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Strategies for CT Radiation
Dose Optimization1

Recent technologic advances have markedly enhanced the clinical applications of
computed tomography (CT). While the benefits of CT exceed the harmful effects of
radiation exposure in patients, increasing radiation doses to the population have raised
a compelling case for reduction of radiation exposure from CT. Strategies for radiation
dose reduction are difficult to devise, however, because of a lack of guidelines regarding
CT examination and scanning techniques. Various methods and strategies based on
individual patient attributes and CT technology have been explored for dose optimiza-
tion. It is the purpose of this review article to outline basic principles of CT radiation
exposure and emphasize the need for CT radiation dose optimization based on mod-
ification of scanning parameters and application of recent technologic innovations.
© RSNA, 2004

Owing to the ongoing technologic boom during the past 10 years, there has been a
corresponding notable increase in the number of computed tomographic (CT) examina-
tions being performed around the world. The broadened use of CT in clinical practice has
raised concerns about mounting radiation exposure, thus emphasizing the need for ap-
propriate strategies to optimize and thereby, if possible, reduce radiation dose due to CT.
In the present review, we will present data that document the magnitude of CT radiation
exposure and discuss the important safety issues. Various technologic and patient-based
strategies proposed by radiologists, physicists, and the CT industry for radiation dose
optimization will be discussed.

CT SCANNING: DATA AND RISK PROJECTION

There has been a remarkable increase in use of CT since its inception in the early 1970s.
The average annual rate of CT scanning per 1,000 people increased from 6.1 in 1970–1979
to 44.0 in 1985–1990 (1). For 1985–1990, the annual rate in the United States was 14.5 CT
examinations per 1,000 people; in Australia, 30 per 1,000; in Germany, 35 per 1,000; in
Belgium, 50 per 1,000; and in Japan, 97 per 1,000 (1). Surveys performed in the United
States reveal that the annual number of CT examinations has increased almost 10-fold in
less than 2 decades, from 3.6 million in 1980 to 33 million in 1998 (2,3). An estimated 2.7
million CT studies were performed in children under the age of 15 years in 2000 (4).

While CT accounts for only 11% of x-ray–based examinations in the United States, it
delivers over two-thirds of the total radiation dose associated with medical imaging (5). In
the United Kingdom, the population-averaged effective dose comprises x-ray procedures
in hospitals (87%), nuclear medicine examinations (11%), mammography screening
(1.5%), and extramural dentistry (0.2%) (6). The contribution of CT to the collective
effective dose from medical exposure to the population increased to an estimated 40% in
1999, in comparison with 20% in 1990. Similarly, in Poland the number of CT examina-
tions increased from 170,000 in 1995 to 460,000 in 1999, accounting for a fourfold
increase in collective effective radiation dose and nearly a threefold increase in CT
examinations in this period (7). In the Netherlands, the annual effective dose from
diagnostic medical exposure in 1998 increased to 0.59 mSv per capita, reflecting an
increase of 26% since the previous inventory in the Netherlands a decade earlier (8). The
increase in patient dose was attributed to the upsurge in frequency of CT examinations
and vascular radiologic procedures. The United Nations Scientific Committee on the
Effects of Atomic Radiation 2000 report on medical radiation exposure stated that, world-
wide, CT constitutes 5% of radiologic examinations and contributes 34% of the collective
dose (9).
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Owing to the burgeoning application
of CT, there is an emergent need for ra-
diation dose reduction to avoid a reversal
of the risk-benefit ratio associated with
this imaging modality (10). Risks associ-
ated with radiation exposure can be con-
sidered with regard to two main catego-
ries: namely, deterministic effects or
stochastic effects. Deterministic risk re-
sults from cell death and is quantified in
terms of radiation dose to a particular
region that has a threshold level beyond
which these effects generally occur. De-
terministic risks are rarely seen with di-
agnostic x-ray–based examinations, in-
cluding CT, because radiation doses
typically do not reach the threshold
level. Indeed, the main risks to the sub-
ject undergoing a diagnostic x-ray–based
examination are due to stochastic effects,
which may result in cancer, and genetic
effects, which occur in the offspring of
the irradiated subject. The probability of
stochastic effects depends on the amount
of absorbed dose. In an American College
of Radiology publication, Gray (11) em-
phasized the need for radiation reduction
in the following manner:

The estimated risk of cancer death for
those undergoing CT is 12.5/10,000
population for each pass of the CT scan
through the abdomen. This risk com-
pares with 12 cancer deaths/10,000 pop-
ulation from 1 year of smoking in a sim-
ilar population (however, one should
take into account that the risk of smok-
ing may be much greater when consid-
ered throughout a lifetime, in which
case the risks from CT examinations be-
come much smaller than those from
smoking).

In addition, an International Commis-
sion on Radiological Protection Special
Task Force report on CT radiation expo-
sure (10) stated that CT radiation doses
are relatively high. The radiation doses
from CT to tissues can often approach or
exceed the levels known to increase the
probability of cancer. Indeed, Brenner et
al (12) projected an increased risk of can-
cer mortality in children as a result of CT
radiation exposure. They estimated the
lifetime cancer mortality risks attribut-
able to CT radiation exposure in a 1-year-
old to be 0.18% (for abdominal CT) and
0.07% (for head CT), which represents a
small increase in cancer mortality over
the natural background rate. In the
United States, where 600,000 abdominal
and head CT examinations are per-
formed annually in children younger
than 15 years, an estimated 500 of those

scanned may ultimately die of cancer at-
tributable to CT radiation (12).

IMPORTANT CT SCANNING
PARAMETERS

Regardless of model, all CT scanners have
a gantry, an x-ray source, and detectors.
On passage through the body part, the
incident beam is attenuated in a manner
dependent on the local tissue composi-
tion (greater attenuation for bones, lesser
for soft tissues). The signals generated by
the attenuated beam in the detectors are
used to reconstruct the image. X-ray
beam energy (determined by tube poten-
tial) and photon fluence (determined by
the product of tube current and time) are
important factors that affect radiation ex-
posure to the patient (13,14).

In conventional radiography, radiation
dose decreases continuously from the
beam’s entrance into the body to its exit,
whereas in CT the dose is distributed more
uniformly across the scanning plane be-
cause the patient is equally irradiated from
all directions. In a head CT examination,
for instance, the dose is uniform across the
field of view. In larger objects such as the
abdomen, the dose is equally distributed
around the periphery of the scanned object
and decreases by a factor of only two near
the center of the object. Hence, dose com-
parisons between CT and conventional ra-
diography in terms of skin dose are not
appropriate. Furthermore, the radiation
energy delivered by CT is not fully con-
tained within the scanning volume. Scat-
tered radiation, divergence of the radiation
beam, and limits to the efficiency of beam
collimation all contribute to the radiation
exposure beyond the boundaries of the
scan volume. In the case of the multiple
scan acquisitions required to image some
length of a patient’s anatomy, it becomes
essential to consider the effect of the radi-
ation dose delivered beyond the bound-
aries of a single scan.

The radiation dose descriptor known
as the CT dose index, or CTDI, integrates
the radiation dose delivered both within
and beyond the scan volume. CTDI is the
principle dose descriptor in CT. The av-
erage across the field of view to take into
account variations in absorbed dose from
the periphery to the center of the object
results in a dose descriptor known as the
weighted CTDI, or CTDIw. CTDIw repre-
sents the average dose in the scan volume
for contiguous CT scans.

In the case when there is either a gap or
an overlap between sequential scans,
CTDIw must be scaled accordingly, result-

ing in the dose descriptor volume CTDI,
or CTDIvol. CTDIvol represents the aver-
age dose within a scan volume (relative
to a standardized CT phantom) and is
now required to be displayed on the user
interface of the CT scanner. CTDIvol is
presented in milligrays. While it is not
the dose to any specific patient, it is a
standardized index of the average dose
delivered from the scanning series. Intu-
itively, a longer series imparts a higher
total radiation dose to the patient than
does a shorter series. The term dose length
product is used to represent the integrated
dose and is equal to the average dose
within the scanning volume (CTDIvol)
times the total scan length (in centime-
ters). This parameter is also displayed on
some CT systems.

Image noise, an important determinant
of CT image quality, is inversely related to
the x-ray beam energy. Although a de-
crease in tube current or tube voltage re-
sults in a reduction in radiation dose, such
a decrease is also associated with an in-
crease in image noise, which may compro-
mise the image quality to a variable extent.
Thus, while CT radiation dose reduction is
a crucial issue given the risks of radiation
exposure, it is equally essential to realize
the benefit of a “quality CT examination”
that adequately addresses pertinent clini-
cal issues affecting patient care (10). There-
fore, radiation dose reduction, although
prudent when appropriate, must not
compromise the diagnostic outcome of a
clinically relevant examination. It is
worthwhile to remember that in most cir-
cumstances, strategies should be directed
toward radiation dose optimization rather
than dose reduction per se, so that the im-
age quality maintains a diagnostic stan-
dard. For instance, high radiation dose
may not necessarily provide substantially
improved image quality and increased le-
sion conspicuity in comparison with stan-
dard or even low-dose scanning (Fig 1).
Research on dose reduction must, there-
fore, focus on image quality and standard
practice. The challenge to practitioners is
to identify acceptable thresholds of image
quality so that the minimum radiation
doses needed to achieve these can be de-
termined. Definition of image quality must
extend to issues of lesion detection so that
the goal of radiation dose optimization can
be achieved. The challenge to CT scanner
manufacturers is to improve the dose effi-
ciency of CT systems and to provide fea-
tures that allow practitioners to further re-
duce the dose needed while achieving the
required diagnostic confidence.

The scanning parameters that affect CT
radiation dose include scanner geometry;
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tube current and voltage; scanning
modes, length, and collimation; table
speed and pitch; gantry rotation time;
and shielding. The technologist monitor-
ing the examination can control most of
these parameters and modulate them to
obtain the desired image quality.

Scanner Geometry

The distance between the focal spot of
the x-ray tube and the isocenter of the
scanner depends on scanner geometry,
since single– or multi–detector row heli-
cal CT scanners can have a long or a short
geometric configuration. According to
the inverse square law, radiation inten-
sity varies with the inverse of the squared
distance between radiation source and
patient. Thus, if all other scanning pa-
rameters are identical, a short-geometry
scanner can produce more interaction of
radiation with the patient and lower im-
age noise than a long-geometry scanner
can. This underscores the fact that the

“transfer” of scanning parameters from
one scanner type to another should be
performed with caution, so that image
quality can be maintained with identical
or reduced radiation dose, depending on
scanner geometry and other attributes
(eg, reconstruction algorithms) (15).

Tube Current and Potential

Reduction in tube current is the most
practical means of reducing CT radiation
dose. A 50% reduction in tube current
reduces radiation dose by half. The beam
energy and photon fluence of an x-ray
beam varies with the tube potential and
the current used during the particular ex-
amination. Tube current–time product
settings are proportional to the number
of photons in the defined exposure time
(photon fluence). Authors of previous
studies (16–25) on CT of the head, neck,
chest, abdomen, and pediatric pelvis
have suggested that it is possible to re-
duce tube current without markedly af-

fecting image quality. Any decrease in
tube current should be considered care-
fully, because such reduction causes an
increase in image noise, which may affect
the diagnostic outcome of the examina-
tion. This is especially true in abdominal
studies, where low-contrast areas are se-
verely affected by an increase in image
noise (10). The pelvis, however, with its
greater inherent contrast is usually not
noticeably affected. According to a recent
review of scanning protocols (24), diag-
nostic-quality abdominal CT scans can
be obtained at lower tube currents with a
four–detector row scanner.

Tube potential (peak voltage) deter-
mines the incident x-ray beam energy,
and variation in tube potential causes a
substantial change in CT radiation dose.
The effect of tube voltage on image qual-
ity is more complex, since it affects both
image noise and tissue contrast. An im-
portant outcome that may be associated
with decreased tube voltage is a notable
increase in image noise. This occurs if the
patient is too large or the tube current is
not appropriately increased to compen-
sate for the lower tube voltage. The dose
change is approximately proportional to
the square of the tube voltage change (ie,
square of the ratio of final and initial
peak voltage), and the noise change is
approximately inversely proportional to
the tube voltage change (10).

Image quality ramifications of a de-
crease in tube voltage to reduce radiation
exposure must be carefully examined be-
fore this strategy is implemented. For

Figure 1. High-dose CT may not improve image quality
substantially. Corresponding transverse CT images ac-
quired at (a) 256 mAs, (b) 176 mAs, and (c) 88 mAs, with
remaining scanning parameters held constant, in a 72-kg
62-year-old man. Image quality was deemed acceptable at
all three tube currents.
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most patients, abdominal CT can be op-
timally performed at 120 kVp instead of
140 kVp, resulting in a 20%–40% reduc-
tion in radiation dose (24). For very large
patients, a higher tube voltage is gener-
ally more appropriate. There is a need for
further research on the use of lower tube
voltage for dose advantages, because of
the complex relationship between tissue
contrast, image noise, and radiation dose
that depends on patient size. According
to preliminary results reported by Lieber-
man et al (26), head CT performed in
children at a substantially reduced tube
voltage (if performed with increased tube
current) may result in the lowest possible
patient dose with no decrease in image
contrast-to-noise ratio. However, further
studies should precede such a reduction
in the tube voltage used to acquire CT
scans.

Scanning Modes

Use of a multi–detector row CT scan-
ner results in some amount of unused
radiation extending beyond the begin-
ning and end of the imaging region (27).
This occurs because, at the start of the
acquisition, only the first detector row is
contributing to the image. As the acqui-
sition proceeds, additional detector rows
enter the imaging region until all rows
are contributing. A similar effect occurs
in reverse at the end of the acquisition.
As a result, it is generally more dose effi-
cient to use a single helical scan rather
than multiple helical scans if there are no
overriding clinical considerations, such
as breath holding, for the patient. The
need to prescribe multiple contiguous
helical scans should be infrequent with
modern high-speed multi–detector row
scanners.

Scanning Length

With the widespread availability of he-
lical CT scanners, there is a general ten-
dency to increase the area of coverage (to
include regions beyond the actual area of
interest in the chest, abdomen, or pelvis),
which increases effective radiation dose
to the patient (10). Therefore, it is essen-
tial to draw the attention of referring
physicians and radiologists to dose con-
sequences and to establish scanning pro-
tocols that restrict the examination to
what is absolutely essential.

Collimation, Table Speed, and Pitch

For helical CT scanners, pitch is de-
fined as the ratio of table feed per gantry
rotation to the nominal width of the

x-ray beam. An increase in the pitch de-
creases the duration of radiation expo-
sure to the anatomic part being scanned.
With helical CT scanners, beam collima-
tion, table speed, and pitch are inter-
linked parameters that affect the diag-
nostic quality of an imaging study.

Faster table speed for a given collima-
tion, resulting in higher pitch, is associ-
ated with a reduced radiation dose (espe-
cially if other scanning parameters,
including tube current, are held con-
stant) because of a shorter exposure time,
whereas narrow collimation with slow ta-
ble speed, resulting in a longer exposure
time, is associated with a higher radiation
dose. This is not true for scanners that
use an effective milliampere-second setting
(defined as milliampere seconds divided
by pitch) and maintain a constant value
for effective milliampere seconds. In such
scanners, the effective milliampere-sec-
ond level is held constant irrespective of
pitch value, so that radiation dose does
not vary as pitch is changed. For a given
collimation, an increase in table speed
increases the pitch and reduces the radi-
ation dose by 1 divided by the pitch
(10,28–30). Modern multi–detector row
scanners may automatically recommend
the appropriate tube current adjustment
to maintain a given image noise level
when pitch is changed.

Although scanning at a higher pitch is
generally more dose efficient, it also
tends to cause helical artifacts, degrada-
tion of the section-sensitivity profile (sec-
tion broadening), and decrease in spatial
resolution. Hence, alterations in pitch
can have varying effects on image quality
in different situations. For instance, in
CT colonoscopy image quality and re-
construction artifacts are less affected by
pitch than by beam collimation, so that a
higher pitch with narrow beam collima-
tion may be preferable for reducing radi-
ation dose (31,32). However, in situa-
tions such as imaging of metastatic liver
lesions or pancreatic lesions, which gen-
erally require thin collimation, an in-
creased pitch may affect detectability be-
cause lesions may be missed owing to
degradation of the section-sensitivity
profile (10). We have not noted any
marked difference in the image quality of
scans obtained at a pitch of 1.5:1 relative
to images obtained at a pitch of 0.75:1.
Hence, at our institution we acquire most
abdominal scans with a pitch of 1.5:1,
which results in up to 50% radiation dose
saving in comparison with the dose with
a pitch of 0.75:1, with other scanning
parameters unchanged.

Owing to “overbeaming” in multi–de-

tector row CT, some amount of the x-ray
beam is incident beyond the edge of the
detector rows (27,30). Generally, thicker
beam collimation in multi–detector row
CT results in a more dose-efficient exam-
ination, because overbeaming consti-
tutes a smaller proportion of the detected
x-ray beam. Depending on the scanner
type, however, thick collimation limits
the width of the thinnest sections that
can be reconstructed. On the other hand,
although thin collimation increases the
proportion of overbeaming x rays, it al-
lows reconstruction of thinner sections.
Hence, beam collimation and pitch must
be carefully selected to address specific
clinical requirements. For instance, a
thicker collimation and a pitch greater
than 1:1 is usually sufficient for screening
examinations such as CT colonography
and CT for urinary tract calculus. How-
ever, CT scanning for certain clinical sit-
uations, such as liver resection or transplan-
tation work-up, is frequently performed with
thin collimation and a pitch of less than 1:1.

Gantry Rotation Time

There has been a dramatic decrease in
tube rotation times with recent techno-
logic innovations, most notably with the
development of four–, eight–, and, re-
cently, 16–detector row CT scanners.
Whereas a four-row scanner with a 0.8-
second rotation time requires a 16-sec-
ond breath hold to scan the entire abdo-
men, an eight-row scanner covers this
length in 8 seconds. If the tube rotation
time is decreased (faster gantry rotation),
the radiation exposure decreases, and
tube current may thus have to be in-
creased to maintain constant image qual-
ity (10). Modern 16-row scanners are ca-
pable of high scanning speeds and
submillimeter section thicknesses. Thin
collimation can lead to a higher dose,
especially if tube current is increased to
maintain image noise at a level similar to
that of thicker sections. The contrast res-
olution of small lesions improves because
of reduced partial volume effects; hence,
greater noise on thinner sections may of-
ten be acceptable (33). In addition, sub-
millimeter-collimation scans can usually
be reconstructed as thicker sections,
which reduces inherent noise. Thus, it is
important to optimize beam collimation
for different multi–detector row scanners
on the basis of the clinical situation in
question.

Shielding

Protection of radiosensitive organs,
such as the breast, eye lenses, and go-
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