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Abstract Radiation used in CT examinations needs to be
selected on image quality criteria, and also take into
account the patient’s exposure. X-ray beam quality is
controlled by the X-ray tube voltage (kV), and affects the
X-ray beam penetration through a given patient as well as
the contrast in the resultant image. CT radiation output can
be characterized by the volume CTDI (CTDI,), is con-
trolled by tube output and CT pitch, and determines the
random image noise (mottle). The total amount of radiation
used to perform an examination is the dose length product
(DLP), which is obtained by multiplying CTDI,; with the
corresponding scan length, and is related to the corre-
sponding patient radiation exposure. Optimal choices for
CT X-ray beam characteristics (i.e., kV, CTDI,,, and
DLP) need to take into account patient physical charac-
teristics as well as the diagnostic imaging task at hand.
Because CTDI metrics only describe the radiation incident
on the patient, patient organ doses need to be obtained
using conversion factors that account for patient size and
examination scan length. Organ doses can be converted
into organ risks, which can be summed to estimate the
patient carcinogenic radiation risks. A 20-year-old adult
weighing 75 kg, undergoing an abdominal pelvic CT
examination [CTDI,y(L) 15 mGy & DLP 700 mGy-cm],
has an estimated cancer induction risk of about 0.1 %.
Practitioners need to understand radiation risks to be able
to identify indicated examinations, where there is expected
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to be a net patient benefit, and to comply with the ALARA
principle where unnecessary radiation is eliminated.

Keywords CT radiation - Exposure - Risks - ALARA
principle
Introduction

There has been a dramatic increase in the medical radiation
doses in the past few decades [1-3]. In the 1980s, the
average US inhabitant received an annual effective dose of
about 3.6 mSv. Most of this radiation (3 mSv) was from
natural background radiation, with only about 15 % being
manmade. The dominant manmade source of radiation
exposure was diagnostic medical imaging, which in the
1980s was primarily from radiography and fluoroscopy
examinations. By 2006, however, the average American
was receiving 6 mSv every year, with the medical exposure
having increased to about 3 mSv. Nearly half of medical
exposure was from diagnostic CT examinations, and about
a quarter from Nuclear Medicine studies, the latter being
overwhelmingly nuclear cardiology. In the US, medical
exposures have thus increased by about 600 % in a single
generation. CT imaging continues to expand both quanti-
tatively and qualitatively, albeit at a slower rate than
hitherto [4].

CT is widely recognized as the dominant source of
medical radiation exposure in most developed countries,
and focusing on this imaging modality is critical to
ensuring that medical radiation is being used in an appro-
priate manner [5-7]. This paper explains the way in which
CT radiation output is currently specified, and how choices
made regarding CT X-ray beam characteristics are expec-
ted to impact on the resultant image quality. Optimal
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selection of techniques for common CT examinations is
described for both adult and pediatric patients including an
outline of how patient radiation doses, and corresponding
risks, can be estimated in routine clinical practice. An
overview is provided of the steps to be taken that will
ensure an adequate level of patient protection undergoing
CT and other types of radiological imaging that involves
exposure to ionizing radiations.

CT Radiation Output
Radiation Quantity

The radiation generated by a CT scanner at a given X-ray
tube voltage (kV), is determined by the choice of tube current
(mA) and the 360° X-ray tube rotation time (s), or the mAs
[8]. Knowledge of the mAs, however, is insufficient to define
the X-ray tube output as this does not account for X-ray tube
characteristics. At the same mAs, CT output can easily vary
by a factor of two between individual scanners from one
vendor, or between different vendors [9]. In helical CT, the
radiation incident on the patient also depends on the choice
CT pitch, defined as the table movement per 360° X-ray tube
rotation time divided by the nominal X-ray beam width (i.e.,
detector length x number of detectors). When pitch is
reduced, as often occurs in some cardiac CT examinations,
patient doses will usually increase substantially [10]. With
increasing CT pitch, as can occur for dual source CT scan-
ners, patient doses can be reduced [11].

The volume Computed Tomography Dose Index
(CTDI,)) is a universal metric that specifies how much
radiation is being emitted from the CT scanner per unit
scan length [12]. Figure 1 shows the important difference
between mAs and CTDI,,, with the former being a relative
indicator of radiation intensity, analogous to the rate at
which an automobile engine rotates. However, it is only the
CTDI,,, that provides an absolute specification of radiation
intensity that is universally understood by all CT imaging
practitioners, analogous to the role played by the speed-
ometer in automobiles. CTDI,,, is expressed in mGy, and
may be measured in a small acrylic phantom (S) which has
a 16 cm diameter or a larger phantom (L) with a 32 cm
diameter [8]. As depicted in Fig. 2, a measured value
CTDI,,(S) equal to 10 mGy in a small phantom may be
taken to correspond to a value CTDI, (L) of 5 mGy in a
large phantom, and vice versa [13]. All CTDI metrics
displayed on CT scanners currently depend only on the
techniques selected by the operator (i.e., kV, mAs, and
pitch), and are therefore independent of all patient char-
acteristics. Despite the fact that the name includes the word
“dose”, CTDI metrics should never be interpreted as any
kind of “patient dose” [14].
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Fig. 1 Selected mAs on a CT scanner (lef?) is a relative indicator of
the amount of radiation being used. The CTDI,, (right) value is a
universal metric of CT output used to predict the patient dose on any
CT scanner operated at any tube voltage

il
16 cm

Fig. 2 For the same techniques (kV and mAs) and CT pitch value,
the measured CTDI,,, in a 32-cm (L)-diameter phantom (left) will be
approximately one half the corresponding CTDI,, in a 16-cm (S)-
diameter phantom (right)

For a given amount of attenuation in a patient, the
choice of CTDI,, will determine how much radiation
reaches the CT detectors [15]. The radiation intensity at the
CT X-ray detectors is directly related to the amount of
noise (mottle) in the resultant image [16], which affects
detection of low-contrast lesions. Accordingly, CTDI,; is
one of the most important protocol parameter choices that
must be selected by operators in every clinical CT exam-
ination. Since CT is a quantum mottle limited medical
imaging systems [17], the only technical way to reduce
mottle in CT imaging is to use more radiation, which also
increases patient dose. Quadrupling the number of photons
used to generate an image must quadruple the patient dose,
and will also halve the image noise.

Radiation Quality

Radiation quality is a measure of the penetrating power of
an X-ray beam, quantified as a thickness of Aluminum (Al)
that represents the Half Value Layer (HVL) of the X-ray
beam. A typical CT X-ray beam has a HVL of about 7 mm
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Al [18], meaning that this thickness of Aluminum attenu-
ates an X-ray beam intensity by 50 %. The primary
determinants of X-ray beam quality in CT are the X-ray
beam filtration and X-ray tube voltage. CT beam qualities
are higher than conventional radiography and fluoroscopy
(~3 mm Al) and much higher than digital mammography
(~0.4 mm Al) [19, 20]. When the HVL increases, the
X-ray beam average energy increases and thereby becomes
more penetrating, and vice versa. Beam quality primarily
relates to patient penetration, and generally needs to be
adjusted whenever patient size is changed.

X-ray beams used in CT have average photon energies
of ~60 keV, and will lose about half their X-ray photons
passing through ~4 cm of soft tissue [21]. Table 1 shows
the nominal sizes of patient expressed as a soft tissue Half
Value Layer thickness, which permits the transmitted
X-ray intensities to be estimated. X-ray transmission in a
newborn (3 HVL) is about 10 % (i.e., (1/2)3), whereas
transmission through a 40 cm patient (10 HVL) is only
about 0.1 % (i.e., (1/2)10) at the same beam quality.
Attenuation in an oversized adult is therefore 100 times
greater than a newborn, graphically illustrating the
importance of accounting for patient size when designing
rational CT imaging protocols [22]. CT imaging of a
newborn patient is most likely to use the lowest X-ray tube
voltages that are currently available on most CT scanners,
namely 80 kV [23e¢]. For the largest patients, however, the
highest tube voltages will be more appropriate, namely
140 kV [24].

X-ray beam quality also affects the contrast of a given
lesion in all X-ray imaging modalities, including CT [25,
26]. As the average photon energy increases, achieved by
increasing the X-ray tube voltage and/or the beam filtra-
tion, lesion contrast decreases. This is illustrated by the
calculated Hounsfield Unit (HU) values in Table 2, where
the HU is the contrast of a particular material relative to
that of water. Data in Table 2 illustrate how quantitative
changes in lesion contrast depend on the atomic number of
the material of interest. When a lesion has an atomic
number that is close to that of tissue or water, namely 7.5,
the change in contrast is modest, whereas the change in HU
with photon energy for Iodine is colossal. When lodine is
imaged, its high atomic number (53) requires the use of
low tube voltages (i.e., 80 or 100 kV) to maximize image
contrast. Angiograms performed at higher voltages
(140 kV), whose average photon energies would be well
above the k-shell energy of Iodine (33 keV), will have very
poor contrast because of lower attenuation by iodine [25].

Total Radiation

It is “impossible” to obtain any meaningful patient dose
estimate without taking the scan length into account [27,

Table 1 Patient sizes expressed in terms of CT Soft Tissue Half
Value Layers and the corresponding transmitted X-ray beam
intensities

Patient Weight Nominal  Soft tissue Nominal
(kg) size (cm) HVL values transmitted
fraction®
Newborn 3 12 3 1/8
S-year old 20 16 4 1/16
Adult 75 24 6 1/64
Oversized adult  >120 40 10 1/1024

? Constant beam quality

Table 2 Hounsfield Unit values as a function of CT X-ray tube
voltages (kV) [Relative HU values normalized to unity at 120 kV]

Tube voltage (kV) 80 100 120 140
Nominal average 40 50 60 80
photon energy (keV)
Fat —152 —111 -89 —69
[1.70] [1.25] [1.00] [0.77]
Brain 47 43 39 37
[1.20] [1.08] [1.00] [0.93]
Soft tissue 62 58 54 52
[1.14] [1.06] [1.00] [0.96]
Cortical bone 3760 2590 1940 1330
[1.94] [1.34] [1.00] [0.69]
Calcium 9,570 5,960 3,950 2,090
[2.42] [1.51] [1.00] [0.53]
Iodine 405,000 267,000 180,000 93,200
[2.24] [1.48] [1.00] [0.52]

28]. In a body CT scan, for example, the liver dose will
increase approximately proportional to scan length over the
organ itself, and continue to increase when the scan
extends beyond the organ because of scatter from adjacent
tissues [27]. Use of CTDI,, data, and the corresponding
scan length in a specified region, can be used to obtain
estimates of size-specific organ doses when appropriate
correction factors are incorporated for patient size [29].
Size-specific organ doses can be used to estimate individ-
ual organ risk factors, which in CT generally relate to the
stochastic risk of carcinogenesis [30¢]. Individual organ
cancer induction risks can be summed to obtain the resul-
tant patient risk of carcinogenesis.

The total amount of radiation used in performing a CT
scan is obtained by multiplication of the radiation intensity
(CTDI,.)) and the corresponding scan length (cm) [8, 12].
When CTDI,,, is multiplied by the scan length, one obtains
the Dose Length Product (DLP) expressed in mGy-cm. A
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head CT scan performed at a CTDI,y(S) of 60 mGy and a
scan length of 20 cm will result in a DLP(S) of
1,200 mGy-cm. An abdominal CT scan performed at a
CTDI,o(L) of 15 mGy and a scan length of 30 cm will
result in a DLP(L) of 450 mGy-cm. The total patient
radiation risk is directly related to the total amount of
radiation used to perform the CT examination. This
increase in risk occurs because individual organs will
absorb more radiation, and because more organs will be
exposed in longer scans. Doubling the scan length, for
example, will double the total energy deposited in a given
patient, which will most likely double the corresponding
stochastic risk.

Selecting CT Techniques
Adult Techniques

Selection of CT techniques needs to take into account the
size of the patient [22, 31], as graphically illustrated by the
data shown in Table 1. In general, small patients enable use
of the lowest X-ray tube voltages, whereas the largest
patients require the use of the highest available voltages to
obtain adequate penetration. Selection of techniques must
also account for the diagnostic imaging task. One important
finding from imaging science is that images do not possess an
intrinsic “image quality”, per se [32¢°]. The image shown in
Fig. 3 would be deemed to be very poor for detection of a
subtle low-contrast lesion in the liver, but perfectly adequate
for measuring the aorta diameter. This example graphically
illustrates why it is impossible to determine whether the
image is “good” or “bad” until the reason why the image
was obtained (diagnostic task) has been provided.

Liver-lesions
3 . “j isibl 3%

Fig. 3 This noisy abdominal CT image would be deemed to be “very
poor” for detecting low-contrast (soft tissue) liver lesions, but
satisfactory for measuring the aorta diameter. Image quality is thus
always task dependent, and not an intrinsic characteristic of any
image
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Table 3 shows a summary of the current CT protocols
for adult patients undergoing head, chest, and abdomen/
pelvis CT scans at the Medical University of South Caro-
lina. Head CT scans use 120 kV to reduce beam-hardening
artifacts. When iodinated contrast media are used in chest
CT scanning (Pulmonary Embolism study), the tube volt-
age is reduced to improve the visibility of iodinated con-
trast media. The “liver” scan is a generic term where the
diagnostic task refers to soft tissue lesion in a soft tissue
organ, and the selected CTDI,,, is increased to reduce
image mottle that is important when detecting low-contrast
lesions. The protocols listed in Table 3 are based on the use
of Filtered Back Projection (FBP) image reconstruction
algorithms, and the use of Iterative Reconstruction (IR)
technique might permit additional dose reductions [33].

Changes in patient size require the CT radiation intensity
to be adjusted, which is of particular importance in body CT.
Smaller patients require less radiation, and larger patients
require more radiation. In CT, Automatic Exposure Control
(AEC) systems are available on all modern CT scanners to
adjust the X-ray tube output when patient size changes [34¢].
The technique parameter that is generally changed on current
CT scanners is the tube current (mA), not the tube voltage or
the X-ray tube rotation time. Table 4 summarizes the com-
mercially available AEC systems in routine clinical use
today, which all adjust the X-ray tube output by changing the
tube current. Tube voltage (kV) and the X-ray tube rotation
time (s) are generally modified manually by the operator.
The X-ray tube voltage affects both X-ray transmission
through the patient, as well as X-ray tube output which is
proportional to kV*® [9]. Accordingly, whenever the CT
X-ray tube voltage is changed, it is essential that the corre-
sponding intensity (i.e., mAs) is also adjusted to ensure the
appropriate X-ray intensity at the CT detectors.

Pediatric Techniques

Optimization of CT scanning is of particular importance
when imaging pediatric patients [35-37]. Infants and
children are generally recognized as being more radiosen-
sitive than adults, and also are more likely to live long

Table 3 Protocols for normal-sized adults undergoing CT examina-
tions in the Radiology department at MUSC

Body region Scan type Tube CTDI,,; mGy
voltage (phantom size)
kV)

Head Routine 120 60 (S)

Chest Non-contrast 120 9 (L)

With I contrast 100 9 (L)

Abdomen/Pelvis Routine 120 14 (L)

“Liver” 120 18 (L)
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Table 4 Automatic exposure control systems on commercial systems

Vendor AEC systems  Comments
GE Auto mA and  Attempts to control the amount of noise
Smart mA in the CT images using a “Noise

Index” value that is selectable by the
operator

Philips ~ Z- or D-DOM  Z-axis thickness is regulated by Z-DOM,
and angular thickness is regulated by
D-DOM

Siemens CareDose4D Users select a Reference mAs value for
standard adult (75 kg); five semi-
empirical strengths (very weak to very
strong)

Toshiba  Sure exposure  Single scanogram modulates along the

z-axis, whereas two scanograms enable
angular modulation (3D)

enough to permit any radiation detriment to be expressed
[38, 39]. In addition, it is important to note that dose
conversion factors in younger patients are markedly higher
than for adults [40, 41]. For the same incident radiation
intensity in head CT examinations, infant effective doses
are likely to be three to four times higher than for adults.
For these reasons, understanding radiation doses in pedi-
atric CT imaging and optimizing techniques that help
eliminate unnecessary radiation doses are of particular
importance [22, 25, 42].

A recent publication by Yu et al. [23¢¢] has described in
detail how CT examinations in pediatric body imaging can
be optimized, using semi-empirical software tools that
simulate the effects of changes in the X-ray intensity
(CTDI,)). For infants under 10 kg, they recommended
using 80 kV with CTDI, (L) of about 2 mGy. For infants
ranging between 10 and 20 kg, the X-ray tube voltage was
increased to 100 kV, and the value of CTDI, (L) was
increased to about 4 mGy. For children weighing more
than 20 kg (i.e., 5 years and above), the X-ray tube voltage
was further increased to 120 kV, and the value of
CTDI, (L) ranged between 4 and 6 mGy. Importantly, the
critical issue in these examinations was not the radiation
deposited in the patient, but the X-ray beam quality (i.e.,
contrast) as well as the radiation beam quantity is trans-
mitted to the CT detectors (i.e., noise).

A complete description of any imaging protocol has to
take into account not only the CTDI,;, but the X-ray beam
quality [23es, 25, 31]. Selection of optimal techniques
requires explicit consideration of the contrast to noise
(CNR) ratio of any given lesion, which is affected by X-ray
beam quality. Increased tube voltage, for example, will
reduce noise because more radiation reaches the CT X-ray
detectors, as well as reducing image contrast for all types
of lesion as shown by the data in Table 2. For this reason, it

is essential that CT imaging practitioners address the issue
of image quality, which is even more important than the
issue of patient dosimetry. When image quality is sub-
optimal, real harm can be inflicted on patients resulting
from reduced diagnostic performance [43]. Data shown in
Fig. 4 show the energy fluence transmitted through varying
patient thickness values for the range of tube voltages
currently encountered in CT imaging [31]. These data can
be combined with CT output data [9] and lesion contrast
values (Table 2) to enable an assessment of CNR for a
specified imaging task. It is more appropriate to compare
imaging protocols in terms of the image quality than the
energy that is deposited in a patient in a radiological
examination [32ee].

Reference Doses

The American College of Radiology (ACR) runs a CT
Accreditation program. To be accredited, facilities need to
meet minimum performance standards for image quality
metrics such as spatial resolution and detection of low-
contrast lesions [44]. In addition, the amount of radiation
used to perform routine CT examinations should not
exceed specified Reference Doses, normally set at the 75th
percentile of a large scale survey of doses over a large and
representative survey of facilities. Current ACR CT
Accreditation Reference Doses are listed in Table 5 [45].
When CTDI,, values exceed the Reference Doses, a
facility would be notified in writing that their doses exceed
the recommended Reference Doses. The final column in
Table 5 shows the values that are upper CTDI,; limits
currently deemed to be acceptable by the ACR, and
exceeding these upper CTDI,, limits would currently
“fail” the accreditation application.

Data in Table 5 refer to the US, and it is of interest to
compare these values with comparable reference doses in
Europe [46]. For head CT scans, the European Commission
(EC) recommends CTDI,(S) values of 60 mGy. Values of
CTDI,(S) recommended in the UK for Multi Slice CT
scanners are 65 mGy for the cerebellum, but 100 mGy
when imaging the posterior fossa. Overall, currently,
techniques (CTDI,,,) for head CT scans are generally very
similar throughout the world. For body CT, the EC Ref-
erence Doses [i.e., CTDI,y(L)] are 25 mGy similar to the
values currently used in the US. In the UK, however, the
current Reference Dose [i.e., CTDI,(L)] for body CT is
much lower at 14 mGy. Accordingly, the MUSC abdomen
protocol shown in Table 3 would be deemed to be a rela-
tively low in the US, but relatively high in the UK.

The study of Yu et al. used a value of CTDI,(L) of
4 mGy when scanning a 5-year-old child (20 kg) [23ee].
Unfortunately, this value is incommensurate with the ACR
CT Reference Dose for this sized patient (i.e.,
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Fig. 4 Transmission of CT X-ray energy fluence through different tissue thickness at four X-ray tube voltages commonly used clinically (80,
100, 120, and 140 kV). The equation in each figure is a least-squares fit to a straight line of the shown data

Table 5 ACR CT accreditation reference doses for CTDI,;

Patient Body Reference “Failing dose”
region dose (mGy) (mGy)

Adult Head 75 (S) >80
Abdomen 25 (L) >30

Pediatric Abdomen 20 (S) >25

CTDI,,(S) 20 mGy). The reason for this is that the vendor
has provided the CT output in a large phantom, whereas the
ACR specifies the CT output in a small phantom. Cur-
rently, one vendor specifies the CT output in pediatric body
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CT using the small phantom (GE), two vendors use the
large phantom (Siemens & Philips), and one vendor
(Toshiba) recently changed from using a phantom based on
patient size (Field of View) to one based on anatomy (i.e.,
body vs head) [13]. A CTDI, (L) of 4 mGy corresponds to
a CTDI,(S) of 8 mGy [13] (Fig. 2), so that the optimized
Mayo clinic protocol deposits only about 40 % of energy
(dose) in a dosimetry phantom or patient compared to the
ACR Reference value. Information on beam quality (kV)
is required to assess image quality in terms of lesion con-
trast (Table 2) and image noise computed using X-ray
transmission data (Fig. 4) as well as changes in CT output
with changes in tube voltage (i.e., kV>®) [9].
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Interpreting Radiation in CT
Computing (Embryo) Doses

Absorbed doses to any organ (e.g., embryo) can be calcu-
lated by taking into account the intensity of the radiation
used in a CT examination (i.e., CTDI,), and three addi-
tional factors (F1 through F3) which are depicted graphi-
cally in Fig. 5 [47e°].

CT scanner design (F1) The first factor that has to be
taken into account is the characteristics of the design of a
given CT scanner [9]. As shown in Fig. 5a, most current
scanners operated at a CTDI,,(L) of 10 mGy would
likely deliver a dose of 14 mGy to an organ such as the
liver in a normal-sized adult (75 kg) for a “long” scan.
Scan Length (F2) Scan length is a key determinant of
any organ dose [27], where a scan from one patient
extremity upto the middle of an organ would be expected
to deliver about half the dose that would have been
received by this organ during a “whole body” scan
(Fig. 5b).

Patient Size (F3) At constant CT techniques (kV &
mAs), increasing the patient size reduces patient doses,
and vice versa [48, 49]. Figure 5c shows that for a
CTDI, (L) of 10 mGy, the liver dose in a large patient
(100 kg) is reduced to 9 mGy and Fig. 5d shows that the
liver dose in a small (45 kg) patient is increased to
18 mGy [30].

To illustrate how these terms would be used in a clinical
example, consider a female patient who undergoes an
abdominal/pelvic CT examination [CTDI, (L) 15 mGy &
DLP(L) 700 mGy-cm] when she is four weeks pregnant.
For a typical CT scanner, F1 will be equal to 1.4 in a
standard-sized patient. The scan length of 47 cm, obtained
by dividing the DLP by the CTDI,,, is relatively “long” so
that F2 will be very close to unity. Assuming that the
patient has an AP dimension of 17 cm, much less than the
23 cm of an average sized adult, F3 will be approximately
1.2. Multiplication of CTDI, (L) by these three factors
(i.e., F1, F2, and F3) results in an embryo dose of 25 mGy.

At this radiation dose to the embryo of 25 mGy, there
would be zero risk of deterministic effects such as
embryonic death, congenital malformation, or mental
retardation [50]. The stochastic risk of childhood cancer
would be taken to be up to about 1 in 500 (0.2 %), com-
parable to the background incidence of childhood cancer in
the absence of any radiation exposure of 1 in 500 [51, 52].
For prospective CT examinations, these risk estimates
would be used when performing a “risk/benefit” analysis
to decide whether a given examination is deemed to be
worthwhile (see below). For any retrospective assessment,
no consideration of any possible medical intervention

would be deemed necessary because this embryo dose is
below 100 mGy, and any radiation risks would therefore be
deemed to be low in comparison with the normal risks of
pregnancy [50-52].

Organ Doses and Risks

For any CT examination, it is possible to obtain dose
estimates of all radiosensitive organs in standard-sized
patients either by experimental measurement or by using
Monte Carlo techniques [53-55]. Correction factors can be
applied to generate exam-specific organ doses that account
for factors such as patient size, age, scanned region, and
scan length [56-59]. Consider an abdominal/pelvic CT
examination performed using a CTDI,, of 15 mGy and a
DLP of 700 mGy-cm. In a normal-sized adult (75 kg),
absorbed doses to organs that are directly (& fully) irra-
diated can be readily estimated by using publicly available
software, and shown to be about 20 mGy [60]. Doses to
organs that only partially irradiated will be markedly lower
[27], and organs that are only subjected to scattered radi-
ation will generally receive very low doses [61].

To convert organ doses into a corresponding radiation
risk requires that patient demographics be taken into
account [38, 62]. For a North American population, it is
customary to use the age- and sex-specific organ risk
estimates provided by the Committee on the Biological
Effects of Ionizing Radiation (BEIR) [63]. For a 20-year-
old male (75 kg) undergoing an abdomen/pelvis examina-
tion (DLP 700 mGy-cm), the total cancer incidence risk is
estimated at about 1 in 1,000 (0.1 %), with a comparable
risk value for a similar-sized 20-year-old female patient
[30¢]. Two organs dominate this risk, the colon (35 %) and
the bladder (25 %).

Generating a long list of organ doses is of likely to be of
very limited practical value for most imaging practitioners
[64]. The risk to an individual patient can be estimated, and
the individual responsible for ordering and/or performing
the examination would be expected to have an under-
standing of the magnitude of these risks. However, it is
unlikely to be helpful or practical to operators and/or
patients to describe the radiation exposure in terms of a
quantitative risk number [65]. The medical imaging com-
munity clearly needs to understand and communicate the
nominal amount of radiation that patients receive in
radiological examinations. As described in the next section,
the effective dose (E), used by the International Commis-
sion on Radiological Protection (ICRP) for radiation pro-
tection purposes, can also be used in medical radiology
[64-, 66¢]. Employing the effective dose provides imaging
practitioners a quantitative indication of the amount of
radiation used in any type of radiological examination and
is a ubiquitous educational tool in medical imaging.
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<Fig. 5 a In a normal-sized patient, F1 is the ratio of organ dose for

“long” scans to the corresponding CTDI,(L). In this example, use of
a CTDI, (L) of 10 mGy in a abdomen CT scan results in a liver dose
of 14 mGy. b F2 takes into account the scan length where this example
shows that reducing the scan length to one half of an abdominal CT
scan is expected to reduce the liver dose to approximately 7 mGy. This
can be compared to (a) which shows that a full length abdominal CT
scan results in a liver dose of 14 mGy. ¢ Example of F3, where an
abdominal CT scan performed using CTDI, (L) of 10 mGy results in a
liver dose of 9 mGy in a large (100 kg) patient compared to 14 mGy in
a standard-sized patient (a). d Another example of F3, where an
abdominal CT scan performed using CTDI, (L) of 10 mGy results in a
liver dose of 18 mGy in a small (45 kg) patient, compared to 14 mGy
in a standard-sized patient (a)

Effective Doses

Figure 6 shows the idea underlying the effective dose
concept whereby any non-uniform deposition of energy in
a patient undergoing any radiological examination such as
a chest CT scan (Fig. 6a) can be equated to a corre-
sponding uniform pattern of energy deposition (Fig. 6b).
For a given patient, the patient detriment for the non-uni-
form and uniform patterns of energy deposition would be
taken to be (very) approximately “similar”. The effective
dose is thus a practical tool to deal with non-uniform
energy deposition in radiological examination, which per-
mits any examination in a given patient to be compared
with any other type of radiological examination in the same
patient. Table 6 provides the organ weighting factors that
are currently recommended for use by the ICRP in Publi-
cation 103 for computing the effective dose [67]. The
remainder weighting factor is to be applied to remainder
tissues consisting of the adrenals, extrathoracic region, gall
bladder, heart, kidneys, lymphatic nodes, muscle, oral
mucosa, pancreas, prostate (males only), small intestines,
spleen, thymus, and uterus/cervix (females only). It is
important to note that the ICRP explicitly states that any
such effective dose estimates are not used to estimate
patient risks [67].

The effective dose for a normal-sized adult undergoing
an abdominal/pelvic CT scan (DLP 700 mGy-cm) is about
10 mSv [68, 69]. This effective dose can be directly
compared to other examples of radiological examinations
as shown in Table 7. An abdominal/pelvic CT scan with an
effective dose of 10 mSv is between “moderate” and
“high” dose examinations. Effective doses are primarily
determined for the purposes of offering patients some
quantitative idea of the amount of radiation a patient
receives. As explained in the prior section, patient risks
should always be obtained directly from organ doses and
by taking patient demographics into account.

It can also be helpful to compare patient effective doses
(Table 7) with US natural background radiation
(E ~ 3 mSvl/year), or with US regulatory dose limits to

Dlung 20 mGy Drelnainder 5 mGy

Dbreast 20 mGy

Dliver 10 mG

tomach 10 mGy

Effective Dose 5 mSv

Fig. 6 A graphical illustration of the concept of Effective Dose (E) to
deal with non-uniform exposures routinely encountered in Radiolog-
ical Imaging. In a, there is a non-uniform pattern of dose in a patient
who has undergone a chest CT examination. In b a uniform whole-
body dose of 5 mGy has the same detriment in this patient as the chest
CT examination, so the effective dose is 5 mSv

individuals who are occupationally exposed to radiation
(E = 50 mSv/year), or who are members of the public
(E = 1 mSv/year) [19, 20]. Natural background, which are
also expressed in terms of effective dose, can be directly
compared to the medical effective dose data shown in
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Table 6 Organ weighting factors recommended by the ICRP in
Publication 103

Tissue Weighting
factor
Red bone marrow; colon; lung; stomach; 0.12
breast; remainder®
Gonads 0.08
Bladder; esophagus; liver; thyroid 0.04
Bone surface; brain; salivary glands; skin 0.01

* See text for explanation

Table 7 Representative values of patient effective dose in Radio-
logical Imaging

Effective dose
(mSv)

Dose
descriptor

Radiological examinations

Very low <0.1 PA chest X-ray; extremity X-ray;

DEXA study

Low 0.1-1 Abdomen X-ray; extremity CT; T/L
spine X-ray

Moderate 1-10 Chest CT; small bowel series; 99mT
NM study

High >10 PET/CT; chest/abdomen/pelvis CT;

coronary PCTA

Table 6. It is helpful to consider the effective dose as a
kind of currency that provides an indication of “how
much” radiation an individual receives. The effective dose
is helfpul when explaining how much radiation patients
receive in radiological examinations [1, 64, 66¢]. This

Uniform whole body irradiation

(Linear no threshold model)

42

Cancer incidence (%)

38

V] 100
Effective dose (mSv)

dose metric is arguably the best dose metric currently
available to the medical imaging community, illustrated by
a recent NIH funding opportunity entitled Decreasing
Patient Radiation Dose from CT Imaging: Achieving Sub-
mSv Studies [70].

Protecting Patients
Risk Models

For radiation protection practice, there are good reasons for
adopting the Linear No-Threshold model, which is depic-
ted graphically in Fig. 7. In the absence of any radiation
exposure, it is currently estimated by the American Cancer
Society (ACS) that about 40 % of Americans will get
cancer in their lifetime [71], and depicted as the back-
ground cancer incidence in Fig. 7. A uniform whole-body
dose of 100 mGy, corresponding to an effective dose of
100 mSy, is currently estimated to add another 1 % to this
background cancer risk. The issue of radiation-induced
carcinogenesis remains problematical [63, 67, 72], and the
lack of a scientific consensus is elegantly illustrated by the
concurrent publication, in the same journal, of radically
different perspectives on this topic [73, 74]. Even when
radiation risks are accepted as existing, specific quantita-
tive risk estimates can differ by substantial amounts
depending on the models used and the exposed populations
[63, 75, 76].

As depicted in Fig. 8, the imaging community has to act
in the presence of considerable scientific uncertainty. As a

100 -
90
80
70

o | 0.1°/ol
5 1

20

Cancer incidence

Effective dose (mSv)

Fig. 7 No-Threshold Model illustrating that there is no threshold dose below which the risk is zero. The additional risk estimate of 0.1 % for a
10 mSv effective dose to an average aged individual can be compared to the background incidence of cancer in the US (40 %), graphically

illustrating that current radiation risk estimates are “low”
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result, two kinds of error may occur when making a deci-
sion regarding the existence of radiation risks in medical
imaging. The first error is to assume that risks are real, and
subsequently discover they do not exist (Fig. 9a). The
second error is to assume that such risks are non-existent,
and subsequently discover these risks are in fact real
(Fig. 9b). The precautionary principle recommends that we
act on the assumption that the risks are real. Assuming that
radiation risks are non-existent, and later being proved
wrong, would most likely be unacceptable to the medical
imaging community.

Adopting the LNT model for radiation protection prac-
tice is currently recommended by the most important sci-
entific bodies that review the science of radiation risks.
These leading organizations are the International Com-
mission on Radiological Protection (ICRP), the United
Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR), and the National Academy of
Sciences (NAS) committee in the US known as Biological
Effects of Ionizing Radiations (BEIR) [63, 67, 72]. All
these bodies recommend that for radiation protection pur-
poses, we need to act on the assumption that radiation risks
in medical imaging actually exist [77]. It is important to
note that this is a judgment call as to how we should
proceed, and not a definitive statement regarding the issue
of whether such risks are known to truly exist. Any
assessment of radiation risks must always take into account
the very large uncertainties in current radiation risk esti-
mates [78-80].

Scientific Uncertainty

No, you have to
prove that it is safe!

Fig. 8 Precautionary principle illustrating the existence of scientific
uncertainty

Low Dose Risks Exist

Cancer incidence (%)

1000
Effective dose (mSv)

No Risks at Low Doses

Cancer incidence (%)

Effective dose (mSv)

Fig. 9 a Illustrates the assumption of the existence of risks at low
doses turns out to be erroneous whereas b shows the assumption of no
risks at low doses turns out to be erroneous. In the presence of
scientific uncertainty, it is better that risks are assumed to be real,
rather than assumed to be non-existent, which can be summed up in
the phrase Better be Safe than Sorry

Risk Data

There is now increasing evidence supporting the use of the
LNT model in radiation protection practice. A paper by
Brenner et al. showed that small but statistically significant
risks were observed in a group of A-bomb survivors
exposed to relatively low doses (34 mSv) [81¢]. Radiation
workers in the UK were enrolled in a National Registry of
Radiation Workers (NRRW) in the late 1970s to study
radiation-related effects from occupational exposures. A
recent and third analysis of the NRRW cohort showed risks
of leukemia and solid tumors that are consistent with the
current risks of studies on A-bomb survivors [82]. These
comparisons pertain to leukemia, solid tumors, as well as
solid tumors without lung cancer to eliminate the possible
confounding effects of smoking in radiation workers. Two
important aspects of these exposures were that there were
protracted over many decades, and predominantly within
the regulatory limits in force in the UK over this time
period.

There is also increasing evidence of radiation risks at the
low doses encountered in the practice of radiology. Doll and
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Wakeford concluded that radiation doses of the order of
10 mGy received by the fetus in utero produce a consequent
increase in the risk of childhood cancer [83¢]. Children who
underwent CT scans in the UK have shown clear evidence of
an increase in the incidence of leukemia as well as brain
tumors [84]. A recent Australian study showed an increased
cancer incidence with increasing number of pediatric CT
scans, where the average effective dose was estimated to be as
low as 4.5 mSv per scan [85]. There are an additional number
of ongoing studies of children who underwent CT examina-
tions throughout the world, and their findings are expected to
improve our understanding of this important topic.
Radiologists, who are ultimately responsible for the
radiation received by their patients, clearly must be
knowledgeable about the magnitude of current radiation
risk estimates. Figure 10 shows cancer incidence risks for a
uniform whole-body equivalent dose of 10 mSv based on
the current BEIR VII risk estimates [63]. The data in
Fig. 10 show quantitatively how radiation risks depend on
the amount of radiation used, as well as the age and sex of
exposed individuals. In males, the age-averaged cancer
induction risk was about 0.10 % per 10 mSv, and this
average value occurred in individuals aged 20. In females,
the age-averaged cancer induction risk was about 0.17 %
per 10 mSv, and this average value also occurred in indi-
viduals aged 20. Compared to a 20-year old, the cancer
induction risk in newborns is approximately a factor 3
higher, and in 70-year olds is approximately a factor of
three lower. It is worth repeating that uncertainties in these
risk estimates are generally taken to be factors of two to
three in both directions [73, 74, 86]. Additional information
on these our understanding of radiation risk uncertainties
can be obtained from the scientific literature [78-80] .

Protection Practice

When patients require a quantitative understanding of the
radiation associated with radiological examinations, it is
helpful to use the effective dose (i.e., radiation currency). A
given radiological examination can be compared with other
types of examination such as chest X-rays, so a chest CT
scan is equivalent to about 100 chest X-ray examinations
(PA + Lateral). It can also be very helpful to compare
patient effective doses with natural background radiation as
well as regulatory dose limits for both radiation workers
and members of the public. A single PA chest X-ray, with
an effective dose of 0.01 mSv, exposes a patient to as much
radiation as s/he receives in 1 day from natural back-
ground. A chest CT, with an effective dose of 5 mSy,
corresponds to about 10 % of the current regulatory annual
dose limit to radiation workers in the US.

When it is assumed that radiation risks “exist,” as
depicted by the data in Fig. 10, patient exposures in

@ Springer

Uniform whole body dose of 10 mGy

59 .
(Effective dose of 10 mSv)
4 4
2
o
9
3
Q.
o
o
o
T 34
>
()
£
=
D
o
c
[0]
8
g EEl Males
= 24 [ Females
8
C
©
O

AL | | ul

0 20 40 60 80
Age (Years)

Fig. 10 BEIR VII risk data for cancer induction from uniform body
doses of 10 mGy, equivalent to an effective dose of 10 mSv

radiological examinations require justification [87]. This
means that patient benefits need to exceed all examination
risks as indicated graphically in Fig. 11. In the United
Kingdom, there is a regulatory requirement to formally
justify all exposures in all radiological examinations [88].
Radiologists are trained to identify which are appropriate
examinations, what kind of diagnostic information might
be obtained, as well as the corresponding patient doses and
risks. Such individuals therefore have the knowledge to
decide whether to proceed with a given examination for
any clinical indication [89, 90].

Any assumption of the existence of radiation risks also
requires that all unnecessary radiation exposure be elimi-
nated. This aspect of radiation protection is the ALARA
principle, meaning As Low As Reasonably Achievable
[91e, 92]. Dose reduction is only appropriate when diag-
nostic information from radiological examinations is not
compromised. For any radiological examination, the pri-
mary focus should not be on existence of any radiation
risks but whether the planned examinations are worthwhile.
This requires a mastery of what benefit diagnostic tests
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Fig. 11 Any radiological examination requires the patient benefit
from the diagnostic information to exceed any risks, including those
of radiation exposure. This requires for practitioners to understand the
magnitude of (any) radiation risks, including the associated uncer-
tainties, and to understand patient benefits of acquired diagnostic
information

bring to the patient, what is known about risks, and also
uncertainties in our knowledge of radiation risks.

It is especially important that any communication of radi-
ation risks to patients should always include explicit consid-
eration of the corresponding benefits to the patient. Patients
are likely helped by being informed that an exam is worth-
while, and the benefits are believed to outweigh any risk. This
is akin to driving an automobile to a Radiology department,
where the well-known risks of dying in automobile accident
(30,000 fatalities in the US each year) do not stop a patient
from undertaking a “worthwhile” activity just because there
may be a risk with this activity. It is essential to recognize that
there is virtually no activity that is entirely risk free—free.
Focusing on radiation risk, without explicit consideration of
the corresponding patient benefit(s), is unlikely to be helpful
for ensuring appropriate use of X-rays in medical imaging [93,
94]. Patients generally benefit substantially from diagnostic
data that radiological examinations provide, and the role of the
imaging community role is to ensure that only indicated
examinations are performed, and all unnecessary radiation is
eliminated (i.e., ALARA) [95].

Conclusions

The CT radiation incident on the patient should be speci-
fied by the CTDI,,;, Dose Length Product, and the beam

quality controlled by the X-ray tube voltage (kV). CTDI,;
is related to the image mottle, and Dose Length Product is a
measure of the total amount of radiation used to perform
the radiological examination. Beam quality will influence
the penetration through the patient, as well as the resultant
image contrast. Operators should select CT radiation
quantities by taking account patient physical characteristics
and the imaging task at hand. Knowledge of the radiation
incident on a patient enables determination of organ and
effective doses, as well as the corresponding radiation
risks. To protect patients, all exposures need to be justified
by a net patient benefit. Radiation exposure not needed for
a satisfactory diagnostic performance should be eliminated
(ALARA).
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