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Radiation Exposure From Medical
Imaging in Patients With Chronic and

Recurrent Conditions
Evan G. Stein, MD, PhDa,b, Linda B. Haramati, MD, MSa, Eran Bellin, MDc,d,

Lori Ashton, BAc, Gus Mitsopoulos, MDa, Alan Schoenfeld, MSa,
E. Stephen Amis Jr, MDa

Purpose: Advances in medical imaging have been associated with increased utilization and increased radia-
tion exposure, especially for patients with chronic and recurrent conditions. The authors estimated the
cumulative radiation doses from medical imaging for specific cohorts with chronic and recurrent conditions.

Methods: All patients diagnosed with hydrocephalus (n � 1,711), pulmonary thromboembolic disease (n �
3,220), renal colic (n � 5,855), and cardiac disease (n � 11,072) from January 1, 2000, to December 31, 2005,
were retrospectively identified. Each imaging examination that used ionizing radiation from 2000 to 2008 was
incorporated into an estimate of total effective dose and organ-specific doses. Patients with high levels of
radiation exposure after 3 years (total effective dose � 50 mSv; dose to the ocular lens � 150 mSv) were
identified.

Results: The mean estimated effective doses for the surviving diagnostic cohorts after 3 years were 12.3 mSv
for patients with hydrocephalus, 21.7 mSv for those with pulmonary thromboembolic disease, 18.7 mSv for
those with renal colic, and 14.0 mSv for those with cardiac disease. Among patients with hydrocephalus, 26.3%
(339 of 1,291) had radiation doses � 150 mSv to the ocular lens within 3 years. In all cohorts, the proportion
of patients with total effective doses � 50 mSv within 3 years was significantly higher for those diagnosed in
2004 and 2005 than for those diagnosed in 2000 and 2001.

Conclusion: Patients with hydrocephalus, pulmonary thromboembolic disease, renal colic, and cardiac
disease received radiation exposures that may put them at increased risk for cancer. Moreover, the proportion
who received estimated total effective doses � 50 mSv within 3 years was significantly higher for those
diagnosed most recently. It is the responsibility of institutions and physicians to critically evaluate their
infrastructures, diagnostic strategies, and imaging techniques for each individual patient, with an eye toward
minimizing cumulative medical radiation exposure.
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ecently, the National Council on Radiation Protection
nd Measurements [1] estimated that medical imaging is
esponsible for nearly half of the radiation exposure to
he US population. Although the biologic effects from
ow-dose ionizing radiation remain controversial, x-rays
epresent a well-recognized carcinogen. Therefore, med-
cal imaging with ionizing radiation should be kept to the

inimum necessary for effective clinical care [2-5].
The ACR [6] recently recommended that hospitals

nd practices begin tracking patient radiation exposure.
his is critical to justify the development and implemen-

ation of alternative strategies to reduce patient-specific

adiation burden. Although lower dose and no-dose al-
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ernative imaging and clinical strategies are being devel-
ped, there are a variety of barriers to their adoption.
echnical barriers include the high cost of new equip-
ent and inadequate attention to radiation reduction

echniques for existing equipment. Additionally, the
igh rate of obesity in the United States limits the utility
f lower dose strategies because obese patients require
igher dose techniques for diagnostic-quality imaging.
hysicians also are reluctant not to image because of the
onfidence that imaging adds to clinical decision making.

Chronic and recurrent conditions require ongoing
are and often result in repeat imaging and repeat expo-
ure to ionizing radiation. We selected 4 cohorts of pa-
ients with different diagnoses: hydrocephalus, pulmo-
ary thromboembolic disease, renal colic, and cardiac
isease. These diagnoses often result in repeat imaging
nd have low-dose or no-dose alternative imaging tech-
iques suitable for at least a subset of patients.
In this study, we examined institutional trends in ra-

iation exposure over time for these 4 cohorts.

ETHODS

he study was approved by our institutional review
oard, and informed consent was not required.

adiation Dose Assignment

sing the estimates of Mettler et al [7], we assigned a
otal effective radiation dose for each examination per-
ormed at our institution in radiology, nuclear medicine,
nd invasive cardiology using mean and maximum val-
es. We estimated absorbed organ doses to the breast,

ung, thyroid, and bone marrow for CT using ImPACT
T Patient Dosimetry Calculator version 0.99�

ImPACT, London, UK), using the protocols pro-
rammed into each CT scanner. During the study and
ollow-up periods, helical CT technology was rapidly

Table 1. ICD-9 codes used to identify specific patie
Patient Cohort
Hydrocephalus 331.3, 331.4, 653.6, 653.61,
PE/DVT 415.1, 415.11, 415.19, 451, 4

451.89, 451.9, 453, 453.2,
Renal colic 788.0
Cardiac disease 410, 410.0, 410.00, 410.01, 4

410.21, 410.22, 410.3, 410
410.5, 410.50, 410.51, 410
410.71, 410.72, 410.8, 410
411, 411.0, 411.1, 411.8, 4
414.0, 414.00, 414.01, 414
414.10, 414.11, 414.12, 41
Note: ICD-9 � International Classification of Diseases, Ninth Revisio
volving, and scanners with 1, 4, 6, 16, and 64 detectors
ere all in regular use.
Radiation dose to the ocular lens from CT was esti-
ated from the literature. We assigned mean ocular lens

oses of 27 mSv for head CT and 56 mSv for orbit CT
8-12]. We also assigned organ doses for nuclear medi-
ine imaging on the basis of published standards for our
rotocols [13]. For electrocardiographically gated car-
iac CT, we used the absorbed and effective doses as
alculated by Einstein et al [14].

For all of the examinations, CT with and without
ontrast was counted as two examinations, and the radi-
tion dose was doubled. CT with contrast counted as a
ingle examination, without allowing for the possibility
f multiphase imaging.

atient Selection

e retrospectively identified our study population co-
orts using Clinical Looking Glass, an interactive soft-
are application developed at our institution to evaluate
ealth care quality, effectiveness, and efficiency. The 4
ohorts were acquired from index encounters in our
mergency department, inpatient, and outpatient ser-
ices during the study period. International Classification
f Diseases, Ninth Revision (ICD-9), codes (Table 1) were
sed to identify all patients diagnosed with hydrocepha-

us, pulmonary thromboembolic disease, renal colic, and
ardiac disease between January 1, 2000, and June 30,
005. This included all patients assigned to one of the
bove diagnostic categories regardless of whether they
ere imaged. Patients could enter each cohort only once.
edical records and the Social Security Death Index

ere searched to identify which patients died during
ollow-up. The follow-up period extended through De-
ember 31, 2008; hence, the entire study population had
3 years of follow-up.

cohorts
ICD-9 Codes

3.62, 653.63, 653.64, 741.0, 741.9, 742.3
.11, 451.2, 451.8, 451.81, 451.82, 451.83, 451.84,

3.40, 453.41, 453.42, 453.8, 453.9

.02, 410.1, 410.10, 410.11, 410.12, 410.2, 410.20,
, 410.31, 410.32, 410.4, 410.40, 410.41, 410.42,
, 410.6, 410.60, 410.61, 410.62, 410.7, 410.70,
, 410.81, 410.82, 410.9, 410.90, 410.91, 410.92,
.81, 411.89, 412, 413, 413.0, 413.1, 413.9, 414,
, 414.03, 414.04, 414.05, 414.06, 414.07, 414.1,
9, 414.8, 414.9
nt

65
51

45

10
.30
.52
.80
11
.02
4.1
n; PE/DVT � pulmonary thromboembolic disease.
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Each patient’s electronic medical record was surveyed to
dentify all medical imaging performed in radiology, nuclear

edicine, and interventional cardiology (medical imaging).
or CT, organ-specific absorbed dose estimations were
ade on the basis of specific scanner protocols.
We estimated absorbed organ doses to the breast, lung,

hyroid, bone marrow, and ocular lens and the total
ffective dose for each patient. The effective dose is a
erived quantity whose unit is the sievert, which weights
he effects of nonuniform radiation exposure and results
n a number intended to represent the equivalent sto-
hastic biologic risks of uniform radiation exposure. We
lso estimated the effective dose for the surviving popu-
ation in each cohort for the first year, the first 3 years,
nd for the subsets with 6 and 8 years of follow-up.
adiation dose is influenced by patient-specific and ex-
mination-specific factors, including patient size, age,
nd sex, as well as examination parameters, and is diffi-
ult to accurately estimate. When measured, actual pa-
ient radiation doses are often considerably higher than
odeled estimates [6]. Our inner-city population has a

ery high obesity rate, requiring high-dose techniques to
btain diagnostic images. Additionally, our CT dose es-
imates did not account for multiphase scans, which are
requently performed in our institution. Hence, we per-
ormed radiation doses estimates for each cohort using
ean and maximum dose values of Mettler et al [7] to

etter reflect the range of exposures to our population.
We used the annual occupational dose limits set by the
ational Council on Radiation Protection and Measure-
ents of 50 mSv total effective dose and 150 mSv to the

Table 2. Cohort demographics for patients with hyd
disease from 2000 to 2005

Variable Hydrocephalus
Female 867 (50.7%)
Male 844 (49.3%)
White 395 (23.1%)
Black 534 (31.2%)
Other 782 (45.7%)
Age (y) 43.0 � 31.9
1-y survivor age (y) 41.6 � 30.2
3-y survivor age (y) 34.6 � 30.1
6-y survivor age (y) 27.2 � 26.6
8-y survivor age (y) 21.2 � 22.5
Alive at 1 y 1,416 (82.8%)
Alive at 3 y 1,291 (75.5%)
Alive at 6 y 686 (68.4%)
Alive at 8 y 284 (69.6%)
Number followed for 1 and 3 y 1,711
Number followed for 6 y 1,003
Number followed for 8 y 405
Note: Data are expressed as number (percentage) or as mean � SD
cular lens to identify patients with high radiation expo-
ure [15]. The Nuclear Regulatory Commission sets an-
ual dose limits to the general public at 2% of the annual
ccupational dose limits. The rationale for these limits
elates to the deleterious biologic effects of ionizing radi-
tion, both stochastic and deterministic. Stochastic ef-
ects include carcinogenesis and hereditary defects; they
an occur at any level of radiation exposure, but their
robability of occurrence increases with increasing expo-
ure. Deterministic effects include skin burns and cata-
acts and occur after a specific dose threshold has been
eached. Although the threshold for detectable lens opac-
ties for a single exposure has been estimated at 0.5 to 2.0
v and 5.0 Sv for cataracts, recent publications suggest
hat the threshold for cataracts may be �700 mSv
16,17]. Epidemiologic evidence, using the linear no-
hreshold model, suggests that the radiation dose from
ven one CT scan conveys a small increase in the lifetime
ttributable risk for cancer [18,19].

tatistical Methods

hi-square tests were used to compare differences in
roportions. A P value � .05 was considered significant.

ESULTS

he number of patients; the 1-year, 3-year, 6-year, and
-year survival; and the sex and age for each cohort are
ummarized in Table 2. The estimated mean total effec-
ive and organ-specific doses from medical imaging to the
urvivors are detailed in Table 3. The percentage of sur-

cephalus, PE/DVT, renal colic, and cardiac

Renal Colic PE/DVT Cardiac Disease
,546 (48.0%) 3,611 (61.7%) 6,038 (54.5%)
,674 (52.0%) 2,244 (38.3%) 5,034 (45.5%)
650 (20.2%) 1,711 (29.2%) 3,341 (30.2%)
551 (17.1%) 2,086 (35.6%) 3,148 (28.4%)
,019 (62.7%) 2,058 (35.1%) 4,583 (41.4%)
43.4 � 14.4 62.5 � 19.6 65.9 � 14.7
43.3 � 14.2 65.1 � 15.1 64.4 � 14.3
43.1 � 14.0 57.2 � 19.8 63.1 � 14.0
42.5 � 14.1 55.4 � 19.1 61.5 � 13.6
42.3 � 13.7 54.7 � 19.2 59.8 � 13.5
,199 (99.3%) 4,294 (73.3%) 9,666 (87.3%)
,154 (98.0%) 3,667 (62.6%) 8,656 (78.2%)
,868 (96.3%) 1,579 (52.4%) 5,257 (67.5%)
630 (94.6%) 502 (46.1%) 1,917 (62.2%)

3,220 5,855 11,072
1,941 3,013 7,789

651 1,053 3,083
ro

1
1

2

3
3
1

. PE/DVT � pulmonary thromboembolic disease.
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ivors who had radiation dose estimates � 50 mSv total
ffective dose and 150 mSv to the ocular lens dose is
escribed in Table 4.
For patients with hydrocephalus (n � 1,291), the
ean total effective dose from medical imaging to sur-

iving patients after 3 years using the mean and maxi-
um dose estimates, respectively, was 12.3 and 27.1
Sv, and 84.1% of that exposure was from the radiology

epartment and the remaining 15.9% from nuclear med-
cine and interventional cardiology. Using mean and

aximum dose estimates, 5.6% (72 of 1,291) and 17.0%
220 of 1,291) of patients exceeded a total effective dose
f 50 mSv, respectively. The maximum calculated lens
ose was 1,654 mSv, and the highest total effective dose
o an individual after 3 years was 610.4 mSv, using the

Table 3. Radiation dose (mSv) to the surviving coh
Variable Hydrocephalu

1 y of follow-up (n � 1,416)
Total effective dose (mean)� 8.0 � 14.4
Total effective dose (maximum)† 17.2 � 32.9
Breast dose 1.8 � 7.1
Lung dose 3.0 � 9.3
Thyroid dose 7.4 � 18.8
Bone marrow dose 8.0 � 14.6
Lens dose 86.0 � 147.

3 y of follow-up (n � 1,291)
Total effective dose (mean)� 12.3 � 22.0
Total effective dose (maximum)† 27.1 � 51.3
Breast dose 3.1 � 11.2
Lung dose 5.1 � 15.2
Thyroid dose 11.6 � 29.4
Bone marrow dose 12.2 � 21.6
Lens dose 107.1 � 170.

6 y of follow-up (n � 686)
Total effective dose (mean)� 15.9 � 31.4
Total effective dose (maximum)† 35.0 � 72.1
Breast dose 3.5 � 14.8
Lung dose 6.2 � 20.6
Thyroid dose 12.8 � 33.8
Bone marrow dose 15.2 � 28.4
Lens dose 110.7 � 183.

8 y of follow-up (n � 284)
Total effective dose (mean)� 15.1 � 34.1
Total effective dose (maximum)† 34.1 � 76.4
Breast dose 3.2 � 21.6
Lung dose 6.2 � 30.7
Thyroid dose 13.0 � 47.7
Bone marrow dose 14.9 � 29.8
Lens dose 109.9 � 203.

Note: Data are expressed as mean � SD. PE/DVT � pulmonary
�Using the mean value for radiation exposure estimates in Mettle
†Using the maximum value for radiation exposure estimates in M
aximum estimate. Compared with the 2000 and 2001 3
ohort, a significantly higher proportion of the 2004 and
005 cohort exceeded a total effective dose of 50 mSv
sing the mean estimates (7.4% [24 of 326] vs 3.9% [21
f 540], P � .0001; Figure 1) and 150 mSv to the ocular
ens within 3 years. This trend holds and the proportions
re higher when the maximum estimates are used: 21.8%
71 of 326) vs 11.7% (63 of 540) (P � .0001).

Among patients with pulmonary thromboembolic
isease (n � 3,668), the mean total effective dose using
he mean and maximum dose estimates, respectively, was
1.7 and 51.2 mSv after 3 years, and 82.4% of that
xposure was from the radiology department and the
emaining 17.6% from nuclear medicine and interven-
ional cardiology. Using mean and maximum dose esti-
ates, 12.4% (456 of 3,668) and 28.3% (1,037 of

s
Renal Colic PE/DVT Cardiac Disease
(n � 3,199) (n � 4,294) (n � 9,666)

12.6 � 13.4 13.5 � 25.5 7.5 � 14.1
31.3 � 35. 32.6 � 63.2 24.0 � 47.7
1.4 � 4.4 7.1 � 18.1 3.0 � 9.3
4.1 � 6.8 11.3 � 24.2 4.5 � 12.3
1.3 � 9.1 11.5 � 30.8 4.4 � 14.5

10.6 � 12.2 10.4 � 20.4 5.0 � 10.9
2.2 � 14.3 19.0 � 63.2 10.8 � 33.8
(n � 3,154) (n � 3,667) (n � 8,656)

18.7 � 23.5 21.7 � 38.7 14.0 � 23.8
45.7 � 61.2 51.2 � 93.2 41.3 � 72.0
2.9 � 10.4 10.7 � 26.7 5.1 � 14.4
7.0 � 15.1 17.2 � 36.7 8.0 � 19.5
4.0 � 22.4 18.7 � 46.1 8.5 � 24.5

15.5 � 20.2 16.6 � 30.8 9.5 � 17.8
5.0 � 23.4 23.9 � 74.4 13.9 � 44.2
(n � 1,868) (n � 1,579) (n � 5,257)

22.6 � 35.7 27.1 � 48.8 23.4 � 35.9
54.2 � 84.7 64.1 � 118.3 63.1 � 100.8
4.3 � 14.4 12.3 � 31.8 8.4 � 19.9
9.2 � 21.4 20.6 � 44.1 13.4 � 27.6
7.0 � 32.7 22.0 � 52.6 16.1 � 38.7

17.5 � 28.6 20.6 � 39.8 16.1 � 27.1
7.7 � 34.0 23.0 � 67.0 16.9 � 52.7
(n � 630) (n � 502) (n � 1,917)

20.6 � 44.7 25.5 � 48.5 29.5 � 48.1
48.5 � 105.2 58.4 � 119.9 71.7 � 127.7
5.3 � 18.6 10.1 � 24.6 10.3 � 24.7

10.0 � 27.4 18.6 � 37.3 17.1 � 35.3
10.6 � 44.2 20.7 � 49.7 23.5 � 53.9
15.8 � 35.7 18.6 � 37.9 20.2 � 34.7
8.9 � 45.1 17.7 � 64.1 17.6 � 63.2

omboembolic disease.
t al [7].
ler et al [7].
ort
s

6

5

1

thr
r e
,668) of patients exceeded a total effective dose of 50
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Sv, respectively. The highest calculated breast dose was
27.8 mSv, and the highest total effective dose to an
ndividual after 3 years was 984.8 mSv, using the maxi-

ig 1. The proportion of surviving patients with hy
isease (PE/DVT), and cardiac disease who exceeded

Table 4. Proportion of the surviving cohort with rad
and 150 mSv to the ocular lens

Variable Hydr
1 y of follow-up (n

�50 mSv total effective dose (mean)� 3
�50 mSv total effective dose (maximum)† 14
�150 mSv lens dose 28

3 y of follow-up (n
�50 mSv total effective dose (mean)� 7
�50 mSv total effective dose (maximum)† 22
�150 mSv lens dose 33

6 y of follow-up (n
�50 mSv total effective dose (mean)� 5
�50 mSv total effective dose (maximum)† 14
�150 mSv lens dose 17

8 y of follow-up (n
�50 mSv total effective dose (mean)� 2
�50 mSv total effective dose (maximum)† 5
�150 mSv lens dose 6

Note: Data are expressed as number (percentage). PE/DVT � pu
�Using the mean value for radiation exposure estimates in Mettle
†Using the maximum value for radiation exposure estimates in M
ean estimates, increased for each cohort between 20
um dose estimate. A higher proportion of the 2004 and
005 cohort exceeded a total effective dose of 50 mSv
ithin 3 years, using the mean estimates, compared with

ocephalus, renal colic, pulmonary thromboembolic
0 mSv in total effective dose over 3 years, using the

ion exposures � 50 mSv estimated effective dose

ephalus Renal Colic PE/DVT
Cardiac
Disease

1,416) (n � 3,199) (n � 4,294) (n � 9,666)
(2.5) 61 (1.9) 301 (7.0) 201 (2.1)
(10.3) 497 (15.5) 853 (19.9) 1,491 (15.4)
(20.4) 0 (0.0) 13 (0.3) 2 (0.0)
1,291) (n � 3,154) (n � 3,667) (n � 8,656)
(5.6) 213 (6.8) 456 (12.4) 533 (6.2)
(17.0) 831 (26.3) 1,037 (28.3) 2,232 (25.8)
(26.3) 0 (0.0) 18 (0.5) 6 (0.1)
686) (n � 1,868) (n � 1,579) (n � 5,257)
(8.3) 208 (11.1) 249 (15.8) 745 (14.2)
(20.7) 582 (31.2) 517 (32.7) 1,896 (36.1)
(25.9) 2 (0.1) 5 (0.3) 9 (0.2)
284) (n � 630) (n � 502) (n � 1,917)
(7.7) 68 (10.8) 80 (15.9) 383 (20.0)
(19.0) 162 (25.7) 139 (27.7) 711 (37.1)
(22.9) 2 (0.3) 2 (0.4) 3 (0.2)

onary thromboembolic disease.
t al [7].
ler et al [7].
dr
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he 2000 and 2001 cohort (17.3% [187 of 1,081] vs
.8% [99 of 1,272], P � .0001). This trend holds and
he proportions are higher when the maximum estimates
re used: 33.4% (361 of 1,081) vs 21.7% (276 of 1,272)
P � .0001).

Among patients with renal colic (n � 3,154), the
ean total effective dose after 3 years using the mean and
aximum dose estimates, respectively, was 18.7 and

5.7 mSv, and 90.8% of that exposure was from the
adiology department and the remaining 9.2% from nu-
lear medicine and interventional cardiology. Using
ean and maximum dose estimates, 6.8% (213 of

,154) and 26.3% (831 of 3,154) of patients exceeded 50
Sv in total effective dose, respectively. The highest total

ffective dose to an individual was 1,369.9 mSv after 3
ears, using the maximum dose estimates. The propor-
ion of patients exceeding 50 mSv in effective dose within
years, using the mean estimates, increased between the
000 and 2001 cohort and the 2004 and 2005 cohort
3.8% [49 of 1,276] vs 9.4% [65 of 691], P � .0001).
his trend holds and the proportions are higher when the
aximum estimates are used: 19.9% (254 of 1,276) vs

2.6% (225 of 691) (P � .0001).
In patients with cardiac disease (n � 8,656), the mean

otal effective dose after 3 years using the mean and
aximum dose estimates, respectively, was 14.0 and

1.3 mSv, and 63.5% of that exposure was from the
adiology department and the remaining 36.5% from
uclear medicine and interventional cardiology. Using
ean and maximum dose estimates, 6.2% (533 of

ig 2. The proportion of patients who exceeded 50 m
stimates, was generally higher with increasing age th
ulmonary thromboembolic disease who exceeded

iagnostic cohorts, in each age group. PE/DVT � pulm
,656) and 25.8% (2,232 of 8,656) of patients exceeded
0 mSv in total effective dose, respectively. The highest
otal effective dose for an individual after 3 years was
,371.7 mSv, using maximum dose estimates. Once
gain, a significantly higher proportion of the 2004 and
005 cohort (9.5% [123 of 1,291]) exceeded 50 mSv in
otal effective over 3 years compared with the 2000 and
001 cohort (4.9% [214 of 4,355]) (P � .0001, �2)
sing the mean estimates. This trend holds and the pro-
ortions are higher when the maximum estimates are
sed: 35.1% (453 of 1,291) vs 21.2% (928 of 4,355)
P � .0001, �2).

When the 3-year radiation dose for each surviving
ohort was evaluated by age, using the mean estimate
Figure 2), the proportion of patients who exceeded 50
Sv was generally higher with increasing age through the

ighth decade. Patients with pulmonary thromboem-
olic disease consistently had the highest radiation expo-
ures and the highest proportion who exceeded 50 mSv
n every age group.

ISCUSSION

his study demonstrates that within 3 years, surviving
atients with hydrocephalus, pulmonary thromboem-
olic disease, renal colic, or cardiac disease received esti-
ated radiation doses that may put them at increased risk

or cancer. A significantly higher proportion of patients
rom each cohort who were diagnosed in 2004 and 2005
ad estimated radiation exposures � 50 mSv from med-

in total effective dose over 3 years, using the mean
gh the eighth decade. The proportion of patients with
0 mSv was consistently higher than for the other
Sv
rou

5

onary thromboembolic disease.
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cal imaging, compared with those diagnosed in 2000
nd 2001. In patient care, radiation exposure is usually
ot monitored, and there is no consensus regarding dose

imits. Rather, the physician caring for each patient is
xpected to evaluate the risk/benefit ratio. Fazel et al [20],
n a series of nonelderly adults from 5 health care markets
n the United States from 2005 to 2007, recently de-
cribed �50 mSv as a very high patient radiation dose.
pidemiologic data suggest that these doses place pa-

ients at risk for both the stochastic (eg, cancer) and
eterministic (eg, cataracts) effects of radiation exposure.
Although there is some disagreement about the level of

isk from low-level radiation exposure over time, the
urrent consensus favors the linear no-threshold model
4,5,21-23]. Under this model, the cumulative exposure
o radiation over a lifetime is linearly associated with an
ncreased risk for cancer. Brenner and Hall [18] esti-

ated that as many as 2% of new cancers each year in the
nited States will be due to exposure to CT alone. Some

ontend that the model fails to account for the rate of
adiation exposure (radiation flux) or for cells’ capacity to
epair radiation damage [4,5,21,22]. However, while
ecognizing these controversies, any added risk must be
eighed against the benefits to patients, particularly
hen other options are available.
Whereas the risk for deterministic and stochastic ef-

ects from radiation exposure increases over a patient’s
ifetime and is not limited to any one year’s exposure, we
ooked at as many follow-up data as were available to get
better idea of both the increasing exposure to the pa-

ient population and whether there were any identifiable
rends toward increasing ionizing radiation exposure. We
ound that for all 4 cohorts, survivors demonstrated an
ncrease in the mean total effective dose between the
-year and 6-year follow-up period. This finding was
ore inconsistent among the surviving subset with 8

ears of follow-up, perhaps because of higher mortality
mong the sicker, more frequently imaged patients.

In this study, all 4 cohorts showed major and signifi-
ant increases (range, 90%-147%) in the proportion of
atients who exceeded 50 mSv in total effective dose over
years for the 2004 and 2005 cohort compared with the
000 and 2001 cohort, using the mean estimates. Be-
ause our cohorts were constructed by diagnostic cate-
ory regardless of whether patients were imaged, this
ncrease in exposure over time clearly reflects the recent
rend of increasing imaging utilization and, if unchecked,
ortends very high exposures, with the associated con-
omitant risks [18,23].

The increase in radiation exposure over time docu-
ented in this series mirrors national trends. A recent

eport from the National Council on Radiation Protec-
ion and Measurements [1] described a 600% rise in the

er capita effective dose from medical imaging in the [
nited States, from 0.54 mSv in 1980 to 3.2 mSv in
006. This increased exposure is to a large degree attrib-
table to an increased utilization of CT and nuclear
yocardial perfusion imaging [20,24]. In the present

eries, all 4 cohorts had a majority of their radiation
xposure from procedures in radiology. This ranged from
2% to 91% for pulmonary thromboembolic disease,
ydrocephalus, and renal colic. However, for the cohort
ith cardiac disease, radiology contributed a smaller ma-

ority of 64% of the cohort’s radiation exposure, with
uclear medicine and interventional cardiology contrib-
ting a substantial minority.
Breast dose, especially in young patients, is a concern.

ounger patients are more susceptible to radiation dam-
ge and, with a longer life expectancy, have more time for
adiation-induced cancers to develop. Radiation-in-
uced breast cancer related to fluoroscopic exposure was
emonstrated among patients with tuberculosis who un-
erwent repeated fluoroscopically guided pneumothorax
herapy. At follow-up, patients exposed to fluoroscopy
estimated dose, 1,000 mSv) were 80% more likely to
evelop breast cancer than the unexposed population
nd showed a relationship between age of exposure
nd risk for cancer [25]. The average estimated breast
ose among patients with pulmonary thromboem-
olic disease in this study was 10.7 mSv at 3 years, and
he highest estimated breast dose to an individual was
27.8 mSv, equivalent to the radiation exposure of 55
ammograms [7].
In addition to the ocular lens and breast, we also report

rgan-specific doses to the thyroid, lung, and bone mar-
ow. These organs are known to be sensitive to the dele-
erious effects of radiation, although there is a paucity of
iterature regarding the clinical significance of exposures
n the range of medical imaging. The doses we report
ere calculated on the basis of the specific protocols and

canners used to image the cohorts and are not based on
eneric data.

A variety of strategies are necessary to reduce the rapid
ise in imaging with ionizing radiation. Educating clini-
ians, radiologists, and technologists plays a critical role
n their implementation. Sistrom et al [26] demonstrated
decline in the growth of outpatient imaging using an
rder entry and decision support system to guide the
hoice and appropriateness of imaging. As institutions
egin to implement radiation reduction and exposure
racking programs [27], special attention should be paid
o both individual patients and cohorts, such as those in
his study, who are subject to repeated examinations and
igher cumulative doses. Additionally, attention to dose-

owering techniques and technological innovations such
s model-based iterative reconstruction, if used properly,
an contribute to lowering patient radiation exposure

28]. However, the current economic downturn in the
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nited States will, at least in the short term, affect capital
udgets and may reduce the ability of practices and in-
titutions to purchase the new equipment that uses re-
ently developed radiation reduction technologies.

Valid lower or no-dose diagnostic strategies have al-
eady been evaluated for the diagnostic cohorts of the
resent study, and it is important for radiologists and
linicians to become familiar with these approaches to
ose reduction. For hydrocephalus, rapid MRI or low-
ose head CT is an appropriate alternative to full-dose
ead CT, particularly in follow-up [29,30].
There has been an increase in overall imaging for sus-

ected pulmonary embolism in the United States coin-
ident with the advent of multidetector CT pulmonary
ngiography [31]. Much of this increased imaging may
e unnecessary [32]. Recent reports have validated the
se of clinical decision rules and the D-dimer assay to
bviate imaging in some patients [33]. Furthermore,
entilation-perfusion scanning, a lower dose alternative,
rovides only 1/7 of the total radiation dose [7] and
erhaps 1/40 of the breast dose [34]. We developed an
maging algorithm for patients with suspected pulmo-
ary embolism in our emergency room that resulted in a
0% decrease in the estimated radiation exposure, with-
ut a significant change in mortality or recurrent pulmo-
ary thromboembolic disease on follow-up [35].
For patients with renal colic, the imaging standard is

oncontrast CT. High radiation doses occur in patients
ith recurrent symptoms. Low-dose abdominal CT and
ltrasound on follow-up can markedly reduce radiation
ose [36].
For cardiac disease, stress echocardiography represents
no-dose alternative to nuclear myocardial perfusion

maging and coronary CT angiography. The appropriate
maging algorithms and intervals between examinations
emain undefined. Cardiac catheterization and percuta-
eous coronary intervention have a clear outcomes ben-
fit for acute coronary syndromes. However, outside that
etting, the benefits are less well-demonstrated [37].

The major limitation of this study was its retrospective
ature and, thus, our estimation of radiation exposure.
e did not have access to the actual radiation dose.

rospectively, the dose-length product or the kerma-area
roduct has been validated as a measure of radiation
xposure, and if these data were recorded in a searchable
anner, they could be used to estimate the effective dose,

lthough they do not account for the ages or sex of
atients [38]. Another limitation of this study was that
adiation exposure could be estimated only for imaging
hat occurred at our institution, likely resulting in an
nderestimation. This underestimation is exacerbated by
he fact that in inner-city populations, such as ours, pa-

ients often receive care from more than one institution,
esulting not only in a lack of coordination of care but
erhaps also duplicate imaging.
In conclusion, the recent trend of increasing utiliza-

ion of medical imaging with ionizing radiation is partic-
larly relevant to patients with chronic and recurrent
onditions. Patients with hydrocephalus, pulmonary
hromboembolic disease, renal colic, and cardiac disease
n this series received radiation exposures that may put
hem at increased risk for cancer. Moreover, the propor-
ion of patients who received estimated total effective
oses � 50 mSv within 3 years was significantly higher
or those diagnosed most recently. It is the responsibility
f institutions to implement the necessary infrastructure
nd for physicians to critically evaluate the diagnostic
trategy and imaging technique for each individual pa-
ient, with an eye toward minimizing medical radiation
xposure.

EFERENCES

1. National Council on Radiation Protection and Measurements. Ionizing
radiation exposure of the population of the United States. NCRP Report
No 160. Bethesda, Md: National Council on Radiation Protection and
Measurements; 2009.

2. Verdun FR, Bochud F, Gundinchet F, Aroua A, Schnyder P, Meuli R.
Quality initiatives radiation risk: what you should know to tell your
patient. Radiographics 2008;28:1807-16.

3. Haramati LB. Ethical trials to determine the risks and benefits of radiation
exposure from coronary CT angiography. J Am Coll Radiol 2008;5:
1073-6.

4. Little MP, Wakeford R, Tawn EJ, Bouffler SD, Berrington de Gonzalez
A. Risks associated with low doses and low dose rates of ionizing radiation:
why linearity may be (almost) the best we can do. Radiology 2009;251:
13-22.

5. Tubiana M, Feinendegen LE, Yang C, Kaminski JM. The linear no-
threshold relationship is inconsistent with radiation biologic and experi-
mental data. Radiology 2009;251:6-12.

6. Amis ES Jr, Butler PF, Applegate KE, et al. American College of Radiol-
ogy white paper on radiation dose in medicine. J Am Coll Radiol 2007;
4:272-84.

7. Mettler FA, Huda W, Yoshizumi TT, Mahesh M. Effective doses in
radiology and diagnostic nuclear medicine: a catalog. Radiology 2008;
248:254-63.

8. Engineering in Medicine and Biology Society. Proceedings of the 22nd
annual International Conference of the IEEE, 2000. Piscataway, NJ:
Engineering in Medicine and Biology Society.

9. Holmedal LJ, Friberg EG, Børretzen I, Olerud H, Laegreid L, Rosendahl
K. Radiation doses to children with shunt-treated hydrocephalus. Pediatr
Radiol 2007;37:1209-15.

0. Zammit-Maempel I, Chadwick CL, Willis SP. Radiation dose to the lens
of eye and thyroid gland in paranasal sinus multislice CT. Br J Radiol
2003:76:418-20.

1. Czechowski J, Janeczek J, Kelly G, Johansen J. Radiation dose to the lens
in sequential and spiral CT of the facial bones and sinuses. Euro Radiol
2001;11:711-3.

2. Bassim MK, Ebert CS, Sit RC, Senior BA. Radiation dose to the eyes and
parotids during CT of the sinuses. Otolaryngol Head Neck Surg 2005;

133:531-3.



1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

Stein et al/Radiation Exposure in Chronic Conditions 359
3. Stabin MG, et al. Internal radiation dosimetry. In: Cherry SR, Sorenson
JA, Phelps ME, eds. Physics in nuclear medicine. 3rd ed. Philadelphia, Pa:
Saunders; 2003.

4. Einstein AJ, Henzlova MJ, Rajagopalan S. Estimating risk of cancer
associated with radiation exposure from 64-slice computed tomography
coronary angiography. JAMA 2007;298:317-23.

5. National Council on Radiation Protection and Measurements. Limita-
tion of exposure to ionizing radiation. NCRP Report No 116. Bethesda,
Md: National Council on Radiation Protection and Measurements;
1993.

6. Chodick G, Bekiroglu N, Hauptmann M, et al. Risk of cataract after
exposure to low doses of ionizing radiation: a 20 year prospective cohort
study among US radiologic technologists. Am J Epidemiol 2008;168:
620-31.

7. Worgul BV, Kundiyev YI, Sergiyenko NM, et al. Cataracts among Cher-
nobyl clean up workers: implications regarding permissible eye exposures.
Radiat Res 2007;167:233-43.

8. Brenner DJ, Hall EJ. Computed tomography—an increasing source of
radiation exposure. N Engl J Med 2007;357:2277-84.

9. Committee to Assess Health Risks From Exposure to Low Levels of
Ionizing Radiation; Nuclear and Radiation Studies Board; National Re-
search Council of the National Academies. Health risks from exposure to
low levels of ionizing radiation, BEIR VII–Phase 2. Washington, DC:
National Academies Press; 2006.

0. Fazel R, Krumholz HM, Wang Y, et al. Exposure to low dose ionizing
radiation from medical imaging procedures. N Engl J Med 2009;361:
849-57.

1. Mezrich R. Are CT scans carcinogenic? J Am Coll Radiol 2008;5:691-3.

2. Boland GW. The CT dose and utilization controversy: the radiologist’s
response. J Am Coll Radiol 2008;5:696-8.

3. Sodickson A, Baeyens PF, Andriole KP, et al. Recurrent CT, cumulative
radiation exposure, and associated radiation-induced cancer risks from
CT of adults. Radiology 2009;251:175-84.

4. Mettler, FA, Bhargavan M, Thomadsen BR, et al. Nuclear medicine
exposure in the United States, 2005-2007: preliminary results. Semin
Nucl Med 2008;38:384-91.

5. Boice JD Jr, Land CE, Shore RE, Norman JE, Tokunaga M. Risk of
breast cancer following low-dose radiation exposure. Radiology 1979;

131:589-97.
6. Sistrom CL, Dang PA, Weilburg JB, Dreyer KJ, Rosenthal DI, Thrall JH.
Effect of computerized order entry with integrated decision support on
the growth of outpatient procedure volumes: seven-year time series anal-
ysis. Radiology 2009;251:147-55.

7. Birnbaum S. Radiation safety in the era of helical CT: a patient-based
protection program currently in place in two community hospitals in
New Hampshire. J Am Coll Radiol 2008;5:714-8.

8. Hara, AK, Paden RG, Silva AC, et al. Iterative reconstruction technique
for reducing body radiation dose at CT: feasibility study. AJR Am J
Roentgenol 2009;193:764-77.

9. Singh RK, Smith JT, Wilkinson ID, Griffiths PD. Ultrafast MR imaging
in pediatric neuroradiology. Acta Radiol 2003;44:550-7.

0. Rybka K, Staniszewska AM, Biegałski T. Low-dose protocol for head CT
in monitoring hydrocephalus in children. Med Sci Monit 2007;
13(suppl):147-51.

1. Prologo JD, Gilkeson RC, Diaz M, Asaad J. CT pulmonary angiography:
a comparative analysis of the utilization patterns in emergency depart-
ment and hospitalized patients between 1998 and 2003. AJR Am J Roent-
genol 2004;183:1093-6.

2. Burge AJ, Freeman KD, Klapper PJ, Haramati LB. Increase diagnosis of
pulmonary embolism without a corresponding decline in mortality dur-
ing the CT era. Clin Radiol 2008;63:381-6.

3. Remy-Jardin M, Pistolesi M, Goodman LR, et al. Management of sus-
pected acute pulmonary embolism in the era of CT angiography: a state-
ment from the Fleischner Society. Radiology 2007;245:315-29.

4. Parker MS, Hui FK, Camacho MA. Female breast radiation exposure
during CT pulmonary angiography. Am J Radiol 2005;185:1228-31.

5. Stein EG, Haramati LB, Chamarthy M, Sprayregen S, Davitt M, Free-
man LM. Success of a safe and simple algorithm to reduce utilization of
CT pulmonary angiography in the emergency department. AJR Am J
Roentgenol 2010;194:392-7.

6. Poletti PA, Platon A, Rutschmann OT, Schmidlin FR, Iselin CE, Becker
CD. Low-dose versus standard-dose CT protocol in patients with clini-
cally suspected renal colic. AJR Am J Roentgenol 2007;188:927-33.

7. Boden WE, O’Rourke RA, Teo KK, et al; COURAGE Trial Research
Group. Optimal medical therapy with or without PCI for stable coronary
disease. N Engl J Med 2007;356:1503-16.

8. Huda W, Ogden KM, Khorasani MR. Converting dose-length product to

effective dose at CT. Radiology 2008;248:995-1003.


	Radiation Exposure From Medical Imaging in Patients With Chronic and Recurrent Conditions
	METHODS
	Radiation Dose Assignment
	Patient Selection
	Statistical Methods

	RESULTS
	DISCUSSION
	REFERENCES


