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Abstract: Cardiac computed tomography (CT) dosimetry makes
use of two radiation parameters: a volume CT dose index (CTDI)
and a dose length product (DLP). The volume CTDI quantifies the
intensity of the radiation used to perform CT examinations,
whereas DLP quantifies the amount of radiation used. CTDI
metrics can be converted into patient dose metrics by using dose/
CTDI conversion factors. In cardiac CT imaging, these need to
take into account the x-ray tube voltage, scan length, and scan
region, as well as patient size. Organ doses to patients in cardiac
CT can be converted into cancer risks when patient demo-
graphic factors are taken into account. A risk analysis of patients
undergoing cardiac CT angiography at our institution showed that
a majority (62%) were males, with a median age of approximately
60 years and a median weight of approximately 90 kg. The median
DLP was approximately 1100mGy cm, corresponding to an
effective dose of approximately 29mSv in normal-sized patients.
The average patient lifetime risk for a radiation-induced cancer was
estimated to be 0.12%, with 85% of it attributed to lung cancer.
Patients with an age and weight at the 10th percentile, who also
received a DLP at the 90th percentile, would have cancer risk
estimates approximately double the average value. Radiation risks
are required to determine whether examinations are indicated,
defined as examinations in which individual patient benefit exceeds
corresponding patient risk. Understanding radiation risks in cardiac
CT encourages operators to use the least amount of radiation to
achieve satisfactory diagnostic performance.
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In 2006, the average radiation dose from diagnostic
medical imaging in the United States was estimated to

be approximately 3mSv per year, an increase of approxi-
mately 600% from the corresponding medical dose in
the 1980s.1 The average US inhabitant also receives
approximately 1mSv per year from ubiquitous background
radiation (ie, terrestrial radioactivity, cosmic radiation, and
primordial radionuclides) and approximately 2mSv per
year from domestic radon exposure. About half of the
medical radiation dose is a result of the use of computed
tomography (CT) imaging, whose use has grown substan-
tially with nearly 70 million examinations reported in 2006.1

Increased CT utilization has occurred because of dramatic
improvements in technical performance and expanded
clinical applications, including cardiac CT.2 Major techno-
logical advances of CT over the last decade include the
introduction of multidetector CT, dual-source CT scanners,
and increased x-ray tube rotation speeds.3,4 With dual-
source CT systems, it is now possible to scan a complete
adult chest with electrocardiogram synchronization in
less than 1 second (>40 cm/s) and achieve a temporal
resolution of 75ms for an individual CT image.5 It is likely
that technical advances in CT will continue to occur and
that clinical applications will expand in the foreseeable
future. There is little doubt that most patients benefit from
the diagnostic information obtained from the clinical use of
this imaging modality.5,6

Marked improvements in diagnostic imaging perfor-
mance of CT have been accompanied by increased concern
regarding higher radiation doses and corresponding patient
risks.7–9 Radiation doses in CT are markedly higher than in
conventional radiography. A chest CT, for example, has an
effective dose (E) of approximately 5mSv, which is
equivalent to approximately 100 chest radiographic exam-
inations because the latter have effective doses of approxi-
mately 0.05mSv.10 Radiation dose quantities in CT are
currently expressed in CT dose index (CTDI).11 Converting
CTDI dose indices into meaningful dose metrics (ie, organ
and effective dose) requires explicit consideration of both
technical and patient factors.12 Converting organ doses into
radiation risk data also requires considerable care and must
take into account patient demographics.13,14 Quantifying
patient detriment needs to take into account the life
expectancies of the exposed population and the lengthy
latent period associated with radiation-induced cancers.15

The purpose of this paper is four-fold as follows: (1) to
explain the dose parameters [CTDI, dose length product
(DLP)] currently used in CT dosimetry; (2) to show how
these radiation quantities can be converted into organ dose
and effective dose, taking into account technical factors
(kV, scan length, and specific scan region) and patient
characteristics; (3) to quantify radiation risks in a cohort of
patients undergoing cardiac CT using retrospectively gated
imaging; and (4) to describe how cardiac CT patients
should be protected by ensuring only indicated exami-
nations are performed that use no more radiation than is
required to obtain the necessary diagnostic information.

CT DOSIMETRY PARAMETERS

CTDI
The CTDI was introduced into clinical practice in the

early days of CT.16 CTDIs are measured in cylindrical
acrylic phantoms for one single rotation of the x-ray tube
through 360 degrees.11 About half the x-ray beam energy isCopyright r 2010 by Lippincott Williams & Wilkins
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deposited in the directly irradiated region of the phantom,
and the remaining is deposited in scatter tails. Although
CTDIs are measured in a single x-ray tube rotation, they
quantitatively predict the radiation dose that would
be obtained from a series of contiguous rotations of the
x-ray tube. A measured CTDI in the acrylic phantom
also predicts the dose from a helical scan performed with a
pitch of 1.17

CTDIs are normally measured using 100mm long,
pencil-shaped ionization chambers that capture (integrate)
the radiation dose profiles along the long axis of the
patient.18 As the integration length of the ionization
chamber is 100mm, this CTDI metric is sometimes referred
to as CTDI100.

19 In cardiac CT, the phantom used to
measure CTDI is 32 cm in diameter, and measurements are
made at both the center (CTDIc) and the periphery
(CTDIp). The quantity that is measured by the pencil
chamber ionization chamber is air kerma, which quantifies the
x-ray beam intensity and is measured in mGy. Current
practice defines a weighted CTDIw, as

CTDIw ¼ 1=3CTDIc þ 2=3CTDIp

which yields the average intensity of the x-ray beam when
the averaging is done over all the phantom radii.20

Table 1 shows typical values of CTDIw for a range of CT
scanners operated over the range of x-ray tube voltages
currently encountered on commercial CT scanners.21 For a
given CT scanner, the value of CTDIw is primarily determined
by the choice of x-ray tube voltage (kV), x-ray tube current
(mA), and x-ray tube rotation time (s). Of great importance is
the fact that the mAs and x-ray tube voltage (kV) do not
predict the amount of radiation that is delivered to the patient.
CTDI values shown in Table 1 differ by up to a factor of 2 for
a given kV because of differences in x-ray tube design as well
as differences in x-ray tube filtration and/or beam-shaping
filters.3,4 Accordingly, CT protocols should never be expressed
in terms of the selected mAs, but in terms of the actual
amount of radiation that is used (ie, CTDI).

CTDIvol and DLP
One radiation parameter currently provided in most

commercial CT scanners is the volume CTDI, expressed as
CTDIvol, which was developed to explicitly account for the
pitch in helical CT.22 CTDIvol is defined as CTDIw divided
by the CT pitch, where the pitch is the ratio of the distance
moved by the patient table per 360-degree rotation of the x-
ray tube divided by the nominal width of the x-ray beam.23

A table movement of 40mm per 360-degree rotation of the
x-ray tube for a CT scanner with a 40mm wide x-ray beam
corresponds to a pitch of 1. If the table only moved 20mm
per 360-degree rotation of the x-ray tube, the pitch would
be reduced to 0.5, and doses (ie, CTDIvol) would increase

because parts of the phantom would be irradiated more
than once (ie, overlap of doses). Moving the table 60mm
for a 360-degree rotation of the x-ray tube results in an
increased pitch of 1.5, and doses (ie, CTDIvol) would be
reduced because parts of the phantom would not be directly
irradiated, resulting in gaps in the radiation profiles.

Once the x-ray tube voltage (kV), tube current/rota-
tion time (mAs), and CT pitch are specified, the CTDIvol
value is ‘‘fixed’’ and is independent of the patient being
scanned or of the length of the patient that is scanned.
Selection of a short scan length of 10 cm, or a longer scan
length of 100-cm, would result in exactly the same CTDIvol.
However, the amount of radiation received by a patient
having a 100-cm scan will be about 10 times greater than
what the patient receives in a 10-cm scan, assuming that all
other factors are kept constant. For this reason, all CT
scanners also provide the DLP, which is the product of
CTDIvol and the scan length.11,17

DLP is measured in mGy cm and quantifies the total
amount of radiation used to perform a given CT scan. In
helical CT scanning, there can be ambiguity about the
precise definition of the scan length because of over-ranging
required for the interpolation of projection data. A robust
alternative for determining DLP is to multiply CTDIvol
(mGy) by the product of the beam width (cm) and the
number of 360-degree rotations of the x-ray tube.

CTDI and DLP Usage
CTDIvol is a measure of the intensity of radiation

being used and quantifies the amount of radiation being
delivered per unit distance (cm) of the patient. CTDIvol is
the correct parameter to ensure that the intensity of
radiation being used is appropriate. For example, the
American College of Radiology CT accreditation program
has a reference CTDIvol value for a routine abdominal CT
scan in an average-sized adult (70 kg) of 25mGy.24 Any
facility that uses more than this amount of radiation in
performing this type of scan will be notified that they are
exceeding the normal-sized adult abdomen reference dose,
and an investigation into the need for such a high value
would be warranted. In addition, if CTDIvol for a routine
abdominal CT examination exceeds 30mGy, the scanner
will fail to receive American College of Radiology CT
accreditation. It is important to note that the appropriate
CTDIvol depends on the diagnostic task.25 Screening of
asymptomatic patients for lung cancer would use less radia-
tion than a routine chest CT examination.26 The appropri-
ate CTDIvol also depends on patient size and would be
increased for larger patients and reduced for pediatric
patients.27,28

DLP explicitly takes into account radiation inten-
sity and scan length. A DLP value is not a measure
of how much radiation a patient receives, as DLP does
not take into account any characteristics of the patient.
DLP simply quantifies the total amount of radiation used.
DLP data allow different facilities the ability to compare
the amount of radiation used when performing similar
examinations on a specified group of patients (eg, between
65 and 75 kg).29,30

Table 2 shows pitch and DLP data for typical coro-
nary CT angiography examinations.31,32 The DLP data in
Table 2 can be used to derive CTDIvol values assuming a
cardiac CT scan length of approximately 16 cm. It is evident
that the pitch value has a critical effect on the amount of
radiation used to perform the examination.33 CTDIvol and

TABLE 1. Representative Values of CTDIw (mGy/mAs) for
Four Commercial CT Scanners Operated at X-ray Tube Voltages
Ranging From 80 to 140 kV

CT Vendor/Model 80 kV 100 kV 120 kV 140 kV

Definition AS (Siemens) 22 44 76 113
VCT (GE) 34 62 95 133
Aquilion 16 (Toshiba) 44 79 121 N/A
Brilliance 16 (Philips) N/A N/A 71 102

VCT indicates volume computed tomography.
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DLP measure the amount of radiation used to perform an
examination and should not be mistaken for any kind of
‘‘patient dose’’ per se. To obtain patient doses, it is
necessary to use conversion factors that permit CTDIvol
and DLP data to be ‘‘translated’’ into patient doses.

DOSE CONVERSION FACTORS

Rationale
CTDI data can be used to derive patient doses by

using appropriate dose/CTDI conversion factors.12,30,34

Multiplication of a generic dose/CTDI conversion factor
by the appropriate CTDI will generate the corresponding
patient ‘‘dose.’’ Understanding how dose/CTDI conversion
factors are generated helps clarify when it is legitimate to
use such factors to estimate patient doses and helps the
medical imaging practitioners better understand when their
use would be inappropriate and could result in erroneous
patient doses.

Consider modeling a cardiac CT examination using a
mathematical phantom of the type depicted in Figure 1
or making measurements in an anthropomorphic phan-
tom.35,36 In each case, it is possible to obtain an accurate
and comprehensive assessment of the absorbed doses to all
radiosensitive organs and tissues of interest for radiologic
assessment purposes as well as to determine CTDIvol and
DLP for this examination. Patient doses, expressed as either
organ doses or effective doses, are directly proportional to
the amount of radiation used to perform the examination
(ie, CTDIvol and DLP). Doubling CTDIvol, for example,
would double the DLP, organ dose, and effective dose.
Measured or computed ratios of organ dose/CTDIvol or
effective dose/DLP (E/DLP) obtained in this manner are
examples of CT dose conversion factors.

It is critical to note that dose/CTDI conversion factors
are applicable only for examinations performed in a similar
manner to the one that was used to obtain the conversion
factor.37 Factors such as the x-ray tube voltage, scan region
and scan length as well as patient characteristics must be
similar to the examination used to acquire the dose
conversion factor. Use of conversion factors that do not
take into account differences in either x-ray techniques or
patient size characteristics is inappropriate. Most current
estimates of patient effective dose in the scientific literature
are erroneous because of failure to use E/DLP conversion
factors that explicitly take into account patient character-
istics (ie, size) and CT technique factors (ie, kV).37,38

Dose/CTDI Conversion Factors
Table 3 shows ratios of (organ dose)/(CTDIvol) obtained

using a popular CT dosimetry spread sheet (ImPACT) for
cardiac and chest CT scans performed at 120 kV in a 70-kg
adult patient. When a normal-sized adult undergoes a
16-cm cardiac CT examination at 120 kV, the heart dose is

approximately 40% higher than the CTDIvol displayed on
the operator’s console. If this patient underwent a complete
35-cm chest CT examination, the heart dose would be 60%
higher than the CTDIvol displayed on the console. How-
ever, if the scan region or range differs markedly from those
specified in Table 3, then these conversion factors are
inappropriate and should not be used. Chest CT conversion
factors generally cannot be used for heart CT imaging and
vice versa. In addition, the (organ dose)/(CTDIvol) conver-
sion factors listed in Table 3 depend on the x-ray tube
voltage used to perform the CT examination (see below).

Patient size is an important factor that always needs to
be taken into account in CT dosimetry.34,39,40 A recent
study of breast doses in 30 women showed that for constant
CT scanner techniques, the average glandular doses ranged

FIGURE 1. Mathematical phantom used by the ImPACT spread
sheet to compute organ doses in CT. The shaded region depicts a
16-cm long heart scan that ranges from z = 42 up to z = 58.
(Color figure available at www.thoracicimaging.com)

TABLE 2. Typical Pitch and DLP Values in Coronary Cardiac CT
Angiography

Type of Scan Pitch

Typical DLP

(mGy cm)

Retrospective gating B0.2 1200
Step and shoot B1.0 300
Dual source B3.5 75-150

TABLE 3. Representative Organ Doses in Cardiac and Chest CT
Scans [Organ Dose (mGy) per Unit CTDIvol (mGy)] Performed at
120 kV

Organ

Organ

Sensitivity

16-cm

Heart Scan

35-cm

Chest Scan

Breast High B1.1 1.2
Lung High 1.1 1.6
Red bone marrow High 0.2 0.5
Liver Moderate 0.3 0.9
Esophagus Moderate 0.9 1.8
Thyroid Moderate <0.1 0.3
Heart Low 1.4 1.6

Huda et al J Thorac Imaging � Volume 25, Number 3, August 2010

206 | www.thoracicimaging.com r 2010 Lippincott Williams & Wilkins



from approximately 30mGy in the smallest patients to
about half this value for the largest patients.41 Figure 2
shows how the radiation doses vary with patient weight
(kg) for adults undergoing chest CT examinations at 120 kV
and when the amount of radiation used (CTDIvol and DLP)
is kept constant. Data shown in Figure 2 were generated by
modeling patients as uniform cylinders of water and
calculating the change in water phantom dose as a function
of water phantom diameter for a constant CT x-ray tube
output at 120 kV.42,43 The data shown in Figure 2 illustrate
quantitatively how reducing patient size will increase organ
doses and vice versa.

Table 4 shows published values of E/DLP for chest CT
scans performed at 120 kV as a function of patient age (ie,
size).12,34 Data in Table 4 take into account the most recent
tissue-weighting factors provided by the International
Commission on Radiological Protection (ICRP) in Pub-
lication 103, in which the relative radiosensitivity of the
breast was increased from 0.05 to 0.12.13 These data show
the importance of taking into account patient character-
istics, as the E/DLP conversion factors increase by nearly a
factor of 5 when a newborn is scanned relative to a 70-kg
adult. Plotting the E/DLP conversion factor as a function
of patient weight yields the graph depicted in Figure 3,
which permits interpolation (or extrapolation) of E/DLP
conversion factors for chest CT examinations that are
applicable to any patient size (kg).

Factors That Affect Dose Conversion Factors
The selection of a set of technical parameters (kV,

mAs, pitch, scan length, etc) defines the amount of
radiation that is directed at the patient and is independent
of any dosimetry phantom size. Data in Table 4 allow
computation of an effective dose in chest CT from DLP
data, irrespective of whether a small or large phantom was
used to quantify the CT output. As expected, patient dose is
independent of the arbitrary choice of phantom size that
is selected to quantify CT radiation output.17,21 This is
because the use of a smaller phantom size simply doubles
the CTDI dose and halves the corresponding E/DLP
conversion factor. Practitioners simply need to ensure that
the conversion factor used is the same as the phantom size

used to quantify the CT output. Contrary to common belief
by many in the imaging community, it is irrelevant which
sized phantom is used to quantify the CT scanner output,
and the radiation used to perform scans in adult or in
pediatric patients can be quantified using CTDI measured
in either small or large phantoms.

Figure 4 shows how the E/DLP conversion factor
(4-cm wide beam/120 kV) varies with the anatomic position
(z) and the anthropomorphic phantom (Fig. 1) in which
effective doses are measured.12 The maximum E/DLP
value (37 mSv/mGy cm) is located in the region of the
breast (zB56 cm), which is a particularly sensitive region.
The E/DLP conversion factor at the top of the lung
(zB68 cm), however, is only approximately 7mSv/mGy cm,
which is more than a factor of 5 lower than the E/DLP in
the vicinity of the breast. These data clearly show that a
single conversion factor cannot be used for all examinations
in the chest region. The most appropriate E/DLP conver-
sion factor for a 70-kg adult undergoing a cardiac CT
examination (zB42 to 58 cm) at 120 kV is 26mSv/mGy cm,
which is much greater than the value (21 mSv/mGy cm)
listed in Table 4 for chest CT examinations. Reports of
reduced ‘‘effective doses’’ could arise as a result of the use of
different E/DLP conversion factors because of different
scan lengths or different tissue-weighting factors used to
obtain patient effective doses. Accordingly, any valid
intercomparison between different scanners or protocols
should be based on CTDIvol and DLP data and not on the
computed effective doses.44

FIGURE 2. Changes in dose to organs in the chest as a function
of patient weight at a constant incident radiation intensity
(CTDIvol and DLP). Doses have been normalized to unity for a 70-
kg adult.

FIGURE 3. E/DLP conversion factors for chest CT examinations as
a function of patient weight, obtained using ICRP 103 weighting
factors. Closed circles are for DLP in 32-cm diameter acrylic
phantoms, and open circles are for DLP in 16-cm diameter acrylic
phantoms.

TABLE 4. Representative E/DLP (mSv/mGy cm) Conversion
Factors for Use in Chest CT Imaging

Patient Characteristics Phantom in Which DLP Is Measured

Age (y) Weight (kg) 32-cm Diameter 16-cm Diameter

Newborn 3.5 95 47
1 10 63 32
5 19 44 22
10 33 32 16
Adult 70 21 10
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A recent study showed that E/DLP conversion factors
were independent of x-ray tube voltage (kV) for head
CT examinations but were significantly influenced by the
choice of kV for body examinations.12 On average, increas-
ing the x-ray tube voltage from 80 to 140 kV increased body
E/DLP factors by approximately 4% per 10 kV increase
in x-ray tube voltage. The likely reason why higher kV
results in increased E/DLP factors is the increase in the
x-ray beam penetration, which would increase the relative
dose to radiosensitive organs within the body. Increasing
the x-ray tube voltage from 80 to 140 kV increases the
E/DLP for body scans by approximately 25%, and
neglecting this factor could result in sizeable errors in
estimating patient effective doses.

PATIENT DOSES AT CARDIAC CT

Organ Doses
The absorbed dose in any organ may be obtained by

dividing the total energy absorbed (joules) by the organ
mass (kg).10 Absorbed doses are expressed in gray (Gy) or
mGy, where 1Gy is 1000mGy. Organ doses are primarily
used to quantify the radiation risk associated with the depo-
sition of ionizing radiation within the organ or tissue. One
type of radiation risk is known as deterministic and includes
factors such as skin burns and epilation.13 Deterministic
effects, however, have a threshold dose that is of the order
of 2000mGy (2Gy), below which such effects do not
occur.45 The most important radiation risks in diagnostic
radiology are the stochastic processes of carcinogenesis and
the induction of genetic effects.13,14,46 It is generally
accepted that the radiation risk of carcinogenesis is directly
proportional to the absorbed dose and that there is no
threshold dose. Genetic risks require the exposure of the
gonads and are generally negligible in cardiac imaging.

Table 3 shows typical organ doses in mGy per mGy
CTDIvol in a cardiac CT scan and for a whole chest CT
scan. The data in Table 3 are only applicable for a normal-
sized (ie, 70-kg) adult patient when imaged with a CT
scanner operated at 120 kV. Note that for all organs that
are completely irradiated in the chest CT scan (eg, lung,
breast, esophagus, and heart), the respective organ doses
are markedly higher than the corresponding CTDIvol value.

The absorbed dose to the heart in a chest CT, for example,
is 60% higher than CTDIvol. Organs close to the directly
irradiated region, but that primarily receive scattered
radiation, have lower doses.47 The liver dose in a cardiac
CT scan, and the thyroid dose in a chest CT scan, both have
doses that are only one-third of CTDIvol. Organs located
further from the directly irradiated region, such as the
thyroid on a cardiac CT examination, generally receive very
low radiation. In addition, the dose to the embryo or fetus
in any cardiac CT examination performed on an expectant
mother will be very low and is therefore deemed to be
negligible.48,49

Organ doses depend on CT technique factors including
x-ray tube voltage, x-ray tube current/rotation time, and
CT pitch.23,50 Organ doses are generally increased by
increasing kV and mAs and by reducing the pitch. X-ray
tube voltage (kV) is the most important technique factor
that affects patient dose.51 Reducing the x-ray tube voltage
when all other factors are kept constant would likely result
in the largest reduction in patient dose.

Effective Doses
Patients undergoing most diagnostic radiologic exam-

inations have more than one organ that is exposed to
radiation. The effective dose is computed by taking into
account the dose to each organ and that organ’s relative
radiosensitivity. Effective doses are measured in sievert (Sv)
or millisievert (mSv), with 1 Sv being equal to 1000mSv. If
a patient has an effective dose of 10mSv for a cardiac CT
examination, the patient radiation risk is comparable with
the risk of a uniform whole body dose of 10mGy.13 One
important reason for the popularity of the effective dose
in the medical imaging community is that this parameter
accounts for all exposed organs in the patient and is directly
related to the patient stochastic risk (ie, carcinogenesis and
genetic effects).52,53 In addition, use of the effective dose
permits a direct comparison of the radiation received in
one radiologic examination with that received by a similar
patient undergoing any other radiologic examination. Effec-
tive doses to a 70-kg adult undergoing coronary CT
angiography would be approximately 31mSv for a retro-
spectively gated study, approximately 8mSv for a ‘‘step/
shoot’’ protocol, and approximately 2 to 4mSv for a dual-
source scanner based on techniques listed in Table 2 combined
with an E/DLP of 26mSv/mGy cm. For comparison purposes,
typical effective doses for CT examinations include 2mSv for
head, 3mSv for neck, 7mSv for chest, 8mSv for abdomen,
and 6mSv for pelvic imaging.31 Adult effective doses for body
examinations are higher than for head examinations because
the most radiosensitive organs are located in the body.13

Effective doses associated with cardiac CT may also be
compared with natural background exposure. Each year,
the average US inhabitant receives approximately 1mSv
from terrestrial radioactivity, cosmic radiation, and pri-
mordial radionuclides such as potassium-40.1 In addition,
the average effective dose from domestic radon exposure in
the United States is approximately 2mSv per year. Effective
doses may also be compared with current US regulatory
dose limits for radiation workers (50mSv/y) and for mem-
bers of the public (1mSv/y).23,50 Effective doses for the
most highly exposed radiation workers (ie, interventional
neuroradiologists) were estimated to be 0.007mSv per
procedure, or 5mSv for 700 procedures.54 These compar-
isons help place medical radiation exposures into an
appropriate context and help nontechnical personnel

FIGURE 4. Values of E/DLP for 4-cm scan lengths in the chest
region as a function of the long patient axis location (z) shown in
Figure 1, obtained using ICRP 103 weighting factors.
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understand how much radiation a cardiac CT patient
actually receives.

It is important to note that effective doses are not a
risk quantity per se.13 Although any effective dose can be
converted into a radiation risk estimate, this must be
performed with great care. To estimate the risk asso-
ciated with any effective dose, proper account is taken of
those organs/tissues that have been exposed and the
demographics (ie, age and sex) of the exposed popula-
tion.13,14,46 For example, an effective dose of 100mSv for a
newborn male, when delivered as a uniform whole body
dose, is associated with a risk of cancer of approximately
2.6%, whereas the same effective dose for a newborn female
would be nearly twice as high. In contrast, an effective dose
of 100mSv for a 60-year-old patient from uniform whole-
body exposure would have an average radiation risk of only
approximately 0.5%.14

RADIATION RISKS

Risk Estimates
The principal radiation concern for patients under-

going cardiac CT imaging is the induction of cancer.
Important scientific bodies that summarize our knowledge
of the carcinogenic risks of ionizing radiation include (a)
the ICRP; (b) the United Nations Scientific Committee on
the Effects of Atomic Radiation (UNSCEAR); and (c) the
US National Academy of Sciences Committee on the
Biological Effects of Ionizing Radiation (BEIR). All three
scientific bodies agree that the most sensitive organs and
tissues are the breasts, lungs, stomach, red bone marrow, and
the colon. Moderately sensitive organs include the thyroid,
liver, bladder, and esophagus. For radiation protection
purposes, ICRP/UNSCEAR/BEIR all agree that it is
prudent to assume that there is no threshold radiation dose
below which the carcinogenic radiation risk should be taken
to be nonexistent.

Radiosensitive organs and tissues that receive the
highest radiation doses in cardiac CT are the lungs and the
breast.55 Age and sex are very important factors when
estimating the radiation risks of any exposure to ionizing
radiation. Figure 5 shows how the risk of radiation-induced
breast cancer, and corresponding cancer mortality, varies

with age in females and indicates that the breast radiation
risk varies by a factor of over 100 between a newborn and
an elderly individual. Figure 6 shows how the risk of
radiation-induced lung cancer varies with age and sex. For
a constant radiation dose, the risk in females is more than
twice the risk in males.

A uniform whole body dose of 1Gy is equivalent to an
effective dose of 1 Sv, and Table 5 shows how the incidence
and mortality of radiation-induced cancer vary with sex
and age. These radiation risk factors apply only to uniform
whole-body irradiation, and use of such conversion factors
for an effective dose for any radiologic examination is
incorrect. A cardiac CT examination delivers high doses to
the lungs and breasts, but deposits little energy in the head
and pelvis. As a cardiac CT examination is not the same as
uniform whole-body irradiation, conversion of effective
doses into risks using data in Table 5 is problematic and
could result in serious errors. The most appropriate way to
estimate radiation risks in cardiac CT is to obtain organ
doses that may be converted into corresponding organ
radiation risks.13

Cardiac CT Risks
Estimating the risk to patients undergoing diagnostic

imaging examinations requires that the amount of radiation
used to perform the examination is taken directly from the
CT scanner for each patient. For a cardiac CT examination,
these factors are CTDIvol and DLP. Patient-specific CTDI,
together with imaging characteristics including x-ray tube

FIGURE 5. Radiation-induced breast cancer incidence and
mortality per 100,000 women, each exposed to an average
glandular breast dose of 100 mGy.

FIGURE 6. Radiation-induced lung cancer incidence for males
and females per 100,000 individuals, each exposed to an average
lung dose of 100 mGy.

TABLE 5. Nominal Radiation Risk Coefficients for Radiation-
induced Cancer (% per Sv of Uniform Whole-Body Irradiation)
and the Corresponding Fatality Fraction (Fatal Cancers/Induced
Cancers)

Patient

Age (y)

Male Cancer

Incidence, %/Sv

(Fatality Fraction)

Female Cancer

Incidence, %/Sv

(Fatality Fraction)

20 9.8 (0.52) 16.5 (0.46)
40 6.5 (0.58) 8.9 (0.57)
60 4.9 (0.65) 5.9 (0.70)
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voltage and CT pitch, permit the estimation of organ doses
in a standard-sized patient. Organ doses in a standard-sized
patient need to be corrected for the size of the patient
population being scanned, using adjustment factors of the
type depicted in Figures 2 and 3. Patient size-corrected
organ factors can then be converted into the risk of cancer
incidence (and mortality), provided that patient age and sex
are explicitly taken into account.

At the Medical University of South Carolina, a
preliminary risk analysis has been carried out for patients
undergoing cardiac CT angiography. A majority of the 104
consecutive patients who were studied were males (62%),
with a median age of 59 years and a median weight of 92 kg.
All scans were performed at 120 kV with median DLP of
1100mGy cm, which may be taken to correspond to an
effective dose of approximately 29mSv. In normal-sized
patients, the organs receiving the highest radiation doses
were the lung (76mGy) and the female breasts (92mGy).
The average patient lifetime risk for radiation-induced
cancer was estimated to be 0.12%, of which 90% would be
fatal. Approximately 85% of the estimated radiation risk
arose from lung irradiation. Patients with an age and
weight at the 10th percentile, and who also received a DLP
at the 90th percentile, would have a cancer risk estimate
that was approximately double the average value.55

It is important to note that there is a controversy
regarding radiation risks associated with diagnostic medical
imaging procedures.56 Major leading scientific bodies
and many research groups recommend the use of a linear
no-threshold model for radiation-induced cancer, with
a no-threshold dose below which the radiation risk would
be zero.57,58 Most of the reliable epidemiologic evidence of
radiation risks has been generated in effective doses of
greater than approximately 100mSv. Some critics believe
that current radiation risks are being overestimated and
result in unnecessary concern.59 Other critics include those
who consider exposure to low levels of radiation to be
beneficial (hormesis)60,61 and those who consider the
current estimated radiation risks at low doses to be too
low.62 To put these controversies into perspective, it is
noteworthy that there is no credible direct evidence of
radiation-induced cancer from CT scanning over the past
30 years. The absence of a scientific consensus regarding
radiation risks in cardiac CT strongly suggests that these
radiation risks, if any, are most likely ‘‘low.’’26,63

In the United States today, approximately 38,000
people die in automobile accidents each year, which corres-
ponds to a risk of approximately 0.13 per 1000 inhabi-
tants.64 A diagnostic radiologic examination could carry a
similar numerical risk, but two such risks cannot be directly
equated. If a typical 50-year-old individual is killed in an
automobile accident, he/she would lose about 30 years of
normal life expectancy. The harm to any patient having a
radiologic examination with a risk of 0.13 per 1000 patients
would need to explicitly take into account both the life
expectancy of the patient and the latent period for
radiation-induced cancers.65 Life expectancy of cardiac
CT patients is likely to be lower than the life expectancy for
the general population, and radiation-induced cancers have
latent periods that are measured in decades. The harm
(detriment) from the radiologic risk of 0.13 per 1000 will
thus likely be much less than the harm from a risk of 0.13
per 1000 of dying in any automobile accident. Accordingly,
‘‘patient detriment’’ is the quantity that would need to be
determined, rather than a numerical value of ‘‘patient risk’’

per se. Patient detriment is likely to become an increasingly
active and important research field in medical imaging.

Protecting Patients From Harm
To minimize any patient risks, radiation protection

philosophy invokes the principle of ‘‘justification.’’13,29

Knowledge of patient risks permits clinicians to balance
such risks against the corresponding benefits.66 A ‘‘justi-
fied’’ (indicated) examination is one in which patient benefit
is judged to be greater than patient harm. Identifying indi-
cated examinations requires a professional judgment to be
made by physicians who clearly understand the radiation
dosimetry and diagnostic performance issues in cardiac CT
imaging.67,68

A second and equally important radiation protection
principle is the one known as ‘‘optimization.’’ Under-
standing radiation risks in cardiac CT requires practitioners
to minimize patient doses/risks without compromising
important diagnostic information. An ‘‘optimized’’ CT
protocol is one that uses no more radiation than is required
to extract the required diagnostic information. In practice,
this requires those responsible for performing the cardiac
CT examination to keep patient exposures as low as reason-
ably achievable.69,70 Application of ‘‘as low as reasonably
achievable’’ requires input from individuals knowledgeable
about how the CT techniques affect patient dose and image
quality and can thereby help maximize diagnostic perfor-
mance relative to radiation dose.29

CONCLUSIONS
Currently, CTDIvol and DLP are the two parameters

used by CT scanner technology to provide an assessment of
a patient’s radiation exposure. By using appropriate
conversion factors, these quantities can be translated into
effective doses and organ doses, provided the technical
factors (kV, scan length, and region) and patient character-
istics (patient weight) are taken into account. Once effective
and organ doses are known, a patient’s overall risk of
experiencing a carcinogenic event from that given study can
be estimated. Recent estimates in cardiac CT from our
practice are approximately 0.12% for radiation-induced
cancer incidence. To minimize such risk, it is imperative
that clinicians ensure that only indicated examinations are
performed, using the lowest doses that are reasonably
achievable.
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