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computed tomography (CT) exams

performed in the United States has
increased from approximately 20 mil-
lion to more than 70 million per year,
including 5 million pediatric CT exams.!
In addition, a comparison of the sources
of all radiation exposure to the US popu-
lation between 1982 and 2006 showed
an increase in the contribution of medical
radiation from 15% to over 50% of the
total.? This increase in radiation exposure
from medical sources, particularly multi-
detector CT (MDCT), has fueled efforts by
the radiology community and CT scanner
manufacturers to create and implement
both hardware and software solutions
that reduce radiation exposure.

Keeping radiation dose ALARA — “As
Low as Reasonably Achievable” — is the
aim for those responsible for CT protocol
design, keeping in mind that the potential
risk must be balanced with the expected
benefit of diagnostic information pro-

ln the past 2 decades, the number of
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vided. In this sense, best clinical practice
is to focus on dose optimization, rather
than absolute radiation reduction. The
clinical indication, imaging goals, and
individual patient characteristics need to
be taken into account when designing
acquisition and contrast administration
protocols, in order to obtain ideal diag-
nostic images at the appropriate radiation
dose. Here we review general consider-
ations for CT radiation dose optimization
and, in addition, provide some detailed
strategies specific to neuro, body, and
cardiovascular CT (CVCT) imaging.

General CT Radiation Dose
Optimization Strategies
CT Acquisition Parameters

The appropriate choice of CT acquisi-
tion parameters requires an understand-
ing of the interaction of tube current (mA)
and tube voltage (kV), and their effect on
patient dose, image noise, and low-con-
trast resolution. Tube current (mA) relates
to the intensity of the X-ray beam, and it
varies linearly with radiation dose: if the
mA is reduced by 30%, there will be a
corresponding 30% reduction in radiation
dose. Tube current is typically automati-
cally adjusted during the examination to
maintain operator-designated noise levels.
These auto-exposure techniques (Table 1)
modify the tube current along the xyz axis,
increasing it where the patient diameter/
density is higher and decreasing it where it
is lower (tube current modulation).

Tube voltage (kV), or tube potential,
relates to the energy of the X-ray beam.
In contrast to what occurs with mA, radi-
ation dose varies approximately as the
square of tube voltage. As a result, small
reductions in kV have a more substantial
effect on radiation dose reduction. kV
values remain constant throughout an
exam phase, but can vary per pass on a
multiphase exam. Interestingly, lower kV
imaging is associated with higher image
contrast, and this effect has been demon-
strated to be greater in small- and medi-
um-sized patients (Figure 1). Therefore, it
is widely recommended that the standard
120 kV and higher 140 kV be reserved
for larger patients, and that 100 kV, 80
KV, or even 70 KV, depending on the clini-
cal indication and equipment available, be
used for average and smaller-than-aver-
age patients. Software that automates kVp
selection based on attenuation informa-
tion from the topogram or scout, and the
exam type, can lead to more frequent use
of lower kVp values, and such lower kVp
values contribute to achieving the opti-
mal radiation dose while maintaining the
expected contrast-to-noise ratio (Table 1).

For iodinated contrast-enhanced
exams, it has been demonstrated that
lower kVp values result in higher contrast
enhancement, especially when employed
with a high-iodine-concentration contrast
agent (Figure 2). Therefore, the combi-
nation of low kV imaging and high-con-
centration contrast media results in an
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Vendor GE Philips Siemens
Automatic Exposure  Auto mA D-DOM CAREDose
Control (AEC) Auto mA 3D Z-DOM ZEC

Smart mA Dose Right CAREDose4D
Automatic kVp — — CARE kV
Selection
Iterative ASIR iDOSE IRIS
Reconstruction ASIR-V IMR* SAFIRE
(IR) MBIR/Veo* ADMIRE*

Table 1. Main CT Vendor-specific Software for
Automatic Exposure Control, kVp Selection, and lterative Reconstruction

Toshiba Vital
Sure Exposure 3D —
ADIR SPD
ADIR 3D

*Advanced model-based IR techniques.
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FIGURE 1. (A) lodine CNR vs tube potential for small, medium, and large phantom sizes; (B) Relative radiation dose required to maintain the iodine CNR as a
function of tube potential for small, medium, and large phantom sizes.® CNR=contrast-to-noise ratio; CTDIvol=volume CT dose index.

overall general lower radiation dose and
higher image quality. Finally, an import-
ant and relatively simple way to minimize
patient radiation dose is to ensure that
the patient is accurately centered within
the gantry; patient off-centering increases
both radiation dose and image noise. A
number of other acquisition/scanning
parameters can impact radiation dose.
For example, using thicker rather than
thinner collimation can decrease the radi-
ation dose required for low-contrast reso-
lution purposes. In addition, as expected,
limiting the scan coverage and/or num-
ber of phases acquired has a direct and
proportional impact on radiation dose.

lodinated Contrast Administration
For ideal diagnostic performance
in CT, optimization of contrast media

injection protocols is critical. Goals include
maximum enhancement with the least
amount of contrast media and synchro-
nization of image acquisition with con-
trast media delivery (ie, a tight bolus that
matches the acquisition). In addition,
it is beneficial to maximize the iodine
flux by increasing the injection volume
or injection rate, or by using a high-io-
dine-concentration contrast media. Using
computer simulations that vary the vol-
ume, rate, and iodine concentration of
the contrast, Bae and colleagues demon-
strated that of these options, only increas-
ing the iodine concentration results in an
increased peak in signal with preservation
of bolus timing.? Patient safety may be fur-
ther enhanced with additional strategies
for individualization of contrast admin-
istration, including using weight-based

contrast dosing, reducing contrast dosing
in patients at risk for contrast-induced
nephropathy, and using decreased con-
trast injection rates in patients with poor
venous access.

Image Postprocessing

Traditional reconstruction of CT
images is performed using filtered back
projection (FBP). This technique is fast
and works well on older computers, but
makes many assumptions that lead to sig-
nificant image noise. Traditionally, these
high background noise levels require high
radiation doses to overcome. Recently
available iterative reconstruction (IR) tech-
niques use the original FBP image base
but compare and refine the data in an
iterative fashion, resulting in a final image
with significantly lower noise levels.



RADIATION DOSE AND CONTRAST OPTIMIZATION IN CT

SPONSORED BY BRACCO DIAGNOSTICS, INC.

700 4
600
5 @80 kVp
T 500 - 100 kVp
£ | A120kVp |
€ 400 4
Q
c
1]
W =
& 300 4
%
fu
& 200 A »
(&)
A
100
0 &

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

lodine Concentration (mgl/mL)

y=41.12x
R?=0.999
y=31.74x
R?*=0.998
®
A
y = 26.18x
A R?*=0.999

T T Y T T

FIGURE 2. lodine concentration vs CT enhancement at 3 voltage settings. At a given voltage, the
proportion of contrast enhancement to iodine concentration is near constant. An increase in iodine
concentration of T mgl/mL yields contrast enhancement of: 41.12 HU at 80 kVp, 31.74 HU at 100
kVp; and 26.18 HU at 120 kVp. Thus, the lower the voltage, the greater the contrast enhancement per

iodine concentration. (Bae, 2010)

Iterative reconstruction techniques, avail-
able from all vendors, thus enable the
acquisition of high-quality CT data at
substantially lower net radiation doses
(Table 1). In addition, more advanced
model-based IR techniques are even
more effective, allowing even lower dose
levels (Figure 3).

Radiation Dose Reduction
Strategies in Neuro CT Imaging
Techniques used to reduce radiation
dose in neuroradiology are similar to gen-
eral radiation dose reduction strategies
(ie, mA and kV reduction), with several
unique considerations. The 2 main tech-
niques used for radiation dose modula-
tion in neuro CT/CT angiography (CTA)
include xyz mA modulation, since the
patient diameter changes drastically as the
exam proceeds from the shoulders to the
neck and then head and organ-protective
dose modulation, in which the radiation is
reduced when the tube is closest to radio-
sensitive organs (eg, lens and thyroid). In
addition, using modern scanners, many
neuro CTA exams can be performed at
tube voltages as low as 70 kVp. In general,
as kVp is reduced, noise levels must be

maintained with a compensatory increase
in mAs. When performing CTA, where
iodine rather than parenchymal visualiza-
tion is the goal, the usual noise levels are
not required and thus, increases in mAs are
not necessary. As mentioned above, the
greater enhancement of high-iodine-con-
centration contrast media is more opti-
mally leveraged at lower kVp. Low kVp
(80-110) can also provide better gray/
white matter differentiation.

An area of particular radiation dose
concern in neuroimaging is CT perfusion
— a high-radiation exam with several
radiation-sensitive organs within the scan
range. Efforts to reduce dose when per-
forming CT perfusion include minimizing
tube current values, using a shorter scan-
ning window and a wider sampling inter-
val and, as for CTA, using 70 kVp to better
match the iodine k edge of a high-concen-
tration iodine agent (Figure 4).4°

Iterative reconstruction is univer-
sally applicable for neuro CT scanning,
optimizing low contrast resolution while
maintaining high contrast detectability.
In populations expected to undergo
multiple, repeated examinations, eg,
neuro intensive care, IR can be a critical

component of an ultra-low—radiation
dose approach for surveillance of an
established diagnosis.®

Radiation Dose Reduction
Strategies in Body CT Imaging

The use of body CT is increasing, and
with the increasing number of new appli-
cations and protocals, it is the responsibil-
ity of radiology practices to understand
how to minimize radiation exposure
while ensuring that diagnostic quality
is not compromised. The acceptable
image quality and noise level varies with
the preference of the radiologist, but for
many clinical situations, indication-appro-
priate image quality customization can
be achieved while still reducing radiation
dose. In specific instances, scan acquisi-
tions can be limited and still provide all
of the needed information; for example,
for CT colonography, excluding the lung
bases and limiting the scan to the colon
can not only help reduce radiation dose,
it can also reduce the number of inci-
dental, extracolonic findings. If it is not
possible to limit the range of the entire
scan, the range of a particular phase (eg,
delayed phase) can be limited, or an
entire phase (eg, noncontrast phase) can
be eliminated, while still obtaining all of
the required information.

One approach to lowering radia-
tion dose for body CT exams is to con-
sider grouping exams into low-contrast,
high-contrast, and screening/frequent
follow-up exams. For low-contrast exams
(eg, evaluation of masses or tissue charac-
terization) such as routine portal venous
phase abdomen exams, we would prefer-
entially utilize a low mA technique with a
weight-based kVp (ie, 80 or 100 kVp for
lighter patients). For high-contrast exams
(eg, CTA, CT urogram), the priority should
be to optimize (lower) the kVp, resulting
in higher contrast at a lower radiation
dose, and then the mA would be opti-
mized based on the kVp and body size.
Finally, for screening studies or in those
needing frequent follow-up exams (eg,
CT colonography, follow-up to a recent
procedure), greater dose reduction can be
achieved by keeping both the mA and the
KVp at a minimum.

Iterative reconstruction techniques
can be applied in body CT to improve
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FIGURE 3. A 15-year-old male with hepatocellular carcinoma under treatment. Contrast-enhanced CT images (100 kVp, 40 mAs) showing a hyperdense
lesion in the dome of the liver (arrowhead) reconstructed with: (A) filtered back projection (FBP); (B) hybrid IR technique (ASIR, GE Healthcare); and (C) mod-
el-based IR technique (MBIR Veo™, GE Healthcare). Note the image noise reduction achieved with MBIR Veo™, allowing better visualization of the liver
lesion. (Images courtesy of Dushyant V. Sahani, MD)
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FIGURE 4. Low radiation-dose CTA extracted from a perfusion study (70 kVp, 150 mAs); 40 mL of a high-concentration (370 mgl/mL) contrast agent used

to maximize iodine flux. (Images courtesy of Lawrence N. Tanenbaum, MD, FACR)

(ASIR, GE Healthcare; 5.1 mSv) (Images courtesy of Dushyant V. Sahani, MD)

image quality at the same radiation dose,
or to reduce noise, thereby preserving
image quality at a lower radiation dose.
The effectiveness of statistical IR in a
patient with Crohn’s disease is shown in
Figure 5: The initial exam was done with
FBP and an estimated effective radia-
tion dose of 11.6 mSyv, while a follow-up
exam was done using IR at a 50% dose

reduction, with comparable image qual-
ity. Patients with Crohn’s disease are
often younger and require multiple CT
exams to monitor their clinical status;
therefore, the use of IR in cases like these
are particularly impactful.

For contrast-enhanced body CT and
CTA, it is beneficial to maximize the
jodine flux and, as mentioned above,

T
ST Y
FIGURE 5. 23-year-old with Crohn’s disease. (A) Baseline exam (filtered-back projection [FBP], 11.6 mSv) and (B) follow-up exam with iterative reconstruction

iodine concentration increase results in
an increased peak in signal with preser-
vation of bolus timing and injection rate.?
In an intraindividual comparison of 300
mgl/mL vs 370 mgl/mL contrast media
in 20 patients with chronic liver disease,
the higher-iodine-concentration contrast
media injection was shown to improve
enhancement of the liver parenchyma in
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FIGURE 6. CT angiograms of a neonate with abdominal mid-aortic stenosis performed over three successive years show progressive reduction in radiation
exposure by lowering voltage. Exposures in 2008 (A), 2009 (B), and 2010 (C) were 3.2 mSv, 1.3 mSv, 0.5 mSv. Images were acquired with high-concentra-
tion contrast media. (Images courtesy of Jeffrey C. Hellinger, MD, FACC)

the portal- and late-phase images, and
to improve the image contrast, overall
image quality, and diagnostic accuracy of
the liver CT exam.” Similarly, for abdom-
inal CTA in 80 renal transplant donors,
370 mgl/mL contrast media provided
similar diagnostic accuracy but greater
contrast enhancement and image quality
compared to 300 mgl/mL.2

Radiation Dose Reduction
Strategies in Cardiovascular
CT Imaging

As with neurologic and body appli-
cations, the goal in CVCT is to keep radi-
ation dose low, particularly in pediatric
patients. This is achieved by balancing
radiation exposure and acceptable noise.
Several advanced techniques allow the
use of lower radiation doses while ensur-
ing that the exam provides the required
information, and does not need to be
repeated or lead to additional diagnostic
imaging.

For CVCT, Z-axis tube current mod-
ulation allows delivery of the optimum
current for a patient’s specific body hab-
itus. ECG-based tube pulsing can reduce
the radiation dose during a retrospective
EKG-cardiac CT angiogram by reducing
the current during systole and reserving
the higher values for the diastolic phases
— when there is the least amount of car-
diac motion. The availability of 70 kV
imaging on newer scanners provides an
attractive option for visualization of car-
diovascular structures without sacrificing

diagnostic quality. Automated KV soft-
ware can help determine the appropri-
ate use of such low-voltage acquisitions.
Dual-energy imaging can reduce radia-
tion dose by providing virtual noncon-
trast scans and low voltage acquisitions.

With the availability of faster scan-
ners, there are reduced motion artifacts.
This is a key advantage for pediatric CVCT
and is leading to increased use of CTA for
the evaluation of congenital heart disease
in pediatric patients. In this patient popu-
lation, it is particularly important to mod-
ify protocols to ensure minimal radiation
exposure. The combination of lowering
KV and using a high—iodine-concentration
contrast media can provide significant
radiation-dose reduction without compro-
mising image quality (Figure 6).

Conclusions

When implemented appropriately,
the core radiation-dose reduction strate-
gies discussed above can greatly reduce
patient exposure while maintaining
image quality. Ensuring appropriate indi-
cations and scan coverage, as well as
using the lowest possible mA and KV,
should always be the cornerstones of a
thoughtful and responsible approach to
diagnostic CT. Techniques such as tube
current modulation, low-kV imaging,
and IR allow increased contrast enhance-
ment at lower doses with acceptable
noise levels. Ensuring high iodine flux
with high-concentration contrast media
contributes to improved diagnostic

performance. Designing protocols for
each indication, considering radiation and
image quality, will allow overall doses
to be contained while CT use continues
to advance.
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