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ABSTRACT

BACKGROUND
The growing use of imaging procedures in the United States has raised concerns
about exposure to low-dose ionizing radiation in the general population.

METHODS

We identified 952,420 nonelderly adults (between 18 and 64 years of age) in five
health care markets across the United States between January 1, 2005, and Decem-
ber 31, 2007. Utilization data were used to estimate cumulative effective doses of
radiation from imaging procedures and to calculate population-based rates of expo-
sure, with annual effective doses defined as low (<3 mSv), moderate (>3 to 20 mSv),
high (>20 to 50 mSv), or very high (>50 mSv).

RESULTS

During the study period, 655,613 enrollees (68.8%) underwent at least one imaging
procedure associated with radiation exposure. The mean (+SD) cumulative effective
dose from imaging procedures was 2.4+6.0 mSv per enrollee per year; however, a
wide distribution was noted, with a median effective dose of 0.1 mSv per enrollee
per year (interquartile range, 0.0 to 1.7). Overall, moderate effective doses of radia-
tion were incurred in 193.8 enrollees per 1000 per year, whereas high and very high
doses were incurred in 18.6 and 1.9 enrollees per 1000 per year, respectively. In
general, cumulative effective doses of radiation from imaging procedures increased
with advancing age and were higher in women than in men. Computed tomograph-
ic and nuclear imaging accounted for 75.4% of the cumulative effective dose, with
81.8% of the total administered in outpatient settings.

CONCLUSIONS
Imaging procedures are an important source of exposure to ionizing radiation in
the United States and can result in high cumulative effective doses of radiation.
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XPERIMENTAL AND EPIDEMIOLOGIC EVI-

dence has linked exposure to low-dose,

ionizing radiation with the development of
solid cancers and leukemia.® As a result, persons
at risk for repeated radiation exposure, such as
workers in health care and the nuclear industry,
are typically monitored and restricted to effective
doses of 100 mSv every 5 years (i.e., 20 mSv per
year), with a maximum of 50 mSv allowed in any
given year.23 In contrast, radiation exposure in
patients who undergo medical imaging proce-
dures is not typically monitored, and patient data
on longitudinal radiation exposure from these
procedures are scant, even though in clinical prac-
tice these types of procedures are frequently per-
formed multiple times in the same patient.

We analyzed recent data on the use of imaging
from five health care markets across the United
States to estimate the total effective dose of radia-
tion from medical imaging procedures in a large
adult population that excluded elderly persons.
In addition to providing the basis for calculating
the cumulative effective dose for study groups
stratified according to age and sex, these data
presented an opportunity to expand on earlier
work by allowing us to calculate population-
based rates of moderate, high, and very high
effective doses of radiation from imaging proce-
dures and to describe the types and anatomical
regions of these procedures among nonelderly
adults — for whom the long-term risks of radia-
tion exposure are most relevant. Given the grow-
ing use of medical imaging procedures, our find-
ings have important implications for the health
of the general population.*5

METHODS

DATA SOURCES AND STUDY POPULATION
We conducted a retrospective cohort study with
the use of claims data from UnitedHealthcare, a
large health care organization that insures or ad-
ministers medical benefits for more than 26 mil-
lion people across the United States. We focused
on five health care markets: Arizona; Dallas; Or-
lando, Florida; South Florida; and Wisconsin. In
these markets, we identified all enrollees between
18 and 64 years of age who were alive and con-
tinuously enrolled in a plan administered by
UnitedHealthcare between January 1, 2005, and
December 31, 2007.

After all personal identifiers had been re-

moved from the claims data, they were provided
to us for use in an independent statistical analy-
sis. The study was initiated by the investigators,
with no external funding. The institutional review
board of the University of Michigan evaluated
the study protocol and determined the study to
be exempt from further review and waived the
requirement for informed consent.

DATA ELEMENTS
All claims from hospitals, outpatient facilities,
and physicians’ offices submitted during the study
period were examined for Current Procedural
Terminology (CPT) codes that identified imaging
procedures involving radiation exposure (under
the categories “Radiology Schedule — Diagnos-
tic Imaging and Nuclear Medicine,” codes 70010
through 76499 and 78000 through 79999, and
“Medicine Schedule — Cardiovascular and Non-
invasive Vascular Diagnostic Studies,” codes 92950
through 93799 and 93875 through 94005), regard-
less of whether the procedure was performed for
diagnostic or therapeutic indications, such as
fluoroscopy for interventional cardiovascular or
radiologic procedures.® However, all procedures
in which radiation was specifically delivered for
a therapeutic purpose (e.g., high-dose radiation
therapy for breast cancer) were excluded. For cases
in which the CPT code for a procedure changed
during the study period, all the procedure codes
were included.

From each claim, we obtained information on
the subject’s age, sex, and ZIP Code (based on
home address) and on the location where the
service was provided. We then categorized proce-
dures into mutually exclusive categories accord-
ing to the technique used — plain radiography,
computed tomography (CT), fluoroscopy (includ-
ing angiography), and nuclear imaging — and
the anatomical area of focus — chest (including
cardiac imaging), abdomen, pelvis, arm or leg,
head and neck (including brain imaging), multi-
ple areas (including whole-body scanning), and
unspecified. We considered the potential for over-
estimating the radiation dose from procedures
that could overlap when performed on the same
occasion. For example, a subject who underwent
coronary-stent placement in addition to catheter-
ization of the left heart would have two claims
— one for each procedure — even if both were
performed on the same occasion. To address
this issue, we limited subjects to one procedure
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per day that involved the same type of technique
(e.g., fluoroscopy) and the same anatomical area
(e.g., chest), selecting the highest dose.

We excluded claims with the nonspecific CPT
code 76499, for “unlisted radiographic procedure,”
since we could not link the code to a particular
type of imaging technique associated with ion-
izing radiation. For the rare instances in which
we identified nonspecific CPT codes related to
CT scanning (e.g., CPT 76497, “unlisted CT pro-
cedure”), fluoroscopy (e.g., CPT 76496, “unlisted
fluoroscopy procedure”), and nuclear imaging
(e.g., CPT 78499, “unlisted cardiovascular diag-
nostic nuclear medicine procedure”), we used the
lowest dose reported in each category; these non-
specific codes accounted for less than 1% of all
the claims.

ESTIMATES OF RADIATION DOSE
To approximate the radiation exposure for each
imaging procedure, we obtained estimates of typ-
ical effective doses (assessed in millisieverts) from
the published literature. The effective dose is a
measure designed to represent the overall detri-
mental biologic effect of a radiation exposure. It
is calculated by weighting the concentrations of
energy deposited in each organ from a radiation
exposure with the use of parameters that reflect
the type of radiation and the potential for radia-
tion-related mutagenic changes in each organ in
a reference subject.”® Thus, it allows for useful
population-level comparisons across different
types of radiation exposure.2® For common pro-
cedures, we relied primarily on data summarized
in a recent review.1° For instances in which this
source was insufficient, we obtained estimates
from other published sources or extrapolated from
doses reported for similar procedures.t1*”

STUDY OVERSIGHT
The authors were responsible for the study design
and wrote the manuscript. No external funding
was provided for this study, and there was no
requirement for obtaining approval of the manu-
script from UnitedHealthcare before its submis-
sion for publication.

STATISTICAL ANALYSIS
Procedural frequencies and cumulative effective
doses of radiation were calculated for the entire
study population over the 3-year study period. Sub-
jects were then categorized according to sex and

to age at the beginning of the study period (18 to
34, 35 to0 39, 40 to 44, 45 to 49, 50 to 54, 55 to 59,
and 60 to 64 years). We calculated population-
based rates of effective doses for the study popu-
lation overall and for each age-based and sex-based
group according to the following dose categories:
low (£3 mSv per year, the background level of
radiation from natural sources in the United
States),’® moderate (>3 to 20 mSv per year, the
upper annual limit for occupational exposure for
at-risk workers, averaged over 5 years),? high (>20
to 50 mSv per year, the upper annual limit for
occupational exposure for at-risk workers in any
given year),? and very high (>50 mSv per year).
Numerators for rates were the number of sub-
jects with cumulative effective doses within these
thresholds and denominators included the total
number of eligible persons enrolled in a plan ad-
ministered by UnitedHealthcare throughout the
study period. All statistical analyses were carried
out with the use of SAS software, version 9.1 (SAS
Institute), and Stata software, version 10.

RESULTS

STUDY POPULATION
We identified 952,420 subjects in our study popu-
lation. The mean (+SD) age was 35.6+23.0 years,
and 499,342 of the subjects (52.4%) were women.
The largest proportion of subjects was located in
the Dallas-area market (298,747, or 31.4%) and
the smallest proportion in the Orlando-area mar-
ket (133,561, or 14.0%). We identified a total of
3,442,111 imaging procedures associated with
radiation exposure that were performed in 655,613
subjects (68.8%) during the 3-year study period,
with a mean of 1.2+1.8 procedures per person per
year and a median of 0.7 procedures per person
per year (interquartile range, 0.0 to 1.7; 95th per-
centile, 4.3).

EFFECTIVE DOSES OF RADIATION
The mean effective dose was 2.4+6.0 mSv per per-
son per year, and the median effective dose was
0.1 mSv per person per year (interquartile range,
0.0 to 1.7; 95th percentile, 12.3). The proportion
of subjects undergoing these procedures and their
mean doses varied according to age, sex, and
health care market. For example, the proportion
of subjects undergoing at least one procedure
during the study period was higher in the older
age groups, rising from 49.5% of those who were
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18 to 34 years old to 85.9% of those who were 60 at least one procedure during the study period, as
to 64 years old. We also found that women under- compared with 57.9% of men. These findings are
went procedures significantly more often than summarized in Table 1.
men, with a total of 78.7% of women undergoing Table 2 lists the rates at which low, moderate,

Annual Effective Dose from Procedures™

Mean

2.416.0

2.316.1
2.6£5.9

1.0+3.5
1.6+4.5
2.0+5.1
2.6+6.0
3.3+6.9
4.1+7.9
5.2+9.1

0.9+3.2
1.3+3.9
1.8+4.7
2.3+6.0
3.1£7.0
4.2+8.4
5.5+£9.7

1.2+3.8
1.8+4.9
2.3+5.5
2.8+6.1
3.416.7
3.9+7.3
4.9+8.3

2.5+6.0
2.316.0
2.8+6.5
2.8+6.2
2.0+5.3

Table 1. Effective Doses of lonizing Radiation from Medical Imaging Procedures.
Subjects Undergoing One
Characteristic Total Subjects or More Procedures
no. no. (%)
All subjects 952,420 655,613 (68.8)
Sex
Male 453,078 262,552 (57.9)
Female 499,342 393,061 (78.7)
Age
18-34yr 233,586 115,696 (49.5)
35-39yr 118,365 77,746 (65.7)
40-44 yr 144,728 104,398 (72.1)
45-49 yr 146,703 109,827 (74.9)
50-54 yr 131,209 102,559 (78.2)
55-59 yr 115,520 91,870 (79.5)
60-64 yr 62,309 53,517 (85.9)
Sex and age
Male
18-34 yr 110,062 49,747 (45.2)
35-39yr 56,636 30,547 (53.9)
40-44 yr 69,178 39,265 (56.8)
45-49 yr 70,141 42,207 (60.2)
50-54 yr 61,426 39,808 (64.8)
55-59 yr 54,407 37,207 (68.4)
60-64 yr 31,228 23,771 (76.1)
Female
18-34 yr 123,524 65,949 (53.4)
35-39yr 61,729 47,199 (76.5)
40-44 yr 75,550 65,133 (86.2)
45-49 yr 76,562 67,620 (88.3)
50-54 yr 69,783 62,751 (89.9)
55-59 yr 61,113 54,663 (89.4)
60-64 yr 31,081 29,746 (95.7)
Health care market
Arizona 180,046 127,106 (70.6)
Dallas 298,747 204,953 (68.6)
Orlando, Florida 133,561 90,206 (67.5)
South Florida 170,466 124,261 (72.9)
Wisconsin 169,600 109,087 (64.3)

Median
millisieverts
0.1

0.0
0.3

0.0
0.1
0.2
0.3
0.4
0.5
0.9

0.0
0.0
0.0
0.0
0.0
0.1
0.7

0.0
0.2
0.4
0.4
0.5
0.7
1.0

0.2
0.1
0.2
0.3
0.1

Interquartile Range

0.0-1.7

0.0-1.2
0.0-2.2

0.0-0.4
0.0-0.8
0.0-1.2
0.0-2.3
0.0-4.7
0.0-5.3
0.1-6.4

0.0-0.1
0.0-0.5
0.0-0.7
0.0-1.5
0.0-4.7
0.0-5.2
0.0-7.1

0.0-0.5
0.0-1.0
0.1-1.7
0.1-2.8
0.2-4.9
0.3-5.4
0.3-6.1

0.0-1.9
0.0-1.3
0.0-2.8
0.0-3.4
0.0-0.9

* Plus—minus values are means +SD.
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high, and very high cumulative annual effective very high doses were incurred at an annual rate
doses were incurred in the study population. of 18.6 and 1.9 per 1000 enrollees, respectively.
Moderate doses were incurred at an annual rate Each of these rates rose with advancing age. For
of 193.8 per 1000 enrollees, whereas high and example, the annual rate at which high doses

Table 2. Rates of Exposure to Low, Moderate, High, and Very High Annual Effective Doses from Medical Imaging Procedures.

Characteristic

All subjects
Sex
Male
Female
Age
18-34 yr
35-39yr
40-44 yr
45-49 yr
50-54 yr
55-59yr
60-64 yr
Sex and age
Male
18-34 yr
35-39yr
40-44 yr
45-49 yr
50-54 yr
55-59yr
60-64 yr
Female
18-34 yr
35-39yr
40-44 yr
45-49 yr
50-54 yr
55-59 yr
60-64 yr
Health care market*
Arizona
Dallas
Orlando
South Florida

Wisconsin

Low Dose
(<3 mSv/yr)

785.7

796.0
776.4

895.9
845.5
809.3
770.4
719.0
668.4
598.2

912.2
860.1
826.2
786.3
728.0
664.7
587.0

881.4
832.1
793.8
755.8
711.1
671.7
609.4

853.7
860.7
836.8
814.9
884.1

Moderate Dose High Dose Very High Dose
(>3-20 mSv/yr) (>20-50 mSv/yr) (>50 mSv/yr)
no. per 1000 enrollees

193.8 18.6 1.9
182.8 19.4 1.8
203.8 17.9 19

98.7 4.9 0.5
145.2 8.5 0.8
177.5 12.0 1.2
209.2 18.4 2.0
252.2 26.2 2.7
289.7 38.4 3.5
343.4 52.7 5.7

834 3.9 0.4
133.1 6.3 0.6
161.9 11.1 0.8
194.1 17.8 1.8
242.0 27.3 2.7
287.2 44.1 4.0
346.0 60.6 6.4
112.4 5.7 0.6
156.3 10.6 1.0
191.8 12.8 1.6
223.0 19.0 2.1
261.1 25.1 2.7
292.0 33.2 3.1
340.9 44.8 4.9
1323 12.8 11
125.2 12.7 1.4
147.6 14.4 1.2
168.5 15.4 1.2
105.6 9.4 0.9

* Annual rates for health care markets were adjusted for age and sex by means of direct standardization, with the use of

the entire study population as the reference population.
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Figure 1. Overall Distribution of Annual Effective Doses of Radiation
in the Study Population, Stratified According to Sex.
Percentages may not total 100 because of rounding.
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were incurred increased from 4.9 per 1000 enroll-
ees among those 18 to 34 years of age to 52.7 per
1000 enrollees among those 60 to 64 years of
age. When stratified according to sex, rates for
moderate doses were higher among women up to
the age of 60 years. Similarly, women were more
likely than men to have higher rates of high and
very high doses up to the age of 50 years. The
overall distribution of effective doses of radia-
tion in the study population, stratified according
to sex, is shown in Figure 1.

RADIATION DOSE ACCORDING TO IMAGING
PROCEDURE

The 20 procedures with the largest contribution
to the annual cumulative effective dose from med-
ical imaging procedures in the study population
are listed in Table 3. Myocardial perfusion imag-
ing alone accounted for more than 22% of the
total effective dose, and CT of the abdomen, pelvis,
and chest accounted for nearly 38%. CT and nu-
clear imaging accounted for 21.0% of the total
number of procedures and 75.4% of the total ef-
fective dose. In contrast, procedures related to
plain radiography made up 71.4% of the total
number of procedures performed but only 10.6%
of the total effective dose. When examined ac-
cording to anatomical site, procedures of the
chest accounted for 45.3% of the total effective
dose. Finally, 81.8% of the total effective dose
was delivered in outpatient settings, most often

N ENGL ) MED 361;9

in physicians’ offices. Additional data regarding
the distribution of cumulative effective dose by
imaging type, procedure location, and anatomic
region can be found in the Supplementary Ap-
pendix, available with the full text of this article
at NEJM.org.

DISCUSSION

In this study, we estimated cumulative effective
doses of radiation from medical imaging proce-
dures in nearly 1 million nonelderly adults across
the United States. Approximately 70% of the study
population underwent at least one such proce-
dure during the 3-year study period, resulting in
mean effective doses that almost doubled what
would be expected from natural sources alone. Al-
though most subjects received less than 3 mSv
per year, effective doses of moderate, high, and
very high intensity were observed in a sizable
minority. Generalization of our findings to the
nonelderly adult population of the United States
suggests that these procedures lead to cumula-
tive effective doses that exceed 20 mSv per year in
approximately 4 million Americans.

Our finding that in some patients worrisome
radiation doses from imaging procedures can
accumulate over time underscores the need to
improve their use. Unlike the exposure of work-
ers in health care and the nuclear industry,
which can be regulated, the exposure of patients
cannot be restricted,>?! largely because of the
inherent difficulty in balancing the immediate
clinical need for these procedures, which is fre-
quently substantial, against the stochastic risks
of cancer that would not be evident for years, if at
all. Previous recommendations related to medical
exposures to radiation have therefore focused on
justifying the clinical need for a procedure and
optimizing its use to ensure that exposure is “as
low as reasonably achievable” without sacrific-
ing quality of care.?223

By necessity, such approaches rely on health
care providers to recognize and inform patients
about the risks of radiation, an area of potential
concern.?+2¢ In one study of U.S. health care pro-
viders using CT in patients with abdominal and
flank pain, less than 50% of radiologists and only
9% of emergency department physicians reported
even being aware that CT was associated with an
increased risk of cancer.?” An improved under-
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Table 3. Medical Imaging Procedures with Largest Contribution to Cumulative Effective Dose.*
Proportion of the Total
Average Effective Annual Effective Effective Dose from
Procedure Dose Dose per Person All Study Procedures
millisieverts %

Myocardial perfusion imaging 15.67 0.540 221

CT of the abdomen 8 0.446 18.3

CT of the pelvis 6 0.297 12.2

CT of the chest 7 0.184 7.5
Diagnostic cardiac catheterization 7 0.113 4.6
Radiography of the lumbar spine 1.5 0.080 33
Mammography 0.4 0.076 3.1

CT angiography of the chest (noncoronary) 15 0.075 3.1

Upper gastrointestinal series 6 0.058 2.4

CT of the head or brain 2 0.049 2.0
Percutaneous coronary intervention 15 0.043 1.8
Nuclear bone imaging 6.3 0.035 1.4
Radiograph of the abdomen 0.7 0.028 11

CT of the cervical spine 6 0.020 0.8

CT of the lumbar spine 6 0.018 0.7

Chest radiograph 0.023: 0.016 0.7
Thyroid uptake 1.9 0.016 0.7
Intravenous urography 3 0.014 0.6

CT of the neck 3 0.014 0.6
Cardiac resting ventriculography 7.8 0.014 0.6

%

* Average effective doses for these imaging procedures are based on data from Mettler et al.*®
- Calculation of the average radiation dose for myocardial perfusion imaging with the use of single-photon-emission CT

relied on dose coefficients from a detailed review of radiation dosimetry of specific cardiac radiopharmaceuticals,*” me-
dian injected radiopharmaceutical doses (millicuries) from the guidelines of the American Society of Nuclear
Cardiology,*® and distributions of the use of various protocols in the United States.>°

I This dose is the effective dose for a posteroanterior study of the chest.

standing of the risks of radiation is clearly need-
ed, and raising such awareness among providers
has been the focus of recent efforts.28:2° With
technological advances, it may also become fea-
sible to estimate patient-specific doses and to in-
clude them in the medical record in order to iden-
tify patients at risk for a high cumulative dose.
The National Council on Radiation Protection
and Measurements recently reported that in the
United States the per capita dose of radiation
from medical imaging has increased by a factor
of nearly six since the early 1980s.3%31 Several
aspects of our study complement these data.
First, we described rates of moderate, high, and
very high annual effective doses, not simply the

overall population average. This is important be-
cause many of these procedures are frequently
performed on multiple occasions in the same
person. Second, we focused on nonelderly adults,
in whom the growing use of imaging procedures
is a great concern and for whom the long-term
risks of radiation are most relevant.3? For similar
reasons, we included only enrollees who remained
alive throughout the study period. This strategy
served to exclude enrollees who may have under-
gone multiple procedures near the time of death,
when the use of health care services often rises33
— a consideration that is not germane to a dis-
cussion of the long-term risks of radiation from
medical procedures.
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Several of our findings deserve further men-
tion. We found high cumulative effective doses
more frequently in older adults and in women.
However, we should emphasize that although
younger people were less likely to receive high
cumulative effective doses, rates for high and very
high doses were not trivial in younger adults. In
fact, more than 30% of men and 40% of women
in this study population who received doses ex-
ceeding 20 mSv per year were under the age of
50 years. Understanding the age and sex distri-
bution of effective doses of radiation from imag-
ing procedures is critical because the related risks
accrue over a lifetime3? and cancer may be more
likely to develop in women than in men after
similar levels of exposure.>* Finally, we found
that the largest contributors to total effective
doses were CT and nuclear imaging and that
most radiation exposures occurred in outpatient
settings.

The results of this study should be interpreted
in the context of several limitations. First and
most important, we used claims data. Although
this allowed us to undertake a comprehensive
examination of the utilization of imaging proce-
dures, we could not evaluate their appropriate-
ness. An important reason for the growing use
of such procedures stems from their ability to
radically improve patient care. Although there is
concern that imaging procedures may be over-
used,?> this concern cannot be directly addressed
on the basis of our data. Use of claims data also
prevented us from including procedures that were
not covered (e.g., dental radiography), which sug-
gests an underestimation of rates.

Second, we did not use measures of radiation
dose that are specific to the subjects we studied
but instead relied on estimates of effective doses,
which are neither precisely measured nor sub-
ject-specific. The effective dose is a calculated
estimate designed to provide a sex-averaged dose
for a reference subject in a given exposure situa-
tion, not a dose for a specific subject.? This calcu-
lation relies on assumptions regarding the radia-
tion sensitivity of organs and tissues, imaging
technique and protocols, and, in the case of nu-
clear imaging, radiopharmaceutical activity, half-
life, distribution, and elimination kinetics.?® Al-
though these assumptions have raised controversy
concerning the use of effective dose,?° it remains

the only measure currently available that reflects
the overall potential biologic detriment across
various types of radiation exposure,3”3® which is
why we used it as our primary measure.

A specific limitation with regard to our use of
effective dose is that it was originally designed
for use in a population with a distribution of age
and sex similar to that of a reference population
of all ages and both sexes, given that risks of
stochastic effects of ionizing radiation are depen-
dent on age and sex.® Thus, our characterization
of the effective dose in subgroups of subjects
(e.g., women 18 to 34 years old) represents an
application of this quantity beyond its formal
definition.

Third, doses received from these procedures
are likely to vary across, and even within, institu-
tions3® — particularly in the case of CT imaging
and fluoroscopy, which can differ substantially
in terms of the equipment used, the protocols in
place, and the duration of exposure to radiation.
In addition, ongoing technological advances con-
tinue to lower the doses required to achieve the
same effect.*04t

Finally, this study population was restricted
to five health care markets and to persons with
insurance. Although we included nearly 1 million
nonelderly adults, the extent to which our find-
ings can be extrapolated to broader populations
or the uninsured is unknown.

In conclusion, our findings indicate that the
current pattern of use of medical imaging in the
United States among nonelderly patients is expos-
ing many to substantial doses of ionizing radia-
tion. Strategies for optimizing and ensuring ap-
propriate use of these procedures in the general
population should be developed.
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