients, and concern over
the population dose from CT was expressed in the scientific literature and lay press 3, 4, 21,
22, it became clear that the responsible use of CT required adjustment of technique factors
based on patient size (attenuation characteristics) 3, 23, 24. In response, the radiology
community (radiologists, physicists and manufacturers) has worked to implement ALARA
principles in CT imaging 21, 25–31. The guiding principle for dose management in CT is that
the right dose for a CT examination takes into account the specific patient attenuation and the
specific diagnostic task. For large patients, this indeed means a dose increase is consistent with
ALARA principles.

Additionally, each CT exam must be appropriate for the individual patient. Justification is a
shared responsibility between requesting clinicians and radiologists. Hence, for medical
exposures, the primary tasks of the imaging community are to work with ordering clinicians
in order to direct patients to the most appropriate imaging modality for the required diagnostic
task, and to ensure that all technical aspects of the examination are optimized, such that the
required level of image quality can be obtained while keeping the doses as low as possible.
The American College of Radiology Appropriateness Criteria provides evidence-based
guidelines to help physicians in recommending an appropriate imaging test32. The European
Commission guidelines and United Kingdom’s Royal College of Radiologists document titled
“Referral guidelines for imaging” also provide a detailed overview of clinical indications for
imaging examinations, including CT33. Thus, a CT exam should be performed only when the
radiation dose is deemed to be justified by the potential clinical benefit to the patient.

III. Dose reduction strategies
General strategies

All dose reduction strategies are predicated on the assumption that the CT scanner’s radiation
dose levels and image quality fall within manufacturer specifications and other general quality
criteria. This can be accomplished through a quality control program that is designed and
overseen by a qualified medical physicist.

Fixed tube current (technique charts)—Unlike traditional radiographic imaging, a CT
image never looks “over-exposed” in the sense of being too dark or too light; the normalized
nature of CT data (i.e., CT numbers represent a fixed amount of attenuation relative to water)
ensures that the image always appears properly exposed. As a consequence, CT users are not
technically compelled to decrease the tube-current-time product (mAs) for small patients,
which may result in excess radiation dose for these patients. It is, however, a fundamental
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responsibility of the CT operator to take patient size into account when selecting the parameters
that affect radiation dose, the most basic of which is the mAs 25, 34.

As with radiographic and fluoroscopic imaging, the operator should be provided with
appropriate guidelines for mAs selection as a function of patient size. These are often referred
to as technique charts. In CT, the tube current exposure time and tube potential can all be altered
to give the appropriate exposure to the patient. However, users most commonly standardize
the tube potential (kV) and gantry rotation time (s) for a given clinical application. The fastest
rotation time should typically be used to minimize motion blurring and artifact, and the lowest
kV consistent with the patient size should be selected to maximize image contrast 35–40. Hence
tube current is the primary parameter that is adapted to patient size.

Numerous investigators have shown that the manner in which mA should be adjusted as a
function of patient size should be related to the overall attenuation, or thickness, of the anatomy
of interest as opposed to patient weight, which is correlated to patient girth, but not a perfect
surrogate for attenuation as a function of anatomic region 23, 24, 41. The exception is for imaging
of the head, where attenuation is relatively well defined by age, since the primary attenuation
comes from the skull and the process of bone formation in the skull is age dependent.

Clinical evaluations of mA-adjusted images have demonstrated that radiologists do not find
the same noise level acceptable in small patients as in larger patients 23. Because of the absence
of adipose tissue between organs and tissue planes, and the smaller anatomic dimensions,
radiologists tend to demand lower noise images in children and small adults relative to larger
patients 23, 24, 41, 42. For CT imaging of the head, the mAs reduction from an adult to a newborn
of approximately a factor of 2 to 2.5 is appropriate. For CT imaging of the body, typically a
reduction in mAs of a factor of 4 to 5 from adult techniques is acceptable in infants 41, while
for obese patients, an increase of a factor of 2 is appropriate 41. To achieve sufficient exposure
levels for obese patients, either the rotation time or the tube potential may also need to be
increased.

Tube current (mA) modulation—Extremely large variations in patient absorption occur
both with projection angle and anatomic region, and are not considered when using a fixed
tube current (Figure 1). The projection with the most noise primarily determines the noise of
the final image. Hence, data acquired through body parts having less attenuation can be
acquired with substantially less radiation without negatively affecting the final image noise
37, 43–45. In addition, it is also possible to reduce dose for projections of limited interest. For
example, in cardiac CT, dropping mA during systole can significantly reduce dose to the
patient. Tube current modulation may occur angularly about the patient, along the long axis of
the patient, or incorporate both in order to adapt to attenuation differences within the patient.

Angular (x,y) mA modulation: Angular (x,y) mA modulation addresses the variation in x-
ray attenuation around the patient by varying the mA as the x-ray tube rotates about the patient
(e.g. in the A.P. versus lateral direction). The operator chooses the initial mA value, and the
mA is modulated upward or downward from the initial value with a period of one gantry
rotation. As the x-ray tube rotates between the AP and lateral positions, the mA can be varied
according to the attenuation information from the CT radiograph (i.e. Scout image), or in near
real-time according to the measured attenuation from the 180° previous projection.

Longitudinal (z) mA modulation: Longitudinal (z) mA modulation addresses the varying
attenuation of the patient among anatomic regions by varying the mA along the z axis of the
patient (e.g. shoulders versus the abdomen), as shown in Figure 2. Thus, the operator must
provide as input to the algorithm the desired level of image quality, the paradigms for which
are at present relatively manufacturer-specific.
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Angular and Longitudinal (x,y,z) mA modulation: Angular and longitudinal (x,y,z) mA
modulation combines the previous two methods to vary the mA both during rotation and along
the z axis of the patient. The operator must still indicate the desired level of image quality by
one of the following methods. This is the most comprehensive approach to CT dose reduction
because the x-ray dose is adjusted according to the patient attenuation in all three dimensions.

Automatic exposure control (AEC)
Overview: It is technologically possible for CT systems to adjust the x-ray tube current in real-
time in response to variations in x-ray intensity at the detector 35, 46–48, much as fluoroscopic
x-ray systems adjust exposure automatically. The modulation may be fully preprogrammed,
occur in near-real time by using a feedback mechanism, or incorporate pre-programming and
a feedback loop. These methods of adapting the tube current to patient attenuation, known
generically as automatic exposure control (AEC), are analogous to photo-timing in general
radiography and have demonstrated reductions in dose of about 20–40% when image quality
is appropriately specified. An exception to this trend occurs with obese patients. In large
patients, the radiation dose is increased to ensure adequate image quality. However, much of
the additional x-ray dose is absorbed by excess adipose tissue. Thus, doses to internal organs
do not increase linearly with increases in tube current settings 49, 50. AEC is a broad term that
encompasses not only tube current modulation (to adapt to changes in patient attenuation), but
also determining and delivering the “right” dose for any patient (infant to obese) in order to
achieve the diagnostic task.

Image quality selection paradigms for AEC systems: Each manufacturer of CT systems
uses a different method of defining the image quality in the user interface. GE uses a concept
known as the Noise Index. The noise index is referenced to the standard deviation of pixel
values in a specific size water phantom and is compared to patient attenuation measured from
the CT radiograph (Scout) in order to maintain image noise. Toshiba allows two ways to
prescribe image quality in their Sure Exposure AEC algorithm: Standard Deviation and Image
Quality Level. Like GE’s Noise Index, Sure Exposure also compares the patient’s CT
radiograph (Scanogram) data to the standard deviation of a specific-attenuation water phantom.
Philips uses a Reference Image from a satisfactory patient exam (Reference Case) stored in the
system with which image quality for future exams is to be matched. Siemens uses a Quality
Reference mAs to define the effective mAs (=mAs/pitch) required to produce a specific image
quality in an 80 kg patient (20 kg for pediatric cases) for a given protocol. For specific patients,
the tube current is based on the CT radiograph (Topogram) and fine-tuned by an online
feedback system.

Future dose reduction strategies
Adjusting kV based on patient size: There have been several physics and clinical studies on
the use of lower tube potential (kV) in CT imaging to improve image quality or reduce radiation
dose. The principle behind the benefit of lower kV in some clinical applications is this: The
attenuation coefficient of iodine increases as photon energy decreases toward the k-edge energy
of 33 keV. In many CT exams involving the use of iodinated contrast media, the superior
enhancement of iodine at lower tube potentials improves the conspicuity of hypervascular or
hypovascular pathologies. However, the images obtained using lower tube potentials tend to
be much noisier, mainly due to the higher absorption of low-energy photons by the patient.
Therefore, a tradeoff between image noise and contrast enhancement must be made.

Figure 3a shows the change of iodine CT number with tube potential for three different phantom
sizes. The CT numbers of the iodine solution are larger at lower kVs than at higher kVs. With
an increase in phantom size, CT numbers decrease due to beam hardening effects. Figure 3b
shows, for the same total radiation dose, image noise as the tube potential and phantom size
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change. For smaller phantom sizes, images acquired at different kVs have almost the same
noise levels, with slightly higher noise for images acquired at 80 kV. However, with the
increase of the phantom size, lower-kV scans yield images with higher noise levels compared
to images attained at higher kVs. Figure 3c combines the information from Figures 3a and 3b
to determine the change of contrast to noise ratio (CNR) as a function of tube potential and
phantom size, where contrast is defined as the CT number of the iodine solution minus the CT
number of background, which in this case was water (CT number ≈0 HU). The benefit of
increased contrast enhancement at 80 kV is negated by increased noise for the large phantom
size.

Hence, when the patient size is below some threshold, the use of a lower tube potential can
generate better image quality than the higher tube potential, for the same radiation dose.
Alternatively, dose can be reduced while maintaining the same image quality of a high tube
potential image. Consequently, for a given patient size, an optimal tube potential exists that
yields the best image quality (in terms of, e.g., CNR, lesion detectability) or the lowest radiation
dose. This optimal tube potential is highly dependent on the patient size and the specific
diagnostic task. It should be noted that for non-contrast CT exams, the benefit of lower-kV has
not been established since soft tissue contrast is not highly dependent on the tube potential.

Iterative reconstruction: Iterative reconstruction techniques have demonstrated the potential
for improving image quality and reducing radiation dose in CT 51–55 relative to the currently
used filtered back projection techniques. The most noticeable benefit of iterative reconstruction
is that it is able to incorporate into the reconstruction process a physical model of the CT system
that can accurately characterize the data acquisition process, including noise, beam hardening,
scatter, etc. This allows for dramatic improvements in image quality, especially in the case of
low-dose CT scans, where the propagation of non-ideal data during the image reconstruction
becomes more significant than in routine CT scanning. This benefit has long been utilized by
nuclear medicine imaging, where the photon numbers are much smaller than in CT.

Iterative reconstruction is also superior to filtered back projection in handling insufficient data.
Recent advances in iterative reconstruction allow a significant reduction in the number of
required projection views, while still producing acceptable image quality. Thus, the use of
iterative reconstruction techniques has a large potential to substantially reduce the radiation
dose in CT 56–58. With computational power growing quickly, the clinical implementation of
iterative reconstruction algorithms is within reach 55.

Patient-specific dose reduction strategies
Pregnant patients—Imaging the pregnant patient presents a unique challenge to the
radiologist due to the concern of radiation risk to the conceptus (embryo/fetus). Potential effects
of radiation on the conceptus include prenatal death, intrauterine growth restriction, small head
size, severe mental retardation, reduced intelligence quotient, organ malformation, and
childhood cancer. The probability of any effects depend on the radiation dose to the conceptus
(Table 2) 15, 17, 59–66.

Common indications for CT scanning in a pregnant patient include suspected appendicitis,
pulmonary embolism, and urinary tract calculi. To minimize radiation exposure to the fetus, it
is important to determine if the necessary diagnostic information can be obtained from an
alternative non-radiation based imaging modality. For non-acute symptoms, radiologists and
physicians must also decide if immediate CT scanning is required or if CT scanning can be
postponed until after the delivery.

For scanning body regions outside the abdomen and pelvis, such as chest CT for suspected
pulmonary embolism, the dose to the fetus is very low (< 0.1 mGy) because the scattered
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radiation levels fall off quickly away from the scan volume. For CT in a pregnant patient with
suspected appendicitis, the scan volume should be restricted to the necessary anatomy, and
dual-pass (with and without contrast) studies should be avoided, if possible 67, 68. In CT for
renal calculi in a pregnant patient, fetal dose can be reduced with use of low mAs, high pitch
and a limited scan range without substantially compromising the study quality 69. For
abdominal-pelvic CT, which directly irradiates the fetus, scan parameters (such as wider beam
collimation, higher pitch, and lower mAs, kV and scan range) can be selected to reduce the
fetal dose to approximately 23 mGy per scan phase. Thus, even for a routine dose-level, bi-
phase CT exam of the abdomen and pelvis, the probability of birthing a healthy baby decreases
by only 0.5% (see Table 2).

Pediatric patients—The risk of cancer in children due to radiation exposure is about two to
three times higher than adults because pediatric patients have a longer life expectancy and their
organs are more sensitive to radiation damage4. For newborns, the risk of cancer induction is
essentially the same as in the second and third trimester of pregnancy (see Table 2).

The best way to reduce the radiation dose to pediatric patients is to avoid unnecessary CT
exams and to look for alternative diagnostic imaging modalities with less or no exposure to
ionizing radiation. Pediatric protocols with scanning parameters specifically designed for
children must be used70, 71. These protocols usually include tube current modulation37, 46, a
child-size bowtie filter and scanning field of view (FOV), or a weight or size-based technique
chart that can determine the appropriate kV and/or mAs for each patient72, 73.

Automatic tube current modulation and manual technique charts are currently widely used.
Additionally, lower kV values may be used, depending on patient size and clinical indication.
For pediatric patients, due to less attenuation in the body, the noise level does not increase
significantly with the decrease of kV for the same radiation dose. Therefore, for iodine contrast-
enhanced exams, a lower kV can be used to improve the contrast enhancement without
increasing the noise. Because of this, the benefit of image quality improvement or dose
reduction is much more significant than in adult patients. Lower-kV techniques have been
actively investigated and are beginning to be widely used in pediatric CT 24, 40, 72, 73.

There are several factors which should be taken into account when lower-kV techniques are
used in practice. First, due to the less efficient x-ray production of the tube at low kV values,
the mAs has to be increased to avoid excessive noise levels. Second, for certain sized patients,
a lower kV may not be appropriate. To address these issues, a weight or size-based kV/mAs
technique chart should be used. Third, in order to avoid motion artifacts and decrease scan
times in pediatric patients, a fast rotation time and a high helical pitch are desirable, which
often limit the maximum mAs that can be used because of tube current limitations. In this
situation, a higher kV may be necessary to avoid compromising the exam quality. Finally,
although lower kV increases the contrast of iodine, it may not increase the contrast of tissues,
lesions, and other pathological structures without iodine uptake. Thus, the use of lower-kV has
to be carefully evaluated by radiologists and physicists for every particular type of pediatric
exam.

Other specific dose reduction strategies
Cardiac CT: Dose in cardiac CT is a considerably more complex issue compared to non-
cardiac CT applications. There are two major reasons for this complexity. The first reason is
that dose, noise, and pitch have different relationships in cardiac CT compared to non-cardiac
spiral CT74. The second reason is that dose in cardiac CT can be dependent on the patient’s
heart rate (HR), depending on the equipment used.
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In non-cardiac multi–detector CT (MDCT), noise depends on pitch. However, in cardiac spiral
CT, noise is independent of pitch and depends only on the tube current-time product (mAs)
74. Additionally, because only a partial amount of the projection data from one gantry rotation
is used for image reconstruction (to optimize the temporal resolution), relatively high mAs
values are needed to provide an acceptable noise level for cardiac CT imaging, especially for
cardiac CTA exams, which require the use of thin slices for better visualization of the coronary
arteries.

A combination of relatively high mAs values with the low pitch values required in cardiac CT
(dose is proportional to mAs/pitch) explains why cardiac CT exams are associated with a higher
radiation dose. Effective doses up to 21 mSv have been reported in the literature75, and the
recent review by Achenbach et al76 claims that maximum organ dose values (based on Monte-
Carlo calculations) delivered during cardiac CT exams can be as high as 50–100 mGv when
no dose reduction measures are taken.

ECG-based tube current modulation is an important dose reduction tool in cardiac CT37, 77.
The principle of ECG-based mA modulation is illustrated by Figure 4. The percent dose
reduction using ECG-based tube current modulation is higher for patients with slow heart rates
compared to those with high heart rates, as the maximum mA time period is a smaller
percentage of the R-R time interval at low heart rate.

Additionally, the width of the maximum mA window must be carefully chosen to make sure
that the data for the best cardiac phase (the one with the least motion artifact) will be acquired
with maximum tube current (hence, best image quality). Failure to properly set-up the ECG-
based tube current modulation parameters may compromise the diagnostic quality of the
cardiac exam. According to the dual-source coronary CTA study by Weustink et al, optimal
windows for ECG-based tube current modulation for low (HR≤65 bpm), intermediate
(65<HR<80 bpm), and high (HR≥80 bpm) heart rates were at 60–76 %, 30–77%, and 31–47%
of the R-R interval, respectively78.

Finally, for patients with a very irregular heart rate, using ECG-based tube current modulation
can compromise the diagnostic quality of the images if the optimal reconstruction window
occurs during the reduced tube current interval. Some systems address this concern by
automatically increasing the tube current to the maximum level when a statistical trend-analysis
algorithm recognizes an R-R interval that is significantly different from the previous
rhythm79.

One of the earliest studies of ECG-based tube current modulation reported dose savings of 30–
50% for 4-slice CT77. A later study by Hausleiter et al80 reported an effective dose estimates
for coronary CTA using 64-slice CT of approximately 9.4 mSv with ECG-based tube current
modulation and 14.8 mSv without tube current modulation80. One study of dual-source
coronary CTA reported mean effective dose values of 7.8–8.8 mSv81, while another reported
effective doses of 6.8, 13.4, and 4.2 mSv for low, intermediate and high HR, respectively, when
using the optimal windows for ECG-based tube current modulation78. The higher dose at
intermediate HR is due to the need for a wider maximum tube current window.

ECG modulation cannot be combined with some other types of tube current modulation, such
as angular modulation. While it is possible to use z-modulation in cardiac CT, this is not widely
available. The role of AEC in cardiac mode is typically limited to automatically adjusting the
mAs values based on patient size. Alternatively, technique charts may be used to manually
choose the proper mAs settings based on patient size, the type of cardiac exam (e.g., coronary
calcium scoring vs. coronary CTA), and the noise level accepted in the clinical practice.
Appropriate use of lower kV values (80 or 100 kV) for coronary CTA exams of smaller patients
can further reduce radiation dose without compromising the image quality. A recent study by
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Leschka et al82 showed that dual-source coronary CTA with 100 kV is feasible in patients of
normal weight and can produce a higher contrast–to-noise ratio at estimated effective doses as
low as 4.4 mSv. In a study by Achenbach et al76, a 74-year-old patient with 63 kg body weight
was scanned using 80 kV tube current and ECG-based tube current modulation, resulting in
fully diagnostic image quality at an estimated effective dose of 3.0 mSv.

Additional dose reductions can be achieved using prospective ECG-triggering (i.e. “step and
shoot’ acquisitions). The lack of overlapping beams at low spiral pitch values makes this mode
very dose efficient. However, this mode is not as reliable as the conventional spiral,
retrospectively-gated mode and requires a careful selection of patients having stable, low heart
rates. Since there are no data collected outside the narrow acquisition window predicted to
correspond to the best phase of the cardiac cycle, any sudden change in cardiac rhythm (e.g.,
ectopic beat) can ruin image quality for the portion of the heart included in that axial scan.
Nevertheless, a recent study by Scheffel et al83 concluded that prospectively triggered DSCT
coronary angiography allows for the accurate diagnosis of significant coronary stenoses in
patients with a regular heart rate at a very low radiation dose. For 120 selected patients having
an average heart rate of 59 ± 6 bpm (range 44–69 bpm), the reported mean effective dose was
2.5 ± 0.8 mSv (range 1.2–4.4 mSv).

The susceptibility of prospectively triggered coronary CTA to artifacts caused by variations in
cardiac cycle length or by the occurrence of ectopic beats can be reduced by using adaptively
triggered sequential scans with dynamic temporal windows, where triggering for each cardiac
cycle is adjusted according to the ECG trend and variability. In a study where cardiac CT scans
were simulated on the basis of 60 ECGs recorded during actual coronary CTA exams, the
adaptively triggered sequential scans provided 68% dose reduction, relative to spiral cardiac
CT with constant tube current, without compromising the reliability of image quality84. The
standard sequential mode without adaptive triggering provided improved dose reductions
(75%), but suffered from inconsistent availability of the optimal cardiac phase, missing it in
18% of the cases.

Selective In-plane Shielding: Selective shielding of radiation sensitive tissues and organs
during CT scanning has been proposed and products to implement this are commercially
available. Their use is not generally recommended however because the dose reduction they
provide can be readily achieved by decreasing x-ray tube current, which does not introduce
noise or increase beam-hardening artifacts.

Shields made of thin sheets of flexible latex impregnated with bismuth and shaped to cover
the eye lens, thyroid, or breasts can be used, respectively, during brain, cervical spine, or chest
CT exams. Dose savings to the superficially located target organ when using such shields have
been reported to be 40% to 67% for adults 85–89 and 30% to 40% for children 90, 91. The
majority of these studies reported artifacts near the shields. Additionally, these studies
overestimated organ dose reductions by assuming that organ doses are equivalent to the
measured skin dose reductions.

A quantitative study by Geleijns et al.92 assessed the tradeoff between absorbed dose and image
quality for the use of selective shields. Using commercially available shields and an
anthropomorphic phantom, image noise was experimentally quantified by the standard
deviation of CT numbers in the target organ. Absorbed organ doses were also computed using
a validated Monte Carlo method. With use of the shields, organ dose reductions of 26, 27 and
30% were found for the thyroid, eye lens and breast, respectively, contrary to the larger savings
reported elsewhere. For each organ, dose reduction was accompanied by increased noise and
artifacts. This was most marked and most varied near the breast, where the noise increase
ranged from a minimum of 50% (8 HU increased to 12 HU) near the shield center to a maximum
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of 100% (7.5 HU increased to 15 HU) near the shield edge. They additionally report that the
same 30% dose reduction could be achieved by decreasing the x-ray tube current by 30%, yet
with a smaller and more uniform noise increase of 20 to 30%. This is because while the dose
shield attenuates the anterior x-ray beam and hence decreases anterior organ dose, it also
attenuates x-rays coming from the posterior direction that have already contributed to organ
dose and contain important image information.

IV. Conclusion
In recent years, the media has focused on the potential danger of radiation exposure from CT,
even though the potential benefit of a medically indicated CT far outweighs the potential risks.
Importantly, however, this attention has reminded the radiology community that doses must
be “As Low As Reasonably Achievable” while maintaining diagnostic image quality. To
satisfy the ALARA principle, the dose reduction strategies described in this paper must be well
understood and properly used. The use of CT must also be justified for the specific diagnostic
task.
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Figure 1.
Graph (top) of relative attenuation values as a function of table position and associated body
region (bottom) shows almost three orders of magnitude of variation in attenuation, according
to body region and projection angle. [Reused with permission 37].
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Figure 2.
Graph of relative tube current superimposed on a CT projection radiograph illustrates the
concept of longitudinal dose modulation. The prescribed tube current curve is determined by
using attenuation data from the CT projection radiograph and a manufacturer-specific
algorithm. [Reused with permission 37].

McCollough et al. Page 17

Radiol Clin North Am. Author manuscript; available in PMC 2009 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



McCollough et al. Page 18

Radiol Clin North Am. Author manuscript; available in PMC 2009 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



McCollough et al. Page 19

Radiol Clin North Am. Author manuscript; available in PMC 2009 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Figure 3a: Graph of the CT number of a 2% iodine solution for small, medium, and large
phantoms at various x-ray tube potentials.
Figure 3b: Graph of noise (standard deviation of CT numbers within the water background)
in images of small, medium, and large phantoms at different tube potentials.
Figure 3c: Graph of the contrast to noise ratio (CT number of iodine solution divided by the
background noise level) in small, medium, and large phantoms at different tube potentials.
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Figure 4.
Depiction of ECG-based modulation of the tube current. The width of the temporal window
having the maximum tube current (Max mA) can be selected by the user, while the temporal
width of the image reconstruction window is fixed (Recon). For full quality images, the
reconstruction window (darker grey time interval) should fall within the maximum mA window
(lighter grey time interval). [Courtesy of Suhny Abbara, Massachusetts General Hospital]

McCollough et al. Page 21

Radiol Clin North Am. Author manuscript; available in PMC 2009 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

McCollough et al. Page 22
Ta

bl
e 

1
N

or
m

al
iz

ed
 e

ff
ec

tiv
e 

do
se

 p
er

 d
os

e-
le

ng
th

 p
ro

du
ct

 (
D

LP
) 

fo
r 

ad
ul

ts
 (

st
an

da
rd

 p
hy

si
qu

e)
 a

nd
 p

ed
ia

tri
c 

pa
tie

nt
s 

of
 v

ar
io

us
 a

ge
s 

ov
er

va
rio

us
 b

od
y 

re
gi

on
s. 

C
on

ve
rs

io
n 

fa
ct

or
 fo

r a
du

lt 
he

ad
 an

d 
ne

ck
 an

d 
pe

di
at

ric
 p

at
ie

nt
s a

ss
um

e u
se

 o
f t

he
 h

ea
d 

C
T 

do
se

 p
ha

nt
om

 (1
6 

cm
).

A
ll 

ot
he

r c
on

ve
rs

io
n 

fa
ct

or
s 

as
su

m
e 

us
e 

of
 th

e 
32

-c
m

 d
ia

m
et

er
 C

T 
bo

dy
 p

ha
nt

om
 93

, 9
4 . 

Th
es

e 
co

ef
fic

ie
nt

s 
es

tim
at

e 
ef

fe
ct

iv
e 

do
se

 a
s

de
fin

ed
 in

 IC
R

P 
re

po
rt 

#6
195

 a
nd

 d
o 

no
t r

ef
le

ct
 th

e 
ne

w
ly

 re
co

m
m

en
de

d 
tis

su
e 

w
ei

gh
tin

g 
va

lu
es

 o
f I

C
R

P 
#1

03
18

.

R
eg

io
n 

of
 b

od
y

k 
(m

Sv
 · 

m
G

y−
1  ·c

m
−1

)

0 
ye

ar
 o

ld
1 

ye
ar

 o
ld

5 
ye

ar
 o

ld
10

 y
ea

r 
ol

d
A

du
lt

H
ea

d 
an

d 
ne

ck
0.

01
3

0.
00

85
0.

00
57

0.
00

42
0.

00
31

H
ea

d
0.

01
1

0.
00

67
0.

00
40

0.
00

32
0.

00
21

N
ec

k
0.

01
7

0.
01

2
0.

01
1

0.
00

79
0.

00
59

C
he

st
0.

03
9

0.
02

6
0.

01
8

0.
01

3
0.

01
4

A
bd

om
en

 a
nd

 p
el

vi
s

0.
04

9
0.

03
0

0.
02

0
0.

01
5

0.
01

5

T
ru

nk
0.

04
4

0.
02

8
0.

01
9

0.
01

4
0.

01
5

Radiol Clin North Am. Author manuscript; available in PMC 2009 September 14.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

McCollough et al. Page 23

Table 2
Probability of birthing healthy children with no malformation or subsequent childhood cancer development for various
radiation exposures during pregnancy (Adapted from Wagner, et. al. 1982 and 1997).

Dose to Conceptus (mGy) Child with No Malformation
(Percentage)

Child Will NOT Develop Cancer
(Percentage)

Child Will NOT Develop Cancer or
Have a Malformation (Percentage)

0 96 99.93 95.93

0.5 95.999 99.926 95.928

1.0 95.998 99.921 95.922

2.5 95.995 99.908 95.91

5.0 95.99 99.89 95.88

10.0 95.98 99.84 95.83

50.0 95.90 99.51 95.43

100.0 95.80 99.07 94.91
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