CONCISE REVIEW FOR CLINICIANS

Radiation Risk From Medical Imaging

EuGeNE C. LIN, MD

On completion of this article, you should be able to (1) recognize the doses of common medical imaging studies, (2) recog-
nize which patients may be at increased risk from radiation, and (3) be familiar with the evidentiary base for determining

excess cancer risks from low-dose radiation.

This review provides a practical overview of the excess cancer
risks related to radiation from medical imaging. Primary care
physicians should have a basic understanding of these risks.
Because of recent attention to this issue, patients are more
likely to express concerns over radiation risk. In addition, physi-
cians can play a role in reducing radiation risk to their patients
by considering these risks when making imaging referrals. This
review provides a brief overview of the evidence pertaining to
low-level radiation and excess cancer risks and addresses the
radiation doses and risks from common medical imaging studies.
Specific subsets of patients may be at greater risk from radiation
exposure, and radiation risk should be considered carefully in
these patients. Recent technical innovations have contributed to
lowering the radiation dose from computed tomography, and the
referring physician should be aware of these innovations in making
imaging referrals.

Mayo Clin Proc. 2010;85(12):1142-1146

ASIR = adaptive statistical iterative reconstruction; BMI = body mass
index; CT = computed tomography; MRI = magnetic resonance imaging

] Qadiation dose from medical imaging has come under

L\ recent scrutiny in the medical and lay press. This is the
result of recent articles on the increased cancer risks associ-
ated with computed tomography (CT),' as well as recent
cases of excess radiation exposure from CT brain perfusion
scans.* Berrington de Gonzalez et al® estimated that 29,000
future cancers (approximately 2% of the cancers diagnosed
annually in the United States) could be related to CT per-
formed in the United States in 2007. This is comparable
to recent estimates of 1.5% to 2.0% by Brenner and Hall.!
This review provides a practical overview of the excess
cancer risks related to radiation from medical imaging and
suggests how clinicians can play a part in reducing these
risks for their patients.

p

RabiaTioN Dose

Absorbed dose, measured in grays (Gy), quantifies the
energy deposited per unit mass. The energy deposition of
1 J/kg of tissue is the equivalent of 1 Gy. Because not all
types of radiation produce the same biological effect, the
dose equivalent is often used instead of the absorbed dose.
The dose equivalent is the product of the absorbed dose
and a radiation weighting factor and is expressed in sieverts
(Sv). Because the radiation weighting factor for x-rays and
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gamma rays is 1.0, 1 Gy is equivalent to 1 Sv in medical
imaging.’ Radiation doses in medical imaging are typically
expressed as millisieverts (mSv). For reference, the average
yearly background radiation dose (primarily from radon
gas in the home) is around 3 mSv.°

Excess Cancer Risk From RapiaTioN: THE EvIDENCE

The relevant biological effect of x-rays and gamma rays
is secondary to ionization. Ionization of water molecules
can create hydroxyl radicals that may interact with DNA
to cause strand breaks or base damage; DNA can also be
ionized directly. Although most radiation-induced damage
is rapidly repaired, misrepair can lead to point mutations,
chromosome translocations, and gene fusions that are
linked to cancer induction.! This effect is typically thought
to be stochastic, ie, it can occur at any level of radiation ex-
posure, with the likelihood increasing as the dose increases.
The typical lag period between radiation exposure and can-
cer diagnosis is at least 5 years,* and in most cases, the lag
period may be 1 or 2 decades or longer.’

Most of the evidence on radiation-induced cancer risk
comes from 4 groups: Japanese atomic bomb survivors,
medically exposed populations, occupationally exposed
groups, and environmentally exposed groups.® Of these
groups, the Japanese atomic bomb survivors provide by far
the most robust data.’ These data provide clear evidence of
radiation-induced cancer risk at doses above 100 mSv,'° but
this is of little relevance to medical imaging, except in cases
of multiple high-dose examinations (CT, nuclear cardiol-
ogy, and complex interventional radiology and cardiology
procedures using fluoroscopy) in a short time period.

Radiation-induced risk is more controversial at doses
between 10 and 100 mSyv, the dose range relevant to medi-
cal imaging and in particular CT. A single CT of the abdo-
men may have a dose of around 10 mSv, and patients who
undergo multiple CTs or a single multiphasic CT fall into
this dose range. Nuclear cardiology examinations also typi-
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cally fall in this dose range. Some investigators suggest that
direct epidemiological data from atomic bomb survivors
and nuclear industry workers indicate increased cancer
risk in this dose range,”'"'> whereas others contend that no
data support an increased cancer risk below 100 mSv and
that neutron irradiation and other confounding factors may
explain the putative carcinogenic effect at low doses seen
in atomic bomb survivors.'>!

Below 10 mSv, which is a dose range relevant to radiog-
raphy and some nuclear medicine and CT studies, no direct
epidemiological data support increased cancer risk. How-
ever, this does not mean that this risk is not present, as even
large epidemiological studies would not have the statistical
power to detect increased risk, if present, at a low radiation
dose.’

Given the paucity of direct epidemiological data, the
cancer risks from low-dose radiation have been assessed
using models based on the linear, no-threshold theory. This
theory holds that excess cancer risks related to low-dose
radiation are directly proportional to the dose. This model
is used to extrapolate excess cancer risk at low doses from
the known risk at higher doses. However, some question
the validity of the linear no-threshold theory'* and think
that below a certain threshold carcinogenesis ceases to be a
concern.

Despite some controversy over the excess cancer risk
of low-dose radiation, the linear no-threshold theory is
widely used because an alternative method for assessing
the potential risks of low-dose radiation is lacking. In ad-
dition, it is this author’s opinion that the epidemiological
data directly suggest increased cancer risk in the 10 mSv
to 100 mSv range, which is relevant to nuclear cardiac and
many CT studies. A widely used figure is a 5% excess risk
of death from cancer with a 1 Sv (1000 mSv) dose.'>!¢ This
is extrapolated linearly for lower doses. Comparison of this
number with the doses from the Table shows that the ab-
solute risk of excess cancer mortality from any individual
medical imaging examination is very low, particularly rela-
tive to the natural incidence of cancer mortality of approxi-
mately 25%.°

RapiaTioN Dose From ImAGING EXAMINATIONS

A useful way to understand radiation doses from diagnostic
examinations is to compare them to average natural back-
ground radiation (3 mSv per year) (Table).>6!”

Radiation doses are sometimes expressed as entrance
skin doses. Entrance skin doses are used in conventional
radiography: a dose estimate at 1 point in the beam allows
estimates of organ doses and effective dose. To assess
the health risks of low doses of ionizing radiation, the
International Commission on Radiation Protection uses
the concept of effective dose.” The effective dose is not
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TABLE. Comparsion of Radiation Doses From Medical Imaging
Tests and Background Radiation®

Time to accumulate
comparable natural
background dose

Radiation

Examination dose (mSv)®

Computed tomography

Sinuses 0.6 2 mo

Head 2.0 8 mo

Chest 7.0 2y

Chest (pulmonary

embolism) 10.0 3y
Abdomen and pelvis 10.0 3y
Multiphase abdomen
and pelvis 31.0 10y

Radiography

Extremity 0.001 <ld

Chest 0.1 10d

Lumbar spine 0.7 3 mo

Abdomen 1.2 5 mo
Other

Mammography 0.7 3 mo

Bone densitometry (DEXA) 0.001 <ld
Nuclear medicine

Lung ventilation/perfusion 2.0 8 mo

Bone scan 4.2 1y, 4 mo

Cardiac perfusion (sestamibi) 12.5 4y
Fluoroscopy

Barium swallow 1.5 6 mo

Coronary angiography 5-15 20motoSy

% DEXA = dual-energy x-ray absorptiometry.

®These doses are effective doses, which are theoretical quantities pro-
posed by the International Commission on Radiation Protection to as-
sess the health risks of low doses of ionizing radiation.’

measured but is a theoretical calculated dose based on
the organs exposed by the applied radiation multiplied
by tissue-weighting factors. Because the tissue-weighting
factors can change with new data and continuing analysis
of existing data, the effective dose estimates can change
over time. It should be noted that dose estimates are
generally given for an adult of typical size and may vary
substantially depending on patient size and imaging tech-
nique. Effective dose estimates are best used to assess
the general level of radiation risk and not to determine
the exact radiation dose from an imaging study. Effective
dose estimates for individual patients are subject to a sub-
stantial level of uncertainty.

Several interesting observations can be made on the
basis of the data provided in the Table. Computed tomogra-
phy and some nuclear medicine studies are associated with
far higher radiation doses than radiography. In particular,
the radiation doses of some CT and nuclear medicine
studies fall in the range shown by direct epidemiological
evidence to be associated with increased cancer risk. It
should also be noted that recent evidence suggests that
radiation doses from CT may be highly variable between
institutions.”> Radiography doses fall in the range for which
no epidemiological evidence exists of increased cancer risk
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(but a very small increased cancer risk may be present if the
linear no-threshold hypothesis is correct). Radiography of
the spine and abdomen has substantially higher radiation
doses than radiography of the chest and extremities.

Another useful way to express radiation risk is to com-
pare it to common activities of daily life. For example,
radiation doses from 0.1 to 1.0 mSv carry an additional risk
of death from cancer comparable to the risk of death associ-
ated with a flight of 4500 miles, whereas doses in the range
of 1 to 10 mSv have a higher risk, comparable to driving
2000 miles.

Rebucing PATIENT RapiATION Dose

Radiation dose from an imaging study can be reduced by 3
methods. First, one can decide not to perform the study at
all. Such a decision should be based on proper understand-
ing of the indications of the study, review of any previous
imaging that might have already reasonably answered a
clinical question, and an assessment of any special patient
considerations that increase or decrease risk. Second, an
alternative study that does not use ionizing radiation can
be selected. Third, less radiation can be used to create the
images.

It is imperative that all imaging tests, particularly those
with potential patient harm, be performed only when
indicated. Although the absolute radiation risk of any in-
dividual medical imaging study is small, these risks could
be clinically relevant when compared with benefits that
are very low or not established. For example, the benefit
of whole-body CT screening in asymptomatic individuals
has not been defined. The radiation risk of these studies
(and possible follow-up studies generated by the initial
screening) may be clinically relevant if compared with the
uncertain benefit, particularly if taking into account the
additional risks of false-positive results and overdiagnosis.
The use of published appropriateness criteria for various
patient conditions (perhaps as clinical decision support
integrated into electronic order systems) can be helpful in
this risk-benefit evaluation.'® In a recent study, 26% of out-
patient CT and magnetic resonance imaging (MRI) studies
at a single academic medical center were not considered
appropriate on the basis of evidence-based appropriate-
ness criteria.!”” Of these studies, 24% had positive results,
compared with 58% of studies considered appropriate. A
radiologist should be consulted if uncertainty exists as to
the most suitable imaging study.

Review of imaging history is essential when an imaging
study for any patient is considered because it can some-
times obviate the need for additional imaging or allow for a
more focused, lower-dose current examination. Review of
imaging history should also reveal high cumulative radia-
tion exposures, which may alter future imaging decisions.
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In a recent study,” many patients with chronic and recur-
rent conditions such as renal colic had total effective doses
of greater than 50 mSv from imaging in a 3-year period.

Even more hesitation is merited in the use of moderately
high doses of radiation in pregnant or younger patients, in
women undergoing chest CT, in patients who have a high
body mass index (BMI), or in those who are undergoing
multiphasic CT. Conversely, given the typical lag period
of 1 to 2 decades or more’ between radiation exposure and
cancer diagnosis, radiation dose may not be of concern in
some very ill or very elderly patients.

A full discussion of radiation exposure in pregnancy is
beyond the scope of this review, but the potential biologi-
cal effects of in utero radiation include childhood cancer,
prenatal death, intrauterine growth restriction, small head
size, mental retardation, and organ malformation.? Imag-
ing examinations of the maternal head, neck, chest, and
peripheral extremities can be performed with negligible
risks to the conceptus. Although the absolute risk to the
conceptus from imaging studies of the maternal abdomen
and pelvis is small, these studies should be avoided unless
no other option is available.

Younger patients are at a substantially higher risk from
radiation because they have more remaining years of life
during which a radiation-induced cancer might develop.
For example, Smith-Bindman et al’> estimate that, com-
pared with a patient aged 40 years, the risk of cancer from a
radiation imaging test is doubled for a patient aged 20 years
and 50% lower for a patient aged 60 years. This review will
not discuss pediatric patients, but very young children are
at additional risk because they are also inherently more
radiosensitive,' perhaps 3 to 4 times more sensitive than
adults.>

The projected risk for women undergoing studies that
expose the chest are higher than in men because of the ad-
ditional risk of breast cancer and high lung cancer risk coef-
ficients.? For example, Smith-Bindman et al® estimate that
1 in 270 women who undergo CT coronary angiography at
age 40 years will develop cancer from that scan, compared
with 1 in 600 men.

Patients with a high BMI will often receive a greater
radiation dose. As the thickness of the area being imaged
increases, greater x-ray penetration is needed to create
acceptable images, which increases radiation dose. The ef-
fective radiation dose from radiographic and fluoroscopic
examinations for patients with a high BMI can be much
higher.?>® For patients undergoing CT, a high BMI often
limits which radiation dose reduction techniques can be
used. If patients with a high BMI are scanned with the
same technique as patients with a lower BMI, the amount
of incident radiation will be suboptimal and the resultant
images will typically appear grainy or “noisy.” Even if
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the incident radiation is increased, image noise may still
compromise the scan quality in patients with a very high
BMI. Many techniques for reducing radiation dose in CT
result in greater image noise. In patients with a low or
average BMI, these techniques can often be used without
substantially affecting image quality, but this is often not
the case in patients with a high BMI whose studies are
already more noisy. Unfortunately, patients with a high
BMI are typically not good candidates for ultrasonography.
Magnetic resonance imaging (MRI) is a possibility, but
patients with a very high BMI might require open MRI that
often has lesser image quality. Note that a high BMI does
not substantially affect radiation dose for nuclear medicine
studies.?

In multiphasic CT, the same organ is scanned multiple
times in different phases of contrast enhancement. For ex-
ample, in a multiphasic liver CT, the liver might be scanned
up to 4 times. Compared with a standard CT, a multiphasic
liver CT might improve the detection and characterization
of liver lesions. However, in the study of Smith-Bindman
et al,? the radiation dose of multiphasic CT studies was al-
most 4-fold higher than single-phase CT studies. Magnetic
resonance imaging can often be substituted for multiphasic
studies, with comparable if not greater diagnostic accu-
racy.?>? The radiologist is a good resource for questions as
to when MRI might be substituted for CT.

Referring physicians can play a role in assuring that
radiation dose is minimized for all their patients by con-
sidering radiation dose reduction when choosing where
to refer their patients for imaging. Smith-Bindman et al®
found a mean 13-fold variation within and across institu-
tions between the highest and lowest dosages for specific
CT studies. It is difficult for referring physicians to deter-
mine which radiology facilities operate at the lower end
of the radiation dose spectrum. It is important to inquire
whether the facility is accredited for CT by the American
College of Radiology because accredited facilities are
required to undergo periodic assessments of radiation
dose?” and are more likely to have considered protocol
modifications to reduce dose. Another important factor to
consider is whether the facility uses the adaptive statisti-
cal iterative reconstruction (ASIR) technique® to enable
low-dose CT. This new image reconstruction technique
creates less noisy images, which allows radiation dose to
be substantially decreased for a wide range of CT stud-
ies. These dose-reduction techniques can substantially
reduce radiation risk. For example, a 40-year-old woman
undergoing CT coronary angiography is estimated to have
a 1 in 270 chance of developing cancer at a radiation dose
of approximately 20 mSv?; using ASIR (in conjunction
with other dose-reduction techniques), the same examina-
tion could be performed with a dose of less than 1 mSv.”
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Currently, only some facilities have invested in ASIR and
other dose-reduction technologies, but the incentive for
that investment increases when referring physicians factor
this into their referral patterns.

CONCLUSION

A basic knowledge of radiation risk is useful in counsel-
ing patients who express concern about this issue. In most
cases, the benefits of indicated medical imaging will out-
weigh the relatively small excess cancer risk, and patient
management should not be altered on the basis of radiation
risk. However, for certain subsets of patients, radiation risk
should be of greater concern to the clinician. In addition,
clinicians can play a role in minimizing radiation risk to
their patients by referring their patients to centers with a
commitment to minimizing radiation dose.
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CME Questions About Radiation Risk

1. Which ogne of the following is the average annual
background radiation dose?

0.001 mSv
0.7 mSv

3 mSv

. 10 mSv
50 mSv

opo o

2. Which one of the following is an average effective radi-
ation dose from single-phase computed tomography
(CT) of the abdomen and pelvis?

. 0.001 mSv
. 0.7 mSv

. 3 mSv

. 10 mSv

. 50 mSv

o 00 o

3. Which one of the following is the average effective ra-
diation dose from screening mammography (2 views)?

. 0.001 mSv
. 0.7 mSv

. 3 mSv

. 10 mSv

. 50 mSv

00 o

o

4. Which one of the following statements is false?

a. The linear no-threshold theory is typically used to
estimate radiation risks from low-dose radiation

b. Direct epidemiological evidence supports increased
cancer risk from exposure to radiation at doses be
low 10 mSv

c. A 5% risk of excess cancer death from a 1 Sv (1000
mSv) dose is a commonly used index of radiation
risk

d. Most direct epidemiological evidence on radiation
risk comes from Japanese atomic bomb survivors

e. A stochastic effect is possible at any level of expo-
sure, with the likelihood of the effect increasing as
the dose increases

5. Which one of the following patient groups would not
be at increased relative risk from radiation exposure?

Young patients

Female patients

Patients with high body mass index
. Elderly patients

Patients undergoing multiphasic CT

oao o
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