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THE USE OF DIAGNOSTIC IMAGING

in the Medicare population has
increased significantly over the
last 2 decades, particularly

using expensive new technologies such
as computed tomography (CT), mag-
netic resonance imaging (MRI), and
nuclear medicine positron emission to-
mography (PET).1,2 The development
and improvement in these advanced di-
agnostic imaging technologies is widely
credited with leading to earlier and
more accurate diagnoses of disease
using noninvasive techniques. How-
ever, utilization and costs of advanced
diagnostic imaging in the United States

are high and rapidly growing,3,4 and
payments to physicians for diagnostic
imaging have had the highest rate of
growth among all physician services
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Context Use of diagnostic imaging has increased significantly within fee-for-service
models of care. Little is known about patterns of imaging among members of inte-
grated health care systems.

Objective To estimate trends in imaging utilization and associated radiation expo-
sure among members of integrated health care systems.

Design,Setting,andParticipants Retrospectiveanalysisofelectronicrecordsofmembers
of 6 large integrated health systems from different regions of the United States. Review of
medical records allowed direct estimation of radiation exposure from selected tests. Be-
tween1millionand2millionmember-patientswere includedeachyear from1996to2010.

Main Outcome Measure Advanced diagnostic imaging rates and cumulative an-
nual radiation exposure from medical imaging.

Results During the 15-year study period, enrollees underwent a total of 30.9 mil-
lion imaging examinations (25.8 million person-years), reflecting 1.18 tests (95% CI,
1.17-1.19) per person per year, of which 35% were for advanced diagnostic imaging
(computed tomography [CT], magnetic resonance imaging [MRI], nuclear medicine,
and ultrasound). Use of advanced diagnostic imaging increased from 1996 to 2010;
CT examinations increased from 52 per 1000 enrollees in 1996 to 149 per 1000 in
2010, 7.8% annual increase (95% CI, 5.8%-9.8%); MRI use increased from 17 to 65
per 1000 enrollees, 10% annual growth (95% CI, 3.3%-16.5%); and ultrasound rates
increased from 134 to 230 per 1000 enrollees, 3.9% annual growth (95% CI, 3.0%-
4.9%). Although nuclear medicine use decreased from 32 to 21 per 1000 enrollees,
3% annual decline (95% CI, 7.7% decline to 1.3% increase), PET imaging rates in-
creased after 2004 from 0.24 to 3.6 per 1000 enrollees, 57% annual growth. Al-
though imaging use increased within all health systems, the adoption of different mo-
dalities for anatomic area assessment varied. Increased use of CT between 1996 and
2010 resulted in increased radiation exposure for enrollees, with a doubling in the mean
per capita effective dose (1.2 mSv vs 2.3 mSv) and the proportion of enrollees who
received high (�20-50 mSv) exposure (1.2% vs 2.5%) and very high (�50 mSv) an-
nual radiation exposure (0.6% vs 1.4%). By 2010, 6.8% of enrollees who underwent
imaging received high annual radiation exposure (�20-50 mSv) and 3.9% received
very high annual exposure (�50 mSv).

Conclusion Within integrated health care systems, there was a large increase in the rate
ofadvanceddiagnostic imagingandassociatedradiationexposurebetween1996and2010.
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over the last decade.3,4 Computed to-
mography and nuclear medicine ex-
aminations deliver much higher doses
of ionizing radiation than conven-
tional radiographs, and extensive epi-
demiological evidence has linked ex-
posure to radiation levels in this range
with the development of radiation-
induced cancers.5,6 It is estimated that
2% of future cancers will result from
current imaging use, if imaging con-
tinues at current rates.7,8

Most studies that have evaluated pat-
terns of diagnostic imaging have
assessed insurance claims for fee-
for-service insured populations1,9-11

where financial incentives encourage
imaging.12,13 No large, multisite stud-
ies have assessed imaging trends in in-
tegrated health care delivery systems
that are clinically and fiscally account-
able for the outcomes and health sta-
tus of the population served.13,14 Un-
derstanding imaging utilization and
associated radiation exposure in these
settings could help us determine how
much of the increase in imaging may
be independent of direct financial
incentives.

We conducted a population-based
study of diagnostic imaging trends be-
tween 1996 and 2010 among mem-
bers of 6 geographically diverse inte-
grated health care delivery systems that
have both care delivery and insurance
relationships with their member-
patients. The availability of adminis-
trative and electronic medical record
data on all health care received—
including diagnostic imaging—
allowed us to assess patterns of imaging
over time as they varied by health sys-
tem and patient demographics.

METHODS
The study population includes mem-
bers enrolled in 1 of 6 health care sys-
tems, each of which participates in the
HMO Research Network,15 including
Group Health Cooperative in Wash-
ington State; Kaiser Permanente in
Colorado, Georgia, Hawaii, Oregon, and
Washington; and Marshfield Clinic and
Security Health Plan in Wisconsin. We
included all members enrolled in group-

and staff-model plans, and in addition
to commercial plans, the health sys-
tem members included enrollees with
prepaid Medicaid contracts, state-
subsidized prepaid plans, and Medi-
care Advantage plans. We excluded data
for health plan members who pur-
chased fee-for-service (network) plans
and patients treated at health plan fa-
cilities without being enrolled in the
health maintenance organization
(HMO) plans because of the high like-
lihood of incomplete capture of imaging
data for these patients. Enrollees were
included in the study for each year in
which they were continuously en-
rolled. A data resource utility called the
Virtual Data Warehouse that includes
comprehensive diagnostic imaging data
was used to capture standardized data
from the electronic medical and ad-
ministrative records.16

A waiver of informed consent was re-
ceived for each participating health care
system. The study was approved by the
institutional review board of every
health plan included as well as the Uni-
versity of California, San Francisco.

Imaging Utilization

All diagnostic imaging tests were in-
cluded regardless of where they were
ordered, performed, or interpreted.
Imaging procedures done in conjunc-
tion with radiation treatment for can-
cer were not included. Individual health
systems contributed data for at least 11
years and up to 15 years, depending on
participation in their local Virtual Data
Warehouse. Imaging procedures were
coded using standardized codes from
the International Classification of Dis-
eases, Ninth Revision, Clinical Modifi-
cation; Current Procedural Terminol-
ogy, Fourth Edition; and Healthcare
Common Procedure Coding System.17

There were 1467 unique imaging
codes across all years, and each was
mapped to an anatomic area (ie,
abdomen/pelvis [abdomen], brain
[central nervous system, abbreviated
as CNS], breast, cardiovascular, chest,
extremity, obstetric, spine, and other/
unknown). Imaging codes for extrem-
ity and spine that could not be

differentiated were combined as mus-
culoskeletal. Examinations were also
characterized by modality (ie, angiog-
raphy/fluoroscopy, CT, MRI, nuclear
medicine [PET, a subset of nuclear
medicine categorized separately be-
cause of its high cost], radiography, ul-
trasound, and other/unknown17). Mul-
tiple examinations with the same
procedure code performed on the same
patient on the same day were counted
only once to reduce the likelihood of
overcounting.

Radiation Dose

Of the 1467 imaging codes, 1068 were
associated with the delivery of ioniz-
ing radiation, including angiography/
fluoroscopy, CT, nuclear medicine, and
radiography. Ultrasound and MRI do
not use ionizing radiation and thus were
not included. Because CT and nuclear
medicine examinations contribute such
a large proportion of the radiation ex-
posure from imaging, we newly ab-
stracted additional patient-level data to
allow accurate estimation of dose. For
CT, we randomly selected patients
based on age and sex in each year from
across the participating sites who un-
derwent the most frequent CT exami-
nation types (n=4188 examinations)
and abstracted the primary determi-
nants of dose from each examination
(ie, body region imaged, scan length,
kilovolt peak [kVp], milliampere [mA]
or mA seconds [mAs], rotation time,
pitch, and CT manufacturer and
model). These technical parameters
were abstracted using automated com-
puter programs that extracted these data
from the Digital Imaging and Commu-
nications in Medicine (DICOM) tags
stored in the Picture Archiving and
Communications System (PACS). For
examinations prior to when each health
plan adopted PACS, these parameters
were manually abstracted from the
stored or printed CT images.

Using these parameters, we esti-
mated the effective dose for each CT ex-
amination. Effective dose is a metric that
takes into account both the amount of
radiation to which a person is ex-
posed and the biological effect of that
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radiation on the exposed organs. It is
defined as a dose equivalent to the dose
(and subsequent harm) that would have
been received had the full body been
irradiated by a single source. Thus, a
large dose to a single organ might have
a similar effective dose, and thus esti-
mated to have a similar future cancer
risk, as a smaller dose to the entire body.
In general, effective dose is estimated
as a weighted average of organ doses,
with weights corresponding to the sen-
sitivity of each organ to developing can-
cer after radiation exposure. We used
a new method for estimating organ-
specific dose based on improved sex-
and age-specific phantom anatomy
using mathematical hybrid phan-
toms.18,19 Organ-equivalent doses were
weighted to generate effective dose by
the tissue weighting factors provided in
the International Commission on Ra-
diological Protection publication 103.20

For nuclear medicine examina-
tions, effective dose varies by the ad-
ministered radiopharmaceutical and ac-
tivity. At a single facility, we collected
data on the type and injected volume
of radiopharmaceutical for a consecu-
tive sample of 5502 nuclear medicine
examinations. Using these data and
standard calculations for estimating ef-
fective dose for each examination with
methods described by the Medical In-
ternal Radiation Dose committee,21 we
estimated the dose for each examina-
tion type. For mammography, we ob-
tained unpublished patient-level data
from the American College of Radiol-
ogy Imaging Network Digital Mam-
mography Imaging Screening Trial to
estimate dose and variation in dose.22

For the remaining imaging study types
(ie, less common CT types, fluoros-
copy, angiography/fluoroscopy, and ra-
diography), we completed a detailed re-
view of the published literature to
estimate dose and measure of variabil-
ity in dose for each study.

The dosage data provided detailed in-
formation on the variability in effec-
tive radiation dose within procedure
type. We used this information to cre-
ate a dose estimate that accounts for the
variability of dose. A truncated log-

normal distribution was a good fit to
dose data, with the truncation occur-
ring at 3 SDs on the log scale. For each
examination each patient underwent
during the study period, we randomly
imputed a dose value from the log-
normal distribution. This technique al-
lowed each person to be assigned a dose
value that reflected the true underly-
ing distribution in dose, rather than as-
suming each person received the mean
dose associated with a particular ex-
amination type.

We used the data describing the
number of imaging tests and associ-
ated radiation dose per test to calcu-
late the total dose of radiation each
member received each year of the study
and to calculate the collective effec-
tive dose to the entire population. To
estimate cumulative annual radiation
exposure for each patient, we summed
the doses for each examination within
each year. If patients underwent more
than 1 examination using the same mo-
dality on the same anatomic area on the
same day, we only included the exami-
nation with the highest radiation ex-
posure to calculate dose so as not to
overestimate doses received.

Statistical Analysis

We calculated the number of imaging
examinations per 1000 enrollees per
year (rates) by modality, anatomic
area, and health system (overall and
stratified by site and age). The calcula-
tions of rates over time were adjusted
for site, age, and sex. This standardiza-
tion was performed in Stata (Stata-
Corp) by fitting log-linear regression
models with Gaussian errors, includ-
ing site, age, sex, and year as covari-
ates. Based on the fitted model, we
estimated average rates using marginal
standardization, treating each site with
equal weight and adjusting to the
observed age and sex distribution.23

For modality-specific analyses, we
calculated the per capita dose in mSv
per person per year by dividing the col-
lective effective dose by the number of
individuals (whether exposed to radia-
tion from diagnostic imaging or not).
For analyses that ignored modality, we

estimated the individual radiation dose
per year and calculated descriptive sta-
tistics in annual radiation exposure, in-
cluding the percentage of enrollees who
underwent a high annual radiation ex-
posure (defined as 20-50 mSv)11,20 or a
very high radiation exposure (�50
mSv).11,20 We calculated the relative
contribution (mean dose and percent-
age of dose) from the different imaging
modalities over time. When showing
imaging rates (TABLE 1), we show data
from 2008, the most recent year where
all sites contributed data.

We used SAS version 9.2 (SAS Insti-
tute) and Stata versions 11.1 and 12.0
for statistical analysis. All statistical tests
were 2-sided and significance was set
at P� .05.

RESULTS
Between933 897and1 998 650enrollees
were included during each year of the
study.Theagedistributionofhealthplan
members roughly paralleled that of the
states in which the members were en-
rolled,and52.5%ofenrolleeswerefemale
(see the eTable, available at http://www
.jama.com). Enrollees underwent a total
of 30.9 million imaging examinations
during the 15-year study (25.8 million
person-years), reflecting an average of
1.18 tests per person per year (95% CI,
1.17-1.19), of which 35% were ad-
vanced diagnostic imaging (ie, CT, MRI,
nuclear medicine, and ultrasound).

The rates of imaging examinations
per 1000 enrollees in 2008 by modal-
ity, site, and anatomic area are pro-
vided in Table 1. The total rate of
imaging was 1420 examinations per
1000 enrollees per year—the most com-
mon being radiography (783/1000,
55.1% of all examinations), followed by
ultrasound (271/1000, 19.1%), CT
(177/1000, 12.5%), MRI (72/1000,
5.1%), angiography/fluoroscopy (64/
1000, 4.5%), and nuclear medicine (53/
1000, 3.7%).

Although the percentage of exami-
nations for each modality was rela-
tively similar across health systems
(51.8%-57.6% of examinations in-
volved radiography across sites and
10.8%-13.9% of examinations used CT
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across sites), there were significant dif-
ferences across health systems in the
rates of imaging for each examination
type. For example, the utilization of
MRI ranged from 55 to 88 examina-
tions per 1000 enrollees (relative risk
[RR] between highest and lowest site,
1.6; P� .001). Angiography/fluoros-
copy utilization varied the most across
sites (RR, 4.4; P� .001) and radiogra-
phy had the least variation in use across
sites (RR, 1.3; P� .001).

Utilization Over Time
Radiography and angiography/
fluoroscopy rates were relatively stable
over time: radiography increased 1.2%
per year, and angiography/fluoros-
copy decreased 1.3% per year. In con-
trast, the utilization of advanced diag-
nostic imaging changed markedly
(FIGURE 1). Computed tomography ex-
aminations tripled (52/1000 enrollees
in 1996 to 149/1000 in 2010, 7.8% an-
nual growth; 95% CI, 5.8%-9.8%); MRIs

quadrupled (17/1000 to 65/1000, 10%
annual growth; 95% CI, 3.3%-16.5%);
ultrasounds approximately doubled
over the same period (134/1000 to 230/
1000, 3.9% annual growth; 95% CI,
3.0%-4.9%). Nuclear medicine rates de-
creased (32/1000 to 21/1000, 3% an-
nual decline; 95% CI, 7.7% decline to
1.3% increase), although after 2004,
PET imaging rates increased from 0.24
per 1000 enrollees to 3.6 per 1000 en-
rollees, 57% annual growth.

Table 1. Examinations per 1000 Enrollees per Year by Modality, Anatomic Area, and Health System, 2008a

No. (%)

Average A B C D E F

Angiography/fluoroscopy 64 (4.5) 66 (4.1) 62 (4.6) 23 (1.9) 103 (6.1) 54 (3.8) 73 (5.8)

Abdomen 14 (1.0) 14 (0.9) 16 (1.2) 11 (0.9) 18 (1.0) 14 (1.0) 10 (0.8)

Cardiovascular 43 (3.1) 48 (3.0) 35 (2.6) 7 (0.6) 79 (4.7) 33 (2.3) 58 (4.7)

Other 7 (0.5) 4 (0.3) 12 (0.9) 5 (0.4) 6 (0.4) 7 (0.5) 5 (0.4)

CT 177 (12.5) 195 (12.3) 176 (13.0) 160 (13.1) 199 (11.8) 200 (13.9) 136 (10.8)

Abdomen 89 (6.3) 97 (6.1) 87 (6.4) 84 (6.9) 94 (5.6) 100 (7.0) 71 (5.6)

Cardiovascular 9 (0.6) 9 (0.6) 11 (0.8) 1 (0.1) 11 (0.6) 16 (1.1) 5 (0.4)

Chest 23 (1.6) 26 (1.6) 21 (1.6) 20 (1.6) 27 (1.6) 24 (1.7) 23 (1.8)

CNS 43 (3.0) 45 (2.9) 43 (3.2) 45 (3.7) 54 (3.2) 45 (3.1) 27 (2.2)

Spine 6 (0.5) 7 (0.5) 8 (0.6) 4 (0.4) 6 (0.3) 8 (0.6) 5 (0.4)

Other 6 (0.5) 10 (0.6) 6 (0.4) 5 (0.4) 8 (0.5) 6 (0.4) 4 (0.3)

MRI 72 (5.1) 88 (5.6) 73 (5.4) 60 (4.9) 80 (4.7) 75 (5.3) 55 (4.3)

Cardiovascular 5 (0.4) 7 (0.4) 5 (0.3) 6 (0.5) 9 (0.6) 3 (0.2) 2 (0.2)

CNS 18 (1.3) 23 (1.4) 18 (1.3) 15 (1.2) 21 (1.3) 23 (1.6) 11 (0.9)

Extremity 19 (1.3) 26 (1.7) 16 (1.2) 16 (1.3) 18 (1.0) 19 (1.3) 18 (1.4)

Spine 23 (1.6) 27 (1.7) 23 (1.7) 19 (1.6) 24 (1.4) 26 (1.8) 17 (1.4)

Other 7 (0.5) 5 (0.3) 11 (0.8) 5 (0.4) 8 (0.5) 5 (0.3) 6 (0.5)

Nuclear medicine 53 (3.7) 60 (3.8) 31 (2.3) 49 (4.0) 85 (5.0) 45 (3.1) 50 (4.0)

Cardiovascular 41 (2.9) 45 (2.8) 16 (1.2) 41 (3.3) 70 (4.1) 34 (2.3) 40 (3.2)

Chest 2 (0.1) 1 (0.1) 1 (0.1) 1 (0.1) 3 (0.2) 2 (0.1) 1 (0.1)

Musculoskeletal 5 (0.4) 7 (0.5) 6 (0.5) 4 (0.3) 5 (0.3) 4 (0.3) 6 (0.5)

Other 6 (0.4) 7 (0.4) 8 (0.6) 4 (0.3) 6 (0.4) 5 (0.4) 4 (0.3)

Radiographs 783 (55.1) 866 (54.7) 771 (57.0) 682 (56.0) 870 (51.8) 826 (57.6) 681 (54.3)

Abdomen 28 (2.0) 32 (2.0) 27 (2.0) 22 (1.8) 37 (2.2) 25 (1.7) 24 (1.9)

Breastb 330 (23.2) 375 (23.7) 317 (23.5) 278 (22.9) 371 (22.1) 351 (24.5) 287 (22.9)

Chest 195 (13.7) 197 (12.5) 196 (14.5) 207 (17.0) 220 (13.1) 185 (12.9) 164 (13.0)

Musculoskeletal 357 (25.2) 406 (25.6) 356 (26.4) 290 (23.8) 379 (22.6) 407 (28.4) 305 (24.3)

Other 26 (1.9) 30 (1.9) 22 (1.6) 14 (1.2) 36 (2.1) 21 (1.5) 34 (2.7)

Ultrasound 271 (19.1) 308 (19.5) 238 (17.6) 244 (20.0) 344 (20.5) 235 (16.4) 260 (20.7)

Abdomen 80 (5.7) 87 (5.5) 90 (6.7) 67 (5.5) 81 (4.8) 96 (6.7) 60 (4.8)

Breastb 33 (2.3) 34 (2.2) 23 (1.7) 35 (2.9) 50 (3.0) 27 (1.9) 26 (2.1)

Cardiovascular 111 (7.8) 128 (8.1) 73 (5.4) 107 (8.8) 168 (10.0) 63 (4.4) 127 (10.1)

Obstetricb 71 (5.0) 80 (5.1) 81 (6.0) 58 (4.7) 83 (4.9) 82 (5.7) 46 (3.6)

Other 24 (1.7) 31 (2.0) 20 (1.5) 20 (1.7) 23 (1.4) 17 (1.2) 35 (2.8)

Total 1420 (100) 1582 (100) 1351 (100) 1218 (100) 1680 (100) 1435 (100) 1254 (100)
Abbreviations: CNS, central nervous system; CT, computed tomography; MRI, magnetic resonance imaging.
aAll rates adjusted to a standardized age and sex distribution. Each lettered column represents 1 health plan, and within each column, the percentages sum to 100%. 2008 was

the most recent year for which each health plan was included.
bBreast and obstetrical rates calculated among women.

DIAGNOSTIC IMAGING AND RADIATION EXPOSURE

©2012 American Medical Association. All rights reserved. JAMA, June 13, 2012—Vol 307, No. 22 2403

Downloaded From: https://jamanetwork.com/ on 05/22/2023



The increase in advanced diagnos-
tic imaging with both age and year is
shown in FIGURE 2. Diagnostic imaging
increased with age, and within each age
group, advanced diagnostic imaging
rates increased rapidly for many years
and then flattened or minimally de-
clined in the more recent years. For CT,
growth in imaging tended to flatten
around 2007. For MRI, rates peaked
around 2007, with slight declines in
subsequent years. For nuclear medi-
cine, a marked reduction in imaging
rates occurred from 2006 onward; how-
ever, PET imaging rates increased
steadily through 2010.

Radiation Exposure
and Changes Over Time

The increase in the utilization of CT re-
sulted in an increase in enrollee expo-
sure to radiation, with the mean per

capita effective dose rising from 1.2 mSv
in 1996 to 2.3 mSv in 2010. The per-
cent of enrollees who received high
(�20-50 mSv) or very high (�50 mSv)
radiation exposure during a given year
also approximately doubled across
study years. By 2010, 2.5% of enroll-
ees received a high annual dose of
greater than 20 to 50 mSv, and 1.4% re-
ceived a very high annual dose of greater
than 50 mSv (TABLE 2).

The average effective dose to those in-
dividuals who were exposed to any ra-
diation from medical imaging in-
creased from approximately 4.8 mSv in
1996 to 7.8 in 2010 (3.2% annual
growth; 95% CI, 3.1%-3.3%). By 2010,
6.8% of patients who underwent imaging
received a high dose of more than 20 to
50 mSv and 3.9% of patients received a
very high dose above 50 mSv during this
single year. The distribution in dose over

time is shown in FIGURE 3. There was
a gradual increase in the radiation dose
received by individuals in the top 1%
and 10% of those exposed. By 2010, the
highest 1% of exposed individuals re-
ceived around 100 mSv, and the high-
est 10% of exposed individuals re-
ceived around 20 mSv.

The increase in CT use accounted for
the increase in the number of enroll-
ees exposed to high (�20-50 mSv) and
very high (�50 mSv) radiation expo-
sures. In 1996, CT accounted for 5.7%
of examinations and 30.3% of enroll-
ees’ exposure to ionizing radiation while
contributing to a per capita exposure
of 0.38 mSv per enrollee (TABLE 3). By
2010, CT accounted for 12.0% of ex-
aminations and 67.8% of radiation ex-
posure and contributed 1.58 mSv per
enrollee (a 4-fold increase in per capita
radiation exposure from CT). Angiog-

Figure 1. Imaging Examinations by Modality and Year, Adjusted to a Standard Age Distribution Across Sites and Years
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raphy/fluoroscopy accounted for a de-
clining proportion of examinations (re-
duced from 7.4% to 4.6%) and a
reduced contribution to absolute ra-

diation exposure (reduced from 0.52 to
0.34 mSv per year), reflecting a reduc-
tion from 42.3% to 14.6% of enrollees’
total radiation exposure.

COMMENT
We found the increase in imaging stud-
ies among 6 large integrated HMOs was
substantial over the last 15 years, par-

Figure 2. Imaging Examinations by Modality, Age, and Year (1996-2010)
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1996 through 2010 consecutively. The median SE was 4.7/1000 enrollees for CT (IQR, 4.1-6.0); 2.2/1000 for MRI (IQR, 1.9-2.8); 4.1/1000 for nuclear medicine (IQR,
3.5-5.2); and 2.9/1000 for PET (IQR, 2.6-3.7).

Table 2. Exposure to Ionizing Radiation by Age and Level of Exposure During 1996 and 2010

Age, y No.

All Enrollees, No. (%) Enrollees Who Underwent Imaging, No. (%)

None
Low

(�0-3 mSv/y)
Moderate

(�3-20 mSv/y)
High

(�20-50 mSv/y)
Very High

(�50 mSv/y)
Moderate

(�3-20 mSv/y)
High

(�20-50 mSv/y)
Very High

(�50 mSv/y)

During 1996
0-14 230 181 195 542 (85.0) 32 076 (13.9) 2224 (1.0) 265 (0.1) 72 (0.0) 2224 (6.4) 265 (0.8) 72 (0.2)

15-44 466 078 367 852 (78.9) 81 836 (17.6) 12 626 (2.7) 2775 (0.6) 988 (0.2) 12 626 (12.9) 2775 (2.8) 988 (1.0)

45-64 267 162 160 025 (59.9) 86 289 (32.3) 14 189 (5.3) 4405 (1.6) 2255 (0.8) 14 189 (13.2) 4405 (4.1) 2255 (2.1)

�65 129 712 58 164 (44.8) 49 192 (37.9) 14 120 (10.9) 5140 (4.0) 3095 (2.4) 14 120 (19.7) 5140 (7.2) 3095 (4.3)

All 1 093 133 781 583 (71.5) 249 393 (22.8) 43 159 (3.9) 12 585 (1.2) 6410 (0.6) 43 159 (13.9) 2585 (4.0) 6410 (2.1)

During 2010
0-14 152 419 125 169 (82.1) 24 878 (16.3) 1908 (1.3) 358 (0.2) 106 (0.1) 1908 (7.0) 358 (1.3) 106 (0.4)

15-44 350 268 263 377 (75.2) 69 278 (19.8) 12 063 (3.4) 4014 (1.1) 1538 (0.4) 12 063 (13.9) 4014 (4.6) 1538 (1.8)

45-64 303 414 159 381 (52.5) 107 357 (35.4) 20 974 (6.9) 9955 (3.3) 5748 (1.9) 20 974 (14.6) 9955 (6.9) 5748 (4.0)

�65 127 796 47 825 (37.4) 48 892 (38.3) 16 432 (12.9) 8822 (6.9) 5824 (4.6) 16 432 (20.5) 8822 (11.0) 5824 (7.3)

All 933 897 595 752 (63.8) 250 405 (26.8) 51 377 (5.5) 23 149 (2.5) 13 216 (1.4) 51 377 (15.2) 23 149 (6.8) 13 216 (3.9)
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alleling the increase reported among
fee-for-service insured populations. For
example, among the HMO enrollees 65
years and older, rates of imaging with
CT increased an average of 10.2% an-
nually between 1998 and 2005, and
slowed to 4.2% annual growth from
2005 to 2008, similar to the respective
10.1% and 5.1% growth rates recently
reported among Medicare fee-for-
service beneficiaries during the same
time periods.2,24 Use of MRI also in-
creased rapidly among the HMO en-
rollees, with 14.5% and 6.5% average
annual increase in these 2 periods—
similar to that reported for Medicare fee-
for-service beneficiaries (13.5% and
2.2%, respectively).2

The increase in imaging use over this
period was likely driven by many fac-

tors, including improvements in the
technology that have led to expansion
of clinical applications, patient- and
physician-generated demand, defen-
sive medical practices,25 and medical
uncertainty26,27—all factors that would
be expected to influence utilization
across all systems of medical care. How-
ever, strategies that have been ad-
opted by most private commercial pay-
ers to control imaging costs, such as use
of radiology benefit management firms
that require preapproval or prenotifi-
cation28,29 and member copayments,
have not been widely adopted within
these settings. Only 2 of these health
plans have recently adopted copay-
ments for advanced imaging (one at $10
and one at $50). Although several plans
have recently adopted decision sup-

port software, it is too early to assess
whether greater adherence to appro-
priateness criteria included with the
software products may influence utili-
zation rates.

Although the increase in imaging
studies was similar between HMO
members and Medicare fee-for-
service insured beneficiaries, the rates
of imaging seem to be modestly lower
among HMO enrollees. For example,
in 2006, HMO enrollees 65 years and
older underwent 474 CTs and 123 MRIs
per 1000 enrollees, whereas Medicare
fee-for-service enrolled adults under-
went 550 CTs and 192 MRIs, 15% and
35% lower rates, respectively.2 While
some of this difference may be due to
underlying geographic variation in
imaging rates (we included 6 HMOs

Figure 3. Annual Average Effective Dose Received by Enrollees by Health Plan and Year
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A, Highest 1% of exposed enrollees. B, Highest 10% of exposed enrollees. We calculated the average effective dose received by the highest 1% and 10% of health
plan members across 5 sites, and the 95% CI had a width less than 2 mSv for A and less than 0.1 mSv for B. One health plan was unable to contribute data to either
graph.

Table 3. Association of Different Modalities With Examination Rates and Annual Radiation Exposure

Examinations per 1000 Enrollees, No. (%)
Average per Capita Radiation Dose

by Modality, mSv (%)

1996 2003 2010 1996 2003 2010

Angiography/fluoroscopy 68 (7.4) 64 (5.8) 57 (4.6) 0.52 (42.3) 0.49 (26.5) 0.34 (14.6)

Computed tomography 52 (5.7) 108 (9.7) 149 (12.0) 0.38 (30.3) 0.90 (48.3) 1.58 (67.8)

Magnetic resonance imaginga 17 (1.9) 41 (3.7) 65 (5.2)

Nuclear medicine 32 (3.5) 45 (4.0) 21 (1.7) 0.17 (13.3) 0.26 (13.9) 0.19 (8.1)

Radiographs 610 (66.8) 668 (60.1) 722 (58.0) 0.17 (14.0) 0.21 (11.4) 0.22 (9.5)

Ultrasounda 134 (15.0) 186 (16.7) 230 (18.5)

Total 914 (100) 1112 (100) 1245 (100) 1.24 (100) 1.86 (100) 2.34 (100)
aDoes not use ionizing radiation.

DIAGNOSTIC IMAGING AND RADIATION EXPOSURE

2406 JAMA, June 13, 2012—Vol 307, No. 22 ©2012 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023



where the cited numbers were based on
a larger national sample)9,30 and due to
possible differences in age and health
status among HMO enrollees (who may
be healthier than non-HMO enroll-
ees), imaging rates do seem to be lower
within the included HMO settings.

We found that imaging use in-
creased steeply with age, particularly for
CT and nuclear medicine examina-
tions, resulting in high radiation expo-
sures received by the oldest enrollees.
Among enrollees 45 years and older
who underwent imaging, nearly 20% re-
ceived high or very high radiation ex-
posure annually. Although cancer risks
from radiation are often considered to
decline with age, recent models sug-
gest that cancer risks decline with age
until middle age, when cancer risks may
then increase in a U-shaped distribu-
tion.6,31 Thus, radiation-related cancer
risks after exposure in middle and older
ages may be higher than previously be-
lieved.26 Because the utilization of
imaging is higher in older adults, and
because the potential harm from these
tests may also be higher in these pa-
tients, it is particularly important to
quantify the benefits of imaging in these
patients.

We found the per capita exposure to
radiation from diagnostic imaging was
2.7 mSv in 2006, similar to the annual
per capita exposure reported by the Na-
tional Council on Radiation Protec-
tion (NCRP), describing the entire US
population32 (3.0 mSv), and Fazel and
colleagues,11 describing a fee-for-
service insured population (2.4 mSv).
A notable difference is that we found a
significantly larger number of patients
received very high radiation expo-
sures annually. For example, Fazel et
al reported that 0.2% of insured indi-
viduals incurred a very high (�50 mSv)
annual radiation dose, in contrast to our
finding that 1.4% of enrollees re-
ceived such high exposures—a 7-fold
increase. There are several possible rea-
sons for this difference, including that
we did not assume that every test de-
livered the same radiation exposure but
rather modeled the actual distribution
in dose when estimating the propor-

tion of patients with high exposures.
Our work adds to the work of the
NCRP and Fazel et al by assessing doses
limited to enrollees who underwent
imaging, as it is only these individuals
who are at risk of radiation-related car-
cinogenesis. By 2010, 10.8% of enroll-
ees who underwent imaging received
an annual exposure greater than 20
mSv. It is notable that even when lim-
ited to patients who were imaged dur-
ing both time periods, the average dose
per person nearly doubled, suggesting
more intensive medical imaging among
those who undergo any imaging.

Considering governmental limits on
radiation exposure can provide con-
text for these typical patient doses: 20
mSv is the annual allowable occupa-
tional exposure to radiation in Eu-
rope,33,34 and 50 mSv is the annual al-
lowable occupational exposure in the
United States.35 While it is not appro-
priate to set exposure limits when ra-
diation is required for health benefit,
the number of patients exposed to such
levels highlights the need to consider
this potential harm when ordering
imaging tests and to track radiation ex-
posures for individual patients so that
this information is available to physi-
cians who are ordering tests. The Na-
tional Academy of Sciences’ National
Research Council concluded, after a
comprehensive review of the pub-
lished literature, that patients who re-
ceive radiation exposures in the same
range as a single CT—10 mSv—may be
at increased risk of developing can-
cer6,36,37; 16.5% of patients who under-
went imaging in 2010 received a dose
at least this high.

We did not assess costs for imaging
within these integrated settings. Costs
for imaging among fee-for-service in-
sured elderly adults have declined since
2005, despite increasing utiliza-
tion.10,28 As part of the Deficit Reduc-
tion Act of 2005, Congress enacted a
provision to equalize the reimburse-
ment rate for imaging examinations re-
gardless of where they were per-
formed; among fee-for-service Medicare
enrollees, a 12.7% reduction in imaging
costs followed enactment.28 Because of

bundled payments for imaging within
our integrated settings, these types of
per-examination reductions in pay-
ment would not be expected to have
had the same effect on utilization as they
have in the fee-for-service environ-
ment.13,28

The HMO Research Network that we
relied on provides a unique opportu-
nity to conduct analyses of patterns of
imaging because of the complete cap-
ture of health care utilization by their
members, including all diagnostic test-
ing, standardization of how these data
are collected, and storage of detailed
imaging records so that actual radia-
tion exposures could be measured.
However, there are several limitations
of our work. We focused on individu-
als enrolled in comprehensive health
care plans and excluded data from fee-
for-service enrollees because of incom-
pleteness of the available data. For in-
patient imaging examinations, only the
admission date was available to us; thus,
collapsing claims could lead to under-
counting of multiple examinations per-
formed during the same hospital stay.
Similarly, patients who underwent mul-
tiple examinations with the same pro-
cedure code on a single day were only
counted once, and for these patients we
have likely underestimated their expo-
sures. We limited assessment to ben-
eficiaries enrolled throughout a given
year, and imaging may differ for pa-
tients who leave the HMO program.

To assess medical radiation dose, we
used an estimate of the dose for each
patient based on a sampling of high-
dose studies, but we did not use actual
dose information for each individual pa-
tient examination, as these data are not
routinely stored in an easily accessible
format. To account for underlying varia-
tions in dose, we included an estimate
of the variation in dose when estimat-
ing the number of individuals above
dose thresholds, and we believe our es-
timates to be conservative, as they do
not allow for any within-person corre-
lation in the random deviation. We only
evaluated cumulative exposure within
each year and not cumulative expo-
sure over time. We did not study cu-
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mulative exposures because of the flu-
idity of enrollment over time. We used
effective dose as the measure to sum-
marize multiple exposures and this
measure is imprecise, particularly
when trying to sum across different ana-
tomic areas that might be imaged. No
alternative measure exists, and this mea-
sure will almost certainly capture those
patients receiving high exposures.38 We
only assessed radiation exposure as
a potential harm of testing, but there
are several other potential harms asso-
ciated with imaging, such as false-
positive test results that may begin a
cascade of unnecessary testing, and over-
diagnosis of otherwise indolent disease
that leads to unnecessary treatment.

The increase in use of advanced di-
agnostic imaging has almost certainly
contributed to both improved patient
care processes and outcomes, but there
are remarkably few data to quantify the
benefits of imaging. Given the high
costs of imaging39-41—estimated at $100
billion annually—and the potential
risks of cancer and other harms, these
benefits should be quantified and evi-
dence-based guidelines for using
imaging should be developed that
clearly balance benefits against finan-
cial costs and health risk.
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