Curr Radiol Rep (2013) 1:286-293
DOI 10.1007/s40134-013-0025-9

ABDOMINAL IMAGING (J YEE, SECTION EDITOR)

Applying Dose Reduction to CT Colonography

Judy Yee - Kevin J. Chang - Stefanie Weinstein

Published online: 18 October 2013
© Springer Science+Business Media New York 2013

Abstract There is increasing awareness of the radiation
dose delivered to patients using computed tomography
(CT). It is important to properly manage the radiation dose
when performing CT colonography (CTC) for colorectal
cancer screening since the test may be repeated several
times over the lifetime of the individual. There must be a
balance of the overall benefit of screening CTC versus any
theoretical risk of radiation. Technically there must also be
a balance of radiation dose with image quality. Efforts
continue to lower the radiation dose as much as possible
while maintaining diagnostic accuracy for CTC in con-
junction with overall national efforts by professional
organizations, providers of medical imaging services, and
equipment manufacturers. This article reviews the strate-
gies that may be used to reduce the radiation dose for CTC
including practical methods, modifications of specific CT
parameters, and the use of new iterative reconstruction
techniques.
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Introduction

Clinical use of computed tomography (CT) scans initially
occurred in the 1970s, and since then significant techno-
logical evolution has helped propel the widespread usage
of CT for medical imaging. When CT is employed as a
screening test, there is a focus on balancing the benefit of
early cancer detection and the theoretical risk of screening-
induced malignancy. The theoretical risks associated with
patient exposure to radiation from medical imaging have
become a major topic of debate. Controversy exists
regarding the linear, no-threshold model for estimating
health effects from radiation since it assumes that any
radiation dose, no matter how small, may be carcinogenic.
According to this model, detrimental health effects are also
thought to occur in direct proportion to the dose received.
However, although high doses of radiation above 50-100
millisieverts (mSv) have been shown to induce cancer, the
risks of low radiation dose tests such as CT colonography
(CTC) have not been definitively demonstrated or may not
even exist. The position statement of the Health Physics
Society [1] was updated in 2010 and recommends against
quantitative estimation of health risks below an individual
dose of 50 mSv in 1 year or a lifetime dose of 100 mSv
above that received from natural sources. Similarly, in
2011, the American Association of Physicists in Medicine
[2] policy update stated that predictions of hypothetical
cancer incidence and deaths in patient populations exposed
to such low doses (of 50-100 mSv) are highly speculative
and should be discouraged.

Screening CTC is currently recommended to be repeated
every 5 years according to the joint guidelines of the
American Cancer Society, the US Multi-Society Task
Force, and the American College of Radiology [3°]. In
practicing the ALARA (as low as reasonably achievable)
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Table 1 Comparative radiation dose for various imaging tests

Procedures Approximate effective

radiation (mSv)

CT abdomen and pelvis, repeated with and 20
without contrast material

CT abdomen and pelvis 10
Barium enema 8

CT chest 7
Upper GI series 6

CT colonography <3-8
Intravenous pyelogram (IVP) 3
Mammography 0.4
Chest X-ray 0.1

approach for radiation dose minimization, significant
reduction in dose is now obtainable. Employing the dose
reduction strategies for CTC outlined in this article, the
effective radiation dose of CTC approximates 3 mSv or
lower, which is similar to or less than the annual natural
background radiation dose in the US (Table 1) [1, 4e, 5].

Easily instituted practical tips are provided to help
decrease radiation dose for CTC including proper patient
positioning and assuring that patients are adequately pre-
pared in order to avoid additional repeat scanning. Cur-
rently available techniques to decrease the radiation dose
include lowering the tube current or tube voltage as well as
the use of automatic tube current modulation and an iter-
ative reconstruction technique.

Background

A commonly employed technique to reduce CT radiation
dose is tube current reduction. This has been applied suc-
cessfully to CTC in prior studies [6, 7]. Cohnen et al. [6]
performed CTC in 137 patients using 10 mA in the supine
position only, resulting in an effective dose of approxi-
mately 1 mSv. After mathematic noise reduction, 82 % of
polyps larger than 5 mm were detected. Similarly, Ian-
naccone et al. [7] evaluated 88 patients undergoing CTC
with 10 mA and found that CTC compared favorably with
colonoscopy. Sensitivities for detection of polyps 6 mm in
diameter or larger were 86 and 84 % for CTC and colon-
oscopy, respectively. More recently, tube current reduction
has been combined with the iterative reconstruction tech-
nique. Flicek et al. [4¢] performed CTC using standard 50
mA in the supine position and a lowered tube current of 25
mA combined with a 40 % adaptive statistical iterative
reconstruction (ASIR) technique in the prone position.
Results showed a dose reduction for CTC of 50 % below

standard technique without significantly affecting image
quality when ASIR is used.

Substantial dose reduction can be achieved by lowering
the tube voltage for CTC. Chang et al. [8¢] evaluated the
effect of decreasing tube voltage from 120 to 100 kVp
(peak kilovoltage) for CTC. A 20 % decrease in the vol-
umetric CT dose index (CTDI,,)) and 16 % decrease in the
dose-length product (DLP) were demonstrated, but only a
minimal decrease in three-dimensional (3D) image quality.
Lowering the tube voltage was also found to increase the
attenuation of tagged fluid by an average of 92 HU. This
should be helpful for CTC when tagging is employed since
increasing tagged fluid attenuation can improve the con-
spicuity of submerged polyps. Note is made that the low
kVp technique may not be appropriate in large patients
since there is significant attenuation of the photon beam
resulting in noisy images that may be non-diagnostic.

In the large National CTC Trial by The American
College of Radiology Imaging Network (ACRIN), CTC
was performed in 2,531 asymptomatic patients using a
protocol consisting of 50 mA and 120 kVp, which was a
relatively lower dose compared to older techniques where
100-150 mA was employed [9¢]. The per-patient sensi-
tivity and specificity for large adenomas and cancers were
90 and 86 %, respectively. Another screening CTC trial
evaluating the low-dose technique was performed in 307
asymptomatic, average-risk screening patients [10]. The
average effective dose to patients was 4.5 mSv with high
per-polyp sensitivity and specificity for detection of polyps
6 mm or larger of 91 and 93 %, respectively, and for
polyps 9 mm or larger of 91 and 98 %, respectively.

Favorable results were found for CTC in a study by
Berrington de Gonzélez et al. [11¢] determining the benefit-
to-risk ratio comparing the potential lives saved using
screening CTC to the potential deaths caused by fatal
cancers induced by radiation from the test. Radiation dose
levels from the ACRIN National CT Colonography Study
were used for modeling and assumed that CTC screening is
performed every 5 years between the ages 50 and 80.
Additionally potential radiation risk due to the imaging
workup of extracolonic findings was also included in the
analysis. All three microsimulation models for colorectal
cancer development that were employed demonstrated a
large benefit-to-risk ratio in favor of screening CTC,
ranging from 24:1 to 35:1. These results are similar to
findings reported by Brenner and Georgsson [12] who
determined that the benefit-to-risk ratio for CTC was high
and that induced cancers were rare even when taking into
consideration the controversial linear no-threshold model.
It was found that the potential lifetime cancer risk for one
CTC exam at age 50 was low at 0.14 %. At age 70 this risk
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decreased to 0.07 %. Using optimized low-dose CTC
protocols, these values could be further lowered by factors
of 5 or 10.

Radiation Dose Metrics

Modern CT scanners display two metrics that are often
used to estimate the radiation dose. Although these metrics
do not measure the dose the patient absorbs, they quantify
the radiation dose to which a patient is exposed. The
CTDI,,, is reported in units of milligray (mGy) and rep-
resents the dose within the scanned volume from a par-
ticular scan protocol for a standardized phantom [13]. It is
a measure of scanner output and not a direct measure of
patient dose. The DLP is reported in units of mGy centi-
meter (mGy cm) and represents the CTDI,,; multiplied by
the scan length. This allows calculation of the applied
radiation dose to a scanned volume and extends the
CTDI,,, from a single rotation to the entire scanned volume
[14].

CTDI,, and DLP are displayed on the consoles of all
modern CT scanners after the technologist has performed
the localizer scans, but before the start of the CTC scan
series. They are then displayed again following scan
completion, although if automated tube current modulation
has been employed, the end values for CTDI,,, and DLP
may be different from those initially displayed. Standard
CTC examinations include scans in the supine and prone
positions. Therefore, a CTC dose report should include the
CTDI,, and DLP from each of these two series (Fig. 1).
The sum of the DLP from each series should then be
converted to an estimated effective dose, which is reported
in mSv. This is accomplished by multiplying the total DLP
by a conversion factor (k), which is determined by the size
of the patient and the region of the body scanned. A con-
version factor of 0.015 is multiplied by the total DLP to
obtain the effective dose for CTC [15]. When dose

Exam Description: CT COLONOGRAPHY WITHOU

Dose Report
i CTDIvol DLP Phantom
Series Type p P o »
+y) (mGy-cm) cm
1 Scout

Helical

10.500-1409.875 2.92 38.20 Body 32

Scout

Helical 123.500-143: € Body 32

Fig. 1 Example of a CT radiation dose summary page. The total
exam DLP includes both supine and prone acquisitions
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reduction techniques have been applied such as decreasing
the tube current from 50 mA in the supine position to 25
mA in the prone position, the effective dose of CTC
approximates 3 mSv or less [4¢]. A Sub-mSv effective dose
for CTC can be obtained using more aggressive reduction
of the tube current combined with other described
strategies.

Practical Methods of Radiation Dose Reduction

There are several practical methods that can help reduce
the overall radiation dose without changing CTC protocols
or CT scanner options. Ideal patient positioning within the
CT gantry improves image quality and allows for optimum
use of automatic dose modulation. Positioning a patient too
high or too low relative to the center of the CT gantry can
result in an inaccurate estimation of the amount of radia-
tion dose needed. A study evaluating the impact of sub-
optimal centering on the patient dose and image noise
found that for a 64-slice CT scanner with a 2.2-cm misc-
entering below the isocenter on scout scans, there was on
average an increase of 23 % in patient dose and an increase
of 7 % in image noise [16]. Optimal positioning is typically
achieved by use of laser guides that the technologist uses to
place the patient in the isocenter of the scanner gantry in
both the superior-inferior and lateral directions. The use of
automatic patient-centering software to more precisely
center patients off of a localizer over the specific body
range being scanned has been shown to be capable of
reducing the surface dose by up to 30 % [17].

In some patients, it may be necessary to perform a third
scan, usually in the decubitus position, to better distend a
poorly distended or collapsed colonic segment. This addi-
tional scan can add substantially to the total radiation
exposure. Optimizing colonic distention on routine supine
and prone views is therefore critical to reduce the necessity
of additional positions. An automatic carbon dioxide
insufflator, when used properly, has been shown to opti-
mize distention more than hand insufflation [18]. Routine
evacuation in between positions can help prevent “fluid
blocks,” which may prevent adequate insufflation [5]. In
the situation where additional scans are required, at the
least, limiting the coverage to the colonic area of interest
should be considered. Furthermore, for screening CTC
examinations, when coverage for the scan volume is being
determined, the included area should be limited to the top
of the colon and need not be extended to the diaphragm
unless necessary as for routine CT abdomen protocols.
Coverage should include the superior aspect of the highest
colonic flexure to the level of the anus. Radiation dose
reduction can also be achieved with the use of dynamic Z-
axis collimation, which can limit unnecessary radiation due
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to over-scanning at the superior and inferior margins of the
scan volume [5, 19]. This increase in dose with multide-
tector CT is related to the need to scan a slightly larger
volume (i.e., over-scanning) in order to interpolate data to
reconstruct the first and last slice.

Modification of image viewing at the workstation can
help to offset the resulting noisier images. The use of
thicker reconstructions can be helpful for evaluating ex-
tracolonic findings or soft tissue structures on lower dose,
noisier images. Technologists can be instructed to auto-
matically send thicker reconstructions to a viewing work-
station or the reader can create thicker slices at the 3D
workstation. The use of relatively wider window settings
and noise reduction filters applied at the post-processing
level can also be useful to decrease image noise at the
workstation [5]. Selective patient shielding of more radia-
tion-sensitive tissues during CT is available but not widely
used at this time because of the increase in noise and
artifacts that accompany the modest reduction in organ
dose [20].

Tube Current Reduction

Tube current is one of the main CT parameters that can be
adjusted to reduce the radiation dose. A decrease in the
dose can be achieved with a proportional decrease in mA
given the direct linear relationship. As mA is decreased,
however, image noise is increased by a factor of 1/(square
root of mA). A larger amount of noise can be acceptable
with CTC since we are focusing predominantly on the
inherent high contrast between intraluminal air and the soft
tissue density of the colon mucosal boundary. However, the
the visualization of extracolonic findings can be compro-
mised with decreasing dose, although images can be
reconstructed to thicker slices if the level of noise renders
the image uninterpretable. This can be performed by either
routine reconstructions using thicker slices or thick slab
maximum intensity projections [5]. With excessive dose
reduction and the resultant concurrent increase in image
noise, however, the 3D endoluminal images may be
degraded by an increase in colon wall “nodularity” [5].
This image degradation on the 3D images can also impact
the performance of CAD in polyp detection. Studies have
shown that CTC examinations using extra low tube cur-
rents can still maintain interpretable imaging quality for the
detection of polyps, even with tube currents as low as
10 mA [7, 21]. A more recent study found dose reductions
of 40 and 70 % could be achieved for overweight and
normal patients, respectively, by the use of a body mass
index-adjusted dose reduction approach with tube current
[22].

Automatic Dose Modulation

A more judicious method of reducing radiation dose rather
than simply reducing tube current for an entire scan relies
on the modulation of tube current tailored to each projec-
tion around a patient’s body. Attenuation of the rotating CT
X-ray beam varies significantly depending on slice location
in the craniocaudal axis of the patient. For example, X-ray
attenuation is lower in gas-filled portions of the body such
as the lung bases and higher in the pelvis where there are
more osseous structures to penetrate. Similarly, as the
human torso is generally wider in the lateral dimension
than the AP dimension with lateral projections contributing
most of the perceived noise to an image, tube current can
be significantly reduced in AP projections compared to
lateral projections without impact on image quality [23,
24]. As such, tube current can also be dynamically varied
in the angular plane. Both methods combined result in an
X-Y-Z axis or 3D automatic dose modulation, also known
as automatic exposure control, the approach now taken by
most current CT vendors and known by several trade
names such as Smart mA, CARE Dose, D-DOM/Z-DOM,
and SureExposure. These approaches typically predict the
amount of dose modulation to utilize throughout a scan on
the attenuation information gleaned from the initial AP and
lateral CT scout images. Each vendor takes a slightly dif-
ferent approach to titrating how much dose modulation to
utilize, often based upon the amount of image noise the
interpreting radiologist is willing to tolerate for each exam
type. For CTC in particular, the amount of allowable image
noise, and thus the potential dose savings that can be
realized using automatic dose modulation, can be much
higher than in most other CT exams.

Another factor particular to CTC is the effect fecal and
fluid tagging agents such as barium and diatrizoate have on
automatic dose modulation algorithms. While these hy-
perdense agents can theoretically increase the predicted
tube current necessary to generate images for a particular
level of image noise, previous studies have noted that their
use did not in fact result in significant changes in radiation
dose [25]. However, it was noted that at decreased dose,
beam-hardening artifacts could reduce the measured
attenuation of polyps submerged in tagged fluid.

While tube current modulation works well for the great
majority of patients, results may be suboptimal for those at
the very extremes of patient size (the very large and the
very small) as larger patients may end up receiving higher
tube currents and higher doses than necessary while
smaller patients may end up receiving too low a dose and
overly noisy images [26]. This can be prevented by setting
a minimum and maximum mA range (for example, we use
a minimum of 50 mA and a maximum of 450 mA).
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An alternative approach to spatial tube current modu-
lation is the variation in tube current based on X-ray tube
direction relative to organs with higher sensitivity to radi-
ation. For example, the tube current can be reduced ante-
riorly where radiosensitive organs such as the breast,
thyroid, and ocular lens are closest to the skin surface
accompanied by a compensatory increase posteriorly to
result in a similar amount of image noise [27]. The use of
bismuth shields over the breast, neck, or eyes to attenuate
anterior X-rays accomplishes a similar goal although at a
potential cost of streak artifacts in the underlying superfi-
cial soft tissues [28, 29]. However, the use of these tech-
niques in the abdomen or pelvis may not result in as
significant a reduction in patient dose as in the chest or
head.

Tube Voltage Reduction

While there is a linear relationship between tube current
and radiation dose, the relationship becomes more expo-
nential with tube voltage. Dose theoretically decreases by a
power of 2.6 with a reduction in kVp [30]. This makes kVp
reduction a particularly powerful way to decrease the dose,
although at the cost of an increase in image noise. Despite
an increase in image noise, a reduction in kVp is analogous
to imaging closer to the K-edge of iodine resulting in an
increase in the attenuation of iodinated contrast agents
including tagged fluid in CTC [8e, 31]. Thus, when con-
sidering contrast-to-noise ratios (CNRs), the increase in
tagged fluid attenuation offsets the increase in image noise
resulting in no net change in CNR, a result reached in
several similar studies of CT angiography [8¢]. This should
serve to preserve the conspicuity of submerged polyps and
improve the efficiency of fluid tagging.

The effects of kVp reduction become more pronounced
as the patient body habitus increases, however, potentially
resulting in images with inordinate image noise in larger
individuals [32]. If automatic dose modulation is utilized,
tube current may be automatically increased to counteract
the increase in image noise leading to a reduction or even
potential increase in the overall radiation dose. A variety of
approaches can be employed to deal with this by tailoring
kVp selection to patient size or weight, reserving tube
voltage reduction for average size and smaller patients
while maintaining or even increasing tube voltage for lar-
ger patients. The selection of kVp is automated on some
scanners, while on others, a weight-based or size-based
algorithm may be used.

While most of the above approaches come at a cost of an
increase in image noise, iterative reconstruction promises
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to play a synergistic role in countering these effects by
using alternative reconstruction algorithms to significantly
reduce image noise and allow for even more aggressive
reductions in radiation dose.

Iterative Reconstruction

Filtered back projection (FBP) has been the most com-
monly employed reconstruction algorithm for CT data
since the first clinical use of CT scanners in the 1970s. FBP
is a robust reconstruction tool that is relatively simple
computationally and has the advantage of rapid image
reconstruction. However, filters tend to enhance the noise
of an image, and this is particularly problematic in very
large patients and on lower dose images. With improved
and faster computer technology, iterative reconstruction
algorithms have been introduced for CT scanners that
allow a reduction in radiation dose in conjunction with
decreased noise levels.

Iterative reconstruction techniques employ mathemati-
cal models that may be raw-data-based iterations and/or
image-based iterations. Various manufacturers have
developed different versions of iterative reconstruction
including Sinogram Affirmed Iterative Reconstruction by
Siemens Healthcare, ASIR by General Electric Healthcare,
adaptive iterative dose reduction 3D by Toshiba Medical
Systems, and iDose by Phillips Healthcare. These algo-
rithms can achieve up to 50 % dose reduction and are
typically hybrid techniques that include a blend of iterative
reconstruction data with FBP data [4e, 33]. Iterative
Reconstruction in Image Space is a variation of iterative
reconstruction by Siemens Healthcare that is based on
image data only. Additional novel iterative reconstruction
techniques are being released such as model-based iterative
reconstruction (MBIR) by General Electric Healthcare,
which is considered a pure iterative reconstruction algo-
rithm that does not require blending with FBP and can
achieve up to 80 % dose reduction. Significant computing
power is still needed for MBIR, and reconstruction times
are longer, taking approximately 20 min per case [14].

CTC images obtained using radiation dose-lowering
techniques such as those acquired with an effective
mA <50 may demonstrate decreased quality [4°]. Two-
dimensional images can appear noisy, which can affect the
appearance of both colonic and extracolonic findings. On
3D images the colonic surface may demonstrate nodularity
and intraluminal artifacts. The application of iterative
reconstruction can improve image quality by decreasing
image noise on 2D images and by smoothing the wall on
3D endoluminal images (Fig. 2).
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Fig. 2 CT colonography using
iterative reconstruction. Axial
2D (a—d) and 3D (e-h) images
of a 7-mm polyp on a fold in the
ascending colon (white arrows).
Axial 2D supine (a, ¢ at

100 mA) and axial prone (b,

d at 50 mA) with 0 % ASIR (a,
b) and 40 % ASIR (c, d).

d Endoluminal displays of
supine (e, g at 100 mA) and
prone (f, h at 50 mA) with 0 %
ASIR (e, f) and 40 % ASIR (g,
h). Note that on the lower dose
(50 mA) prone scans (f, h),
there is subtle increased
background nodularity
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Conclusion

Various technical and practical strategies have been eval-
uated to decrease the radiation dose without compromising
diagnostic image quality. The radiation dose should be kept
as low as reasonably achievable (ALARA) while main-
taining diagnostic image quality. Radiologists should be
familiar with the various dose reduction options available
to them and their particular scanner, while being mindful of
the tradeoff with an increase in noise. Fortunately, CTC
images can tolerate a higher level of noise than for routine
abdominal CT examinations. Combined with noise reduc-
tion techniques, practical strategies for reducing noise at
the post-processing level and at the PACS workstation
allow for improvement in interpreting extracolonic findings
on lower dose exams without compromising the detection
of relevant colonic polyps.
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