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IMPORTANCE Increased use of computed tomography (CT) in pediatrics raises concerns
about cancer risk from exposure to ionizing radiation.

OBJECTIVES To quantify trends in the use of CT in pediatrics and the associated radiation
exposure and cancer risk.

DESIGN Retrospective observational study.
SETTING Seven US health care systems.

PARTICIPANTS The use of CT was evaluated for children younger than 15 years of age from
1996 to 2010, including 4 857 736 child-years of observation. Radiation doses were
calculated for 744 CT scans performed between 2001 and 2011.

MAIN OUTCOMES AND MEASURES Rates of CT use, organ and effective doses, and projected
lifetime attributable risks of cancer.

RESULTS The use of CT doubled for children younger than 5 years of age and tripled for
children 5 to 14 years of age between 1996 and 2005, remained stable between 2006 and
2007, and then began to decline. Effective doses varied from 0.03 to 69.2 mSv per scan. An
effective dose of 20 mSv or higher was delivered by 14% to 25% of abdomen/pelvis scans,
6% to 14% of spine scans, and 3% to 8% of chest scans. Projected lifetime attributable risks
of solid cancer were higher for younger patients and girls than for older patients and boys,
and they were also higher for patients who underwent CT scans of the abdomen/pelvis or
spine than for patients who underwent other types of CT scans.

- Nationally, 4 million pediatric CT scans of the head, abdomen/pelvis, chest, or spine
performed each year are projected to cause 4870 future cancers. Reducing the highest 25%
of doses to the median might prevent 43% of these cancers.

CONCLUSIONS AND RELEVANCE The increased use of CT in pediatrics, combined with the wide
variability in radiation doses, has resulted in many children receiving a high-dose
examination. Dose-reduction strategies targeted to the highest quartile of doses could
dramatically reduce the number of radiation-induced cancers.
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Computed Tomography in Pediatrics

he use of computed tomography (CT) in pediatrics has

increased over the last 2 decades.'® In 2011, 85 million

CT scans were performed in the United States,” with 5%
to 11% of these scans being performed on children.?#° Al-
though the use of CT has greatly improved diagnostic capa-
bilities, its use comes with risks. The ionizing radiation doses
delivered by CT are 100 to 500 times higher than conven-
tional radiography and are in ranges linked to an increased risk
of cancer.’®' This is especially concerning for children be-
cause they are more sensitive to radiation-induced carcino-
genesis and have many remaining years of life left for cancer
to develop.>'>'3 A recent study'# in the United Kingdom found
that children who received an active bone marrow dose from
CT of 30 mGy or higher were at 3.2 times greater risk of leuke-
mia and that children who received a brain dose of 50 mGy or
higher were at 2.8 times greater risk of brain cancer.

A prior study® estimated that 4350 future cancers could be
induced by 1 year of pediatric CT imaging in the United States;
however, the study assumed that pediatric-specific settings
were always used and did not model variability in dose. We
found that radiation doses from CT for adults are higher and
more variable than generally quoted.”*> Doses received by chil-
dren have been less well studied,'® and most studies have been
in select populations such as trauma'”'® or cancer patients.'%-2°
Absorbed doses in children may be higher because of lower ra-
diation attenuation in smaller patients®* and may be more vari-
able because CT technologists do not always adjust scanner
settings based on a patient’s age or size.?**4 It is unknown
whether recent recommendations to lower doses in
children®>2¢ have been widely implemented.

We examined trends in CT imaging among pediatric en-
rollees of 6 diverse health care systems and calculated radia-
tion exposure and lifetime attributable risks of cancer from a
random sample of CT scans. We projected the number of fu-
ture cancers expected to result from the use of CT in pediat-
rics if national use reflects our observed patterns and if dose
reduction strategies were implemented.

Methods

Our retrospective study was conduced within the HMO Re-
search Network (http://www.hmoresearchnetwork.org/). We
studied the use of CT for children 15 years of age or younger
who were enrolled in any of 6 integrated health care systems:
Group Health Cooperative in Washington; Kaiser Perma-
nente Colorado, Georgia, Hawaii, and Northwest; and Marsh-
field Clinic in Wisconsin. We determined radiation doses from
pediatric CT scans at 4 of these systems (Group Health, Kai-
ser Permanente Hawaii and Northwest, and Marshfield Clinic)
plus the Henry Ford Health System in Michigan. Members re-
flected the diverse racial/ethnic and socioeconomic statuses
of the areas served. Study methods were approved by each site’s
institutional review board.

The Use of CT
We evaluated the use of CT by using standardized data in the
HMO Research Network’s Virtual Data Warehouse.?” We in-
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cluded 7to 15 years of data from 1996 to 2010 from each health
system. Children were included each year that they were con-
tinuously enrolled, plus years of birth or death. The CT scans
were mapped to an anatomic target (head, abdomen/pelvis,
chest, spine, or other/unknown) using Current Procedural Ter-
minology, Fourth Edition codes; International Classification of
Diseases, Ninth Revision, Clinical Modification codes; and
Healthcare Common Procedure Coding System codes. Exami-
nations with the same code performed on the same patient on
the same day were treated as a single examination to avoid
overcounting.

Radiation Dose From CT and Estimated Cancer Risk

We calculated radiation dose from 744 pediatric CT scans of
the head, chest, abdomen/pelvis, and spine. Examinations of
these regions account for more than 95% of pediatric CT scans.
Examinations were randomly selected within age-sex-year
strata from 2001 to 2011, with data from a subset of years from
some health systems. We abstracted scan parameters and es-
timated organ and effective doses using a novel dosimetry
method?® based on improved sex- and age-specific computa-
tional anatomy phantoms.?3* Details are provided in the eAp-
pendix in the Supplement.

We estimated lifetime attributable risks of cancers from the
observed organ doses using age- and sex-specific cancer risk
models in the Biological Effects of Ionizing Radiations (BEIR)
VII report (breast, colon, liver, lung, ovarian, prostate, stom-
ach, thyroid, bladder, uterus, and leukemia)'® and Berring-
ton de Gonzalez et al® (oral, esophagus, rectum, pancreas, kid-
ney, and brain). These cancers account for 70% to 85% of
incident cancers in the United States. Solid cancer risks were
estimated from organ doses using a linear no-threshold dose-
response model, but with a reduction in the resulting risk es-
timates by a dose and dose-rate effectiveness factor of 1.5.'°
Leukemia risk was estimated from red bone marrow doses
using a linear-quadratic model.*®

Statistical Analysis

We calculated annual rates of CT use by age group, anatomic
region imaged, and health system and estimated average rates
using marginal standardization. We calculated descriptive sta-
tistics of radiation doses and cancer risks. We assume that 4.25
million pediatric CT scans are performed in the United States
each year based on an estimated 85 million overall CT scans
performed in the United States in 2011,” and we estimate that
5% of these CT scans are performed on children, which is the
lower end of the range of 5% to 11% reported in the
literature.?8° We estimated the number of head, abdomen/
pelvis, chest, and spine scans by age from our population’s dis-
tribution. We projected the number of radiation-induced can-
cers from these pediatric CT scans using the lifetime
attributable risks corresponding to the observed organ doses.
We also projected the number of radiation-induced cancers un-
der 2 scenarios: (1) if the number of CT scans of each type were
reduced by one-third (estimated number of unnecessary
scans>33) and (2) if doses above the 75th percentile were low-
ered to the median observed dose (within age group and ana-
tomic region). We estimated 95% uncertainty limits for the
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Computed Tomography in Pediatrics

Figure 1. Trends in the Use of Computed Tomography (CT) Over Time, by Age Group and Health Care System
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The solid lines show rates for children younger than 5 years of age; the dashed lines show rates for children 5 to 14 years of age. The gray lines show rates at each

health system, and the red lines show the average rates across health systems.

number of solid cancers and leukemia cases using the coeffi-
cients of variation reported in the BEIR-VII report.*°

. |
Results

The Use of CT

Between 152 419 and 371 095 children were included each year
for a total of 4 857 736 child-years of observation. Half were
girls, and 29% were younger than 5 years of age. The use of CT
increased between 1996 and 2005, remained stable between
2005 and 2007, and then began to decline (Figure 1). Rates were
similar for children younger than 5 years of age and children 5
to 14 year of age from 1996 to 2003, and then they diverged,
with a greater increase in the number of scans among older chil-
dren (Figure 1). Among children younger than 5 years of age,
the use of CT doubled from 11 scans per 1000 children in 1996
to 20 scans per 1000 children between 2005 and 2007, and then
it decreased to 15.8 scans per 1000 children in 2010. For chil-
dren 5 to 14 years of age, the use of CT almost tripled from 10.5
scans per 1000 children in 1996 to 27.0 scans per 1000 chil-
dren between 2005 and 2007, before decreasing to 23.9 scans
per 1000 children in 2010. Trends were similar across health
care systems, with greater variability in rates of CT use for
younger children in earlier years and for older children in re-
cent years (Figure 1).

The use of CT increased through 2005 for each anatomic
area studied; however, the increase was greatest for abdomen/
pelvis scans for children 5 to 14 years of age (Figure 2), increas-
ing from 2.0 scans per 1000 children in 1996 to a peak of 10.8
scans per 1000 children in 2007, then decreasing to 9.1 scans
per 1000 children in 2010. The increase in the number of ab-
domen/pelvis scans was much lower for children younger than
5 years of age, increasing from 2.1 scans per 1000 children in
1996 to a peak of 3.9 scans per 1000 children in 2007, then de-
creasing to 2.9 scans per 1000 children in 2010. The head was
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the most commonly scanned region for both age groups, in-
creasing by approximately 50% from 1996 to 2010. From 1996
t0 2010, the number of chest scans also increased by 50%, while
the number of spine scans increased 4- to 9-fold.

Radiation Dose and Associated Cancer Risk

Effective doses were highest for abdomen/pelvis scans, with
the mean dose increasing from 10.6 mSv among children
younger than 5 years of age to 14.8 mSv among children 10 to
14 years of age (Table 1). Effective doses also tended to in-
crease with advancing age for chest and spine scans but de-
creased with age for head scans (Table 1). An effective dose of
20 mSv or higher was delivered by 14% to 25% of abdomen/
pelvis scans, 3% to 8% of chest scans, and 6% to 14% of spine
scans, depending on age.

Organ Doses

Mean organ doses show an expected pattern of exposure (eg,
brain doses are highest for head scans; breast, lung, and esopha-
gus doses are highest for chest scans; Table 1). Distributions for
doses to the brain, red bone marrow, thyroid, breast, lung, and
colon wall by age group and anatomic region imaged are shown
in eFigure 1in the Supplement. For head scans, 7% of the scans
for children younger than 5 years of age, 8% of the scans for chil-
dren 5 to 9 years of age, and 14% of the scans for children 10 to
14 years of age gave a brain dose of 50 mGy or higher (eFigure
1[Supplement]). Among girls, breast doses are highest for chest,
abdomen/pelvis, and spine scans. Abdomen/pelvis scans de-
livered relatively high doses for many radiosensitive organs such
as the breast and colon. Active bone marrow doses are highest
for head scans for children younger than 10 years of age and
abdomen/pelvis scans for children 10 to 14 years of age.

Solid Cancer Risks
The projected lifetime attributable risk of solid cancer decreased

with advancing age for head and spine scans, with a less con-
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Figure 2. Trends in the Use of Computed Tomography (CT) Over Time, by Age Group and Anatomic Area Imaged
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sistent relationship for abdomen/pelvis and chest scans (Table 2).
Solid cancer risks were higher for girls than boys and tended to
be highest for abdomen/pelvis scans, with 25.8 to 33.9 projected
cases per 10 000 CT scans for girls vs 13.1t0 14.8 cases per 10 000
CT scans for boys (Table 2). A radiation-induced solid cancer is
projected to result from every 300 to 390 abdomen/pelvis scans
for girls and from every 670 to 760 abdomen/pelvis scans for
boys. Solid cancer risk was also high for chest and spine scans
for girls, with 1 case projected to result from every 330 to 480
chest scans and from every 270 to 800 spine scans, depending
on age. Solid cancer risk was lowest for head scans for children
5years of age and older, at 1.1to 2.4 cases per 10 000 CT scans.

Leukemia Risks

The projected lifetime attributable risk of leukemia was high-
est for head scans among children younger than 10 years of age
and decreased with age from 1.9 cases per 10 000 scans for chil-
dren younger than 5 years of age to 0.5 cases per 10 000 scans
for children 10 to 14 years of age. For children 10 to 14 years of
age, therisk of leukemia was highest for abdomen/pelvis scans
at 1.0 cases per 10 000 scans. A case of leukemia was pro-
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jected to result from 1in 5250 head scans performed for chil-
dren younger than 5 years of age and from 1in 21 160 scans for
children 10 to 14 years of age. The risk of leukemia was 0.8 to
1.0 cases per 10 000 abdomen/pelvis scans and 0.4 to 0.7 cases
per 10 000 chest and spine scans (Table 2).

Projected Radiation-Induced Cancers From CT Use

in Pediatrics

Conservatively assuming that 4.25 million pediatric CT scans
are performed each year in the United States, 4.0 million CT
scans would be of the head, abdomen/pelvis, chest, or spine
based on our observed distribution. If radiation doses from
those CT scans parallel our observed dose distributions, ap-
proximately 4870 future cancers (95% uncertainty limit, 2640-
9080 future cancers) could be induced by pediatric CT scans
each year (Table 3). Cases of breast, thyroid, and lung cancers
and cases of leukemia account for 68% of projected cancers in
exposed girls (eFigure 2 [Supplement]), whereas cases of brain,
lung, and colon cancers and cases of leukemia account for 51%
of future cancers in boys (eFigure 2 [Supplement]). Reducing
the highest 25% of doses within age groups and anatomic re-
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Table 1. Distribution of Effective Doses and Mean Organ Doses from Computed Tomography by Anatomic Region and Patient Age®

Head Abdomen/Pelvis Chest Spine
<5y 5-9y 10-14y <5y 5-9y 10-14y <5y 5-9y 10-14y <5y 5-9y 10-14y
Patients, No. 98 79 102 72 89 115 52 37 58 10 14 18
Effective dose, percentile
Mean 3.5 1.5 1.1 10.6 11.1 14.8 5.3 7.5 6.4 5.8 7.7 8.8
25th 1.4 0.5 0.6 3.2 3.5 6.4 2.5 2.6 3.1 0.6 1.5 2.5
50th 2.6 1.2 1.0 4.7 8.0 11.1 3.1 3.9 5.3 2.9 4.1 5.3
75th 4.8 2.0 1.6 14.4 14.8 20.0 4.8 10.5 8.6 6.3 10.5 10.3
95th 11.2 3.2 2.6 30.2 329 35.0 20.5 26.1 18.4 26.6 26.7 42.0
Dose 220 mSy, % of patients 0.0 0.0 0.0 13.9 15.7 25.2 5.8 8.1 3.4 10.0 14.3 5.6
Mean organ dose, mGy
Brain 28.8 25.3 29.8 0.1 0.1 0.1 0.3 0.4 0.3 0.8 1.1 0.7
Thyroid 11.8 1.2 1.0 1.0 0.6 0.6 11.4 17.5 13.6 10.8 114 6.4
Esophagus 3.7 0.6 0.4 5.1 5.2 6.9 8.4 12.4 10.3 8.4 7.6 8.5
Lungs 1.9 0.4 0.3 7.6 6.2 8.1 10.2 15.0 13.2 7.7 7.1 9.7
Breast 0.9 0.1 0.1 148 13.0 14.0 7.8 10.6 9.9 83 13.0 9.7
Stomach wall 0.7 0.1 0.0 15.9 18.1 25.3 6.1 8.7 8.0 7.5 14.5 17.9
Liver 0.8 0.1 0.0 16.3 18.0 253 6.9 9.9 8.9 8.6 149 20.3
Colon wall 0.3 0.0 0.0 16.0 18.8 26.2 2.3 2.7 2.2 3.6 5.9 4.7
Rectosigmoid wall 0.1 0.0 0.0 121 138 16.7 0.7 0.6 0.2 1.0 1.2 0.7
Bladder wall 0.1 0.0 0.0 13.0 146 16.6 0.7 0.4 0.1 0.7 0.7 0.4
Prostate 0.1 0.0 0.0 9.0 10.1 11.0 0.7 0.1 0.1 0.1 0.1 0.2
Uterus 0.1 0.0 0.0 12.6 135 16.9 0.4 0.6 0.1 1.2 1.5 0.2
Ovaries 0.1 0.0 0.0 14.6 15.4 19.6 0.5 0.7 0.1 1.8 1.8 0.2
Red bone marrow 10.6 6.5 4.2 5.1 5.6 9.2 3.3 3.9 3.6 4.4 3.0 3.9
@ The doses to the breast, uterus, and ovaries are for girls only; the doses to the prostate are for boys only.
Table 2. Lifetime Attributable Risk of Solid Cancer and Leukemia From CT and Number of CT Scans Leading to 1 Case of Cancer
Head Scan Abdomen/Pelvis Scan Chest Scan Spine Scan
Solid Cancer Solid Cancer Solid Cancer Solid Cancer
Age, y Girls Boys Leukemia Girls Boys Leukemia Girls Boys Leukemia Girls Boys Leukemia
Lifetime Attributable Risk of Cancer per 10 000 CT Scans
<5 17.5 7.4 1.9 33.9 14.8 0.8 28.4 8.4 0.6 37.5 5.3 0.7
5-9 1.6 2.4 0.9 25.8 13.7 0.7 30.5 9.2 0.5 26.2 7.9 0.4
10-14 1.1 2.1 0.5 27.2 13.1 1.0 20.9 6.1 0.4 12.5 8.6 0.5
No. of CT Scans Leading to 1 Case of Cancer (Rounded to the Nearest 10)
<5 570 1350 5250 300 670 12170 350 1190 17 470 270 1890 14 630
5-9 6130 4150 11 660 390 730 14 470 330 1080 20570 380 1260 26 940
10-14 9020 4660 21160 370 760 10 380 480 1650 25 430 800 1170 22 020

Abbreviation: CT, computed tomography.

gions to the median dose could prevent 2090 (43%) of these can-
cers, compared with a 33% reduction in future cancers if a third
fewer CT scans were performed (Table 3). Combining these 2
strategies could prevent 3020 (62%) of these cancers.

.|
Discussion

Among several diverse integrated health care systems, and
using an improved dosimetry method that accounts for chil-
dren’s smaller body size, we found that many children re-

JAMA Pediatrics August 2013 Volume 167, Number 8

ceived high radiation doses from CT associated with a small but
significant increase in future cancer risk. This is due to both the
greater use of higher-dose CT types, such as abdomen and pel-
vis scans, and the wide variability in radiation doses delivered
for each examination. Up to a quarter of children with a single
abdomen/pelvis scan received a dose of 20 mSv or higher. We
project that a radiation-induced cancer could result from ev-
ery 300 to 390 abdomen/pelvis scans performed for girls.
Brenner and colleagues' estimated 1in 550 abdomen and pel-
vis scans might result in a future cancer death based on pedi-
atric organ doses approximated from published doses for adults.
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Table 3. Projected Number of Future Radiation-Induced Cancers That Could Be Related to the Most Commonly Performed Pediatric CT Scans

in the United States Under 3 Scenarios

Projected No. of Future Radiation-Induced Cancers Related to Pediatric CT Use”

Estimated

No. of Scenario 1¢ Scenario 2¢ Scenario 3¢
Pediatric Solid Total Solid Total Solid Total

CT Scan Scans? Cancer Leukemia (95% UL) Cancer Leukemia (95% UL) Cancer Leukemia (95% UL)
1210 810 630

Head 2.2 1000 210 (630-2370) 670 140 (420-1580) 470 160 (320-1280)
2930 1950 1730

Abdomen/pelvis 1.4 2810 110 (1600-5360) 1880 80 (1070-3600) 1660 70 (950-3180)
350 230 210

Chest 0.2 340 10 (190-640) 230 10 (130-440) 200 10 (110-390)
390 260 210

Spine 0.2 370 10 (210-690) 250 10 (140-480) 210 10 (120-410)
4870 3250 2780

Total 4.0 4530 340 (2640-9080) 3020 230 (1760-6060) 2540 240 (1500-5220)

Abbreviations: CT, computed tomography; UL, uncertainty limit.
2 1n the millions.
®The numbers of cancers are rounded to the nearest 10.

< Doses reflect those observed in clinical practice.
9 Number of CT scans reduced by one-third.
€ Doses above the 75th percentile are lowered to median observed dose.

We projected the risk of radiation-induced cancers from
the organ doses that we observed and from the BEIR-VII*® and
Berrington de Gonzalez et al® risk models. These risk projec-
tions are only estimates based on the best available evidence
and are in no way definitive. These models rely on analysis of
data from the Life Span Study of Japanese atomic bomb sur-
vivors. The application of increased risks observed in the Life
Span Study to radiation from CT scanners has been criticized
by some owing to differences in the source of radiation, the
population exposed, and the assumption of a linear-no-
threshold association. However, a recent study'#* found a di-
rect association between pediatric CT and increased risk of both
leukemia and brain cancer of similar magnitude as the Life Span
Study, providing additional evidence of the validity of apply-
ing these cancer risk projections to doses from CT imaging. Spe-
cifically, Pearce and colleagues'# found that children who re-
ceived a cumulative brain dose of at least 50 mGy were at 2.8
times greater risk of brain cancer. In our study, 7% to 14% of
head scans had brain doses in this range from a single exami-
nation. And many children who undergo CT receive multiple
scans.?*

Nationally, if radiation doses from CT reflect the wide dis-
tribution that we observed, then 1 year of CT imaging for chil-
dren younger than 15 years of age might induce 4870 future
cancers. This number is slightly higher than the number esti-
mated for children younger than 18 years of age in a prior
study,® which assumed that pediatric-specific settings were
used for all CT scans and did not account for variability in dose
(which we found was substantial). The number of radiation-
induced cancers could be greatly decreased if dose-reduction
strategies were implemented. Diagnostic reference levels are
traditionally set at the 75th percentile of the dose distribu-
tion; doses above that level need to be justified or reduced.?5-3¢
The use of diagnostic reference levels has successfully low-
ered doses from CT in the United Kingdom.3” We estimated the
potential impact of lowering the top 25% of doses to the me-
dian, which could be achieved by implementing standard-
ized pediatric CT protocols, such as those found on the Image
Gently website,?® and other guidelines for ensuring that doses

jamapediatrics.com

are “as low as reasonably achievable.”3%4° We found that 43%
of the projected future cancers associated with pediatric CT
might be prevented. We estimate that reducing the highest 50%
of doses to the median would only prevent another 8% of can-
cers; thus, the biggest potential gains come from focusing on
the highest 25% of doses.

The use of CT on older children nearly tripled from 1996
to 2005 to a peak of 27 CT scans per 1000 children. This rela-
tive increase is similar to that observed among enrollees of all
ages in the same population. The increase in use was lower
among younger children, with a doubling of use during the
same time period to 20 CT scans per 1000 children. The use of
CT in our study population has stabilized and slightly de-
clined since 2007, particularly among younger children. This
decline may be the result of increased awareness about the can-
cer risks from pediatric imaging,'>*>232>442in part due to the
“Image Gently” campaign started in 2007.2° Notably, the rates
of CT use in this population of HMO enrollees are lower than
the rates of 27 to 29 CT scans per 1000 children among chil-
dren younger than 5 years of age and the rates of 32 to 57 CT
scans per 1000 children among children 5 to 14 years of age re-
ported for 5 large regional markets of UnitedHealthcare dur-
ing a similar time period,** which suggests that CT may be more
frequently used in the fee-for-service environment.

From a patient’s perspective, the benefits of a medically
necessary CT scan far exceed the small increase in radiation-
induced cancer risk. However, some studies®33 suggest that a
third of pediatric CT scans are unnecessary and that eliminat-
ing them could potentially reduce the number of CT-
attributable cancers by a third. Combining the 2 strategies of
reducing unnecessary scans and reducing the highest 25% of
doses could potentially prevent 62% of the projected radiation-
related cancers. Thus, more research is urgently needed to de-
termine when CT in pediatrics can lead to improved health out-
comes and whether other imaging methods (or no imaging)
could be as effective. For now, it is important for both the re-
ferring physician and the radiologist to consider whether the
risks of CT exceed the diagnostic value it provides over other
tests, based on current evidence.*3
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Therisk of radiation-induced solid cancer is highest for the
abdomen/pelvis scan, which has seen the most dramatic in-
crease in use, especially among older children. Among the ab-
domen/pelvis scans included in our dose calculations, most were
for pain (40%), possible appendicitis (11%), or infection (6%)
(eTable 1[Supplement]). Ultrasonography is a reasonable alter-
native for assessing appendicitis because its accuracy is high and
it does not use ionizing radiation. Evidence supports limiting
pediatric CT use in this setting to patients with equivocal or nega-
tive findings on ultrasonography.*4-4” The risks of radiation-
induced leukemia and brain cancer are highest for head scans,
which are the most commonly performed CT scans in pediat-
rics. Although the effective dose for a head scan is relatively low,
the brain and red bone marrow doses are relatively high, espe-
cially for young children, resulting in the highest risks of brain
cancer and leukemia. Among the head scans included in our
dose estimation, most were to evaluate trauma (23%), upper re-
spiratory issues (22%), or headache (17%) (eTable 2 [Supple-
ment]). Recent guidelines suggest that the use of head scans for
trauma can be reduced when highly sensitive prediction rules
are used to determine which patients truly need imaging.*® The
effectiveness of head scans for headache or sinusitis in pediat-
rics has not been sufficiently studied to know its value.

A strength of our study is that we collected technical param-
eters used in examinations from diverse facilities and CT ma-
chines to estimate the distribution of radiation doses. Our dose
calculations accounted for patient size and sex using an im-
proved dosimetry method. Because of the HMO Research Net-
work infrastructure, we had complete capture of health care
utilization from diverse sites across the United States.

Our primary study limitations are that we could not evalu-
ate the appropriateness of imaging or examine changes in ra-
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diation doses over time (because of differences in study years
across sites). For inpatient procedures, only the admission date
was available; thus, collapsing multiple procedures per-
formed on the same day could undercount the number of scans.
Our risk projections are likely conservative because they only
include cancers with published models,®*° which excludes 15%
to 30% of incident cancers, depending on age and sex. In ad-
dition, our projections are lower than those recently made avail-
able via an online tool,*® which uses a slightly different method
than that of the BEIR-VII report. The challenge of projecting can-
cer risk is quantifying the uncertainty due to statistical varia-
tion in the model parameter estimates, the method used to
transport risk estimates from the Japanese to the US popula-
tion and the choice of dose and dose-rate effectiveness factor
used to adjust downward the risk estimates from the linear no-
threshold model. Our 95% uncertainty limits around the pro-
jected numbers of cancers are based on the coefficients of varia-
tion given in the BEIR-VII report,'® which provides a gross
variability estimate from these 3 sources of uncertainty.

In conclusion, the use of CT in pediatrics has increased
sharply since 1996, especially for older children, but has started
to decrease in the past few years. The limited evidence about
the appropriateness of most CT procedures, particularly for
children, makes it difficult to know how much further the rates
should be reduced. Perhaps more importantly, we found that
radiation doses from pediatric CT vary widely in clinical prac-
tice, suggesting an opportunity to reduce doses through stan-
dardized protocols and other published methods.?%-3%-4° Imple-
mentation of these readily available dose-reduction strategies,
combined with the elimination of unnecessary imaging, could
dramatically reduce future radiation-induced cancers from CT
use in pediatrics.

ARTICLE INFORMATION

Author Affiliations: Biostatistics Unit, Group
Health Research Institute, University of
Washington, Seattle (Miglioretti, Johnson);
Department of Biostatistics, University of
Washington, Seattle (Miglioretti); Center for Health
Research, Kaiser Permanente Hawaii, Honolulu
(Williams); Epidemiology Research Center,
Marshfield Clinic Research Foundation, Wisconsin
(Greenlee); Center for Health Research, Kaiser
Permanente Northwest, Portland, Oregon
(Weinmann); HealthPartners Institute for Education
and Research, Minneapolis, Minnesota (Solberg);
Institute for Health Research, Kaiser Permanente,
Denver, Colorado (Feigelson); Center for Health
Research, Kaiser Permanente Southeast, Atlanta,
Georgia (Roblin); Department of Radiology, Henry
Ford Health System, Detroit, Michigan (Flynn);
Institute of General Practice, Johann Wolfgang
Goethe-University, Frankfurt, Germany (Mr
Vanneman) (Vanneman); Departments of
Radiology and Biomedical Imaging, Epidemiology
and Biostatistics, Obstetrics, and Gynecology and
Reproductive Sciences, University of California, San
Francisco (Smith-Bindman); Dr Miglioretti is now
with the Department of Public Health Sciences,
University California, Davis, and Group Research
Institute, Seattle, Washington. (Miglioretti).
Published Online: June 10, 2013.
doi:10.1001/jamapediatrics.2013.311.

Author Contributions: Study concept and design:
Miglioretti, Greenlee, Smith-Bindman.
Acquisition of data: Miglioretti, Johnson, Williams,
Greenlee, Weinmann, Solberg, Feigelson, Roblin,
Flynn, Vanneman.

Analysis and interpretation of data: Miglioretti,
Johnson, Williams, Greenlee, Weinmann, Solberg,
Roblin, Smith-Bindman.

Drafting of the manuscript: Miglioretti, Johnson,
Vanneman.

Critical revision of the manuscript for important
intellectual content: Miglioretti, Williams, Greenlee,
Weinmann, Solberg, Feigelson, Roblin, Flynn,
Smith-Bindman.

Statistical analysis: Miglioretti, Johnson.
Obtained funding: Miglioretti, Feigelson.
Administrative, technical, and material support:
Greenlee, Weinmann, Solberg, Feigelson, Roblin,
Flynn, Vanneman.

Study supervision: Miglioretti, Weinmann.

Conflict of Interest Disclosures: None reported.

Funding/Support: This study was supported by the
National Cancer Institute-funded Cancer Research
Network Across Health Care Systems (grant
U19CA79689) and the National Cancer
Institute-funded grants R21CA131698 and
K24CA125036.

Additional Contributions: We thank the following
individuals for their valuable assistance in gathering
radiology data for this study: Julianne Endres and

JAMA Pediatrics August 2013 Volume 167, Number 8

Downloaded From: http://archpedi.jamanetwork.com/ by a University of Lausanne User on 09/22/2015

Deborah Seger with the Group Health Research
Institute; Brenda Rush, RN, and Donna Gleason
with Kaiser Permanente Northwest; Randell Kruger,
PhD, and Paul Hitz with the Marshfield Clinic
Research Foundation (Paul Hitz is now with the
Essentia Institute of Rural Health); Kimberly
Bischoff, MSHA, with Kaiser Permanente Colorado;
Ann Hanson with the HealthPartners Institute for
Education and Research; Peter Joski with Kaiser
Permanente Georgia (now with Emory University);
and Aileen Uchida and Mark Schmidt with Kaiser
Permanente Hawaii. Chris Tachibana with the
Group Health Research Institute provided scientific
editing.

REFERENCES

1. Smith-Bindman R, Miglioretti DL, Johnson E,

et al. Use of diagnostic imaging studies and
associated radiation exposure for patients enrolled
in large integrated health care systems, 1996-2010.
JAMA. 2012;307(22):2400-2409.

2. Smith-Bindman R, Miglioretti DL, Larson EB.
Rising use of diagnostic medical imagingin a large
integrated health system. Health Aff (Millwood).
2008;27(6):1491-1502.

3. Brenner DJ, Hall EJ. Computed tomography—an
increasing source of radiation exposure. N Engl J
Med. 2007;357(22):2277-2284.

jamapediatrics.com



Computed Tomography in Pediatrics

4. Broder J, Fordham LA, Warshauer DM.
Increasing utilization of computed tomography in
the pediatric emergency department, 2000-2006.
Emerg Radiol. 2007;14(4):227-232.

5. Mettler FA Jr, Bhargavan M, Faulkner K, et al.
Radiologic and nuclear medicine studies in the
United States and worldwide: frequency, radiation
dose, and comparison with other radiation
sources—1950-2007. Radiology. 2009;253(2):
520-531.

6. Mitchell JM. Utilization trends for advanced
imaging procedures: evidence from individuals with
private insurance coverage in California. Med Care.
2008;46(5):460-466.

7. IMV Medical Information Division. IMV 2012 CT
Market Outlook Report. Des Plaines, IL: IMV Medical
Information Division; 2012.

8. Mettler FA Jr, Wiest PW, Locken JA, Kelsey CA.
CT scanning: patterns of use and dose. J Radiol Prot.
2000;20(4):353-359.

9. Berrington de Gonzélez A, Mahesh M, Kim KP,
et al. Projected cancer risks from computed
tomographic scans performed in the United States
in 2007. Arch Intern Med. 2009;169(22):2071-2077.

10. Committee to Assess Health Risks From
Exposure to Low Levels of lonizing Radiation and
National Research Council. Health Risks From
Exposure to Low Levels of lonizing Radiation: BEIR
VIl Phase 2. Washington, DC: The National
Academies Press; 2006.

11. Preston DL, Ron E, Tokuoka S, et al. Solid cancer
incidence in atomic bomb survivors: 1958-1998.
Radiat Res. 2007;168(1):1-64.

12. Brenner D, Elliston C, Hall E, Berdon W.
Estimated risks of radiation-induced fatal cancer
from pediatric CT. AJR Am J Roentgenol.
2001;176(2):289-296.

13. Chodick G, Ronckers CM, Shalev V, Ron E.
Excess lifetime cancer mortality risk attributable to
radiation exposure from computed tomography
examinations in children. Isr Med Assoc J.
2007;9(8):584-587.

14. Pearce MS, Salotti JA, Little MP, et al. Radiation
exposure from CT scans in childhood and
subsequent risk of leukaemia and brain tumours: a
retrospective cohort study. Lancet.
2012;380(9840):499-505.

15. Smith-Bindman R, Lipson J, Marcus R, et al.
Radiation dose associated with common computed
tomography examinations and the associated
lifetime attributable risk of cancer. Arch Intern Med.
2009;169(22):2078-2086.

16. Linet MS, Kim KP, Rajaraman P. Children’s
exposure to diagnostic medical radiation and
cancer risk: epidemiologic and dosimetric
considerations. Pediatr Radiol. 2009;39(suppl 1):
S4-S26.

17. Kim PK, Zhu X, Houseknecht E, Nickolaus D,
Mahboubi S, Nance ML. Effective radiation dose
from radiologic studies in pediatric trauma patients.
World J Surg. 2005;29(12):1557-1562.

18. Brunetti MA, Mahesh M, Nabaweesi R, Locke P,
Ziegfeld S, Brown R. Diagnostic radiation exposure
in pediatric trauma patients. J Trauma. 2011;70(2):
24-28.

19. Ahmed BA, Connolly BL, Shroff P, et al.
Cumulative effective doses from radiologic

jamapediatrics.com

procedures for pediatric oncology patients.
Pediatrics. 2010;126(4):e851-e858.

20. Chawla SC, Federman N, Zhang D, et al.
Estimated cumulative radiation dose from PET/CT
in children with malignancies: a 5-year
retrospective review. Pediatr Radiol. 2010;40(5):
681-686.

21. Huda W, Vance A. Patient radiation doses from
adult and pediatric CT. AJR Am J Roentgenol.
2007;188(2):540-546.

22. Donnelly LF, Emery KH, Brody AS, et al.
Minimizing radiation dose for pediatric body
applications of single-detector helical CT: strategies
at a large children’s hospital. AJR Am J Roentgenol.
20071;176(2):303-306.

23. Paterson A, Frush DP, Donnelly LF. Helical CT of
the body: are settings adjusted for pediatric
patients? AJR Am J Roentgenol. 2001;176(2):
297-301.

24. Arch ME, Frush DP. Pediatric body MDCT: a
5-year follow-up survey of scanning parameters
used by pediatric radiologists. AJR Am J Roentgenol.
2008;191(2):611-617.

25. Linton OW, Mettler FA Jr; National Council on
Radiation Protection and Measurements. National
conference on dose reduction in CT, with an
emphasis on pediatric patients. AJR Am J
Roentgenol. 2003;181(2):321-329.

26. Goske MJ, Applegate KE, Boylan J, et al. The
Image Gently campaign: working together to
change practice. AJR Am J Roentgenol.
2008;190(2):273-274.

27. Hornbrook MC, Hart G, Ellis JL, et al. Building a
virtual cancer research organization. J Nat/ Cancer
Inst Monogr. 2005;(35):12-25.

28. Johnson PB, Bahadori AA, Eckerman KF, Lee C,
Bolch WE. Response functions for computing
absorbed dose to skeletal tissues from photon
irradiation—an update. Phys Med Biol. 2011;56(8):
2347-2365.

29. Lee C, Lodwick D, Hurtado J, Pafundi D,
Williams JL, Bolch WE. The UF family of reference
hybrid phantoms for computational radiation
dosimetry. Phys Med Biol. 2010;55(2):339-363.

30. Lee C, Kim KP, Long DJ, Bolch WE. Organ doses
for reference pediatric and adolescent patients
undergoing computed tomography estimated by
Monte Carlo simulation. Med Phys. 2012;39(4):
2129-2146.

31. Lee C, KimKP, Long D, et al. Organ doses for
reference adult male and female undergoing
computed tomography estimated by Monte Carlo
simulations. Med Phys. 2011;38(3):1196-1206.

32. International Commission on Radiological
Protection (ICRP). The 2007 Recommendations of
the International Commission on Radiological
Protection: ICRP publication 103. Ann ICRP.
2007;37(2-4):1-332.

33. Slovis TL. Children, computed tomography
radiation dose, and the As Low As Reasonably
Achievable (ALARA) concept. Pediatrics.
2003;112(4):971-972.

34. Dorfman AL, Fazel R, Einstein AJ, et al. Use of
medical imaging procedures with ionizing radiation

in children: a population-based study. Arch Pediatr
Adolesc Med. 2011;165(5):458-464.

Original Investigation Research

35. International Commission on Radiological
Protection. Radiological protection and safety in
medicine: a report of the International Commission
on Radiological Protection [published correction
appears in Ann ICRP.1997;27(2):61]. Ann ICRP.
1996;26(2):1-47.

36. Shrimpton PC, Wall BF. Reference doses for
paediatric computed tomography. Radiat Prot
Dosimetry. 2000;90(1-2):249-252.
doi:10.1093/oxfordjournals.rpd.a033130.

37. McCollough CH. Diagnostic reference levels.
Image Wisely website. http://imagewisely.org
/Imaging-Professionals/Medical-Physicists/Articles
/Diagnostic-Reference-Levels.aspx. Accessed
November 29, 2012.

38. Image Gently: The Alliance for Radiation Safety
in Pediatric Imaging. CT—what can | do?
http://pedrad.org/associations/5364/ig/index.cfm
?page=368. Accessed November 28, 2012.

39. Shah NB, Platt SL. ALARA: is there a cause for
alarm? reducing radiation risks from computed
tomography scanning in children. Curr Opin Pediatr.
2008;20(3):243-247.

40. Society of Pediatric Radiology. The ALARA (as
low as reasonably achievable) concept in pediatric
CT intelligent dose reduction: multidisciplinary
conference organized by the Society of Pediatric
Radiology: August 18-19, 2001. Pediatr Radiol.
2002;32(4):217-313.

41. Brenner DJ. Estimating cancer risks from
pediatric CT: going from the qualitative to the
quantitative. Pediatr Radiol. 2002;32(4):228-223.

42. Roebuck DJ. Risk and benefit in paediatric
radiology. Pediatr Radiol. 1999;29(8):637-640.

43. Donnelly LF. Reducing radiation dose
associated with pediatric CT by decreasing
unnecessary examinations. AJR Am J Roentgenol.
2005;184(2):655-657.

44. Garcia Pefia BM, Mandl KD, Kraus SJ, et al.
Ultrasonography and limited computed
tomography in the diagnosis and management of
appendicitis in children. JAMA. 1999;282(11):
1041-1046.

45. Garcia Pefia BM, Cook EF, Mandl KD. Selective
imaging strategies for the diagnosis of appendicitis
in children. Pediatrics. 2004;113(1, pt 1):24-28.

46. Wan MJ, Krahn M, Ungar WJ, et al. Acute
appendicitis in young children: cost-effectiveness
of US versus CT in diagnosis—a Markov decision
analytic model. Radiology. 2009;250(2):378-386.

47. Krishnamoorthi R, Ramarajan N, Wang NE,

et al. Effectiveness of a staged US and CT protocol
for the diagnosis of pediatric appendicitis: reducing
radiation exposure in the age of ALARA. Radiology.
2011;259(1):231-239.

48. Kuppermann N, Holmes JF, Dayan PS, et al;
Pediatric Emergency Care Applied Research
Network (PECARN). Identification of children at
very low risk of clinically-important brain injuries
after head trauma: a prospective cohort study.
Lancet. 2009;374(9696):1160-1170.

49. Berrington de Gonzalez A, lulian Apostoaei A,
Veiga LH, et al. RadRAT: a radiation risk assessment
tool for lifetime cancer risk projection. J Radiol Prot.
2012;32(3):205-222.

JAMA Pediatrics August 2013 Volume 167, Number 8

Downloaded From: http://archpedi.jamanetwork.com/ by a University of Lausanne User on 09/22/2015

707





