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Purpose: To compare total and cause-specific mortality rates between 
physicians likely to have performed fluoroscopy-guided in-
terventional (FGI) procedures (referred to as FGI MDs) 
and psychiatrists to determine if any differences are con-
sistent with known radiation risks.

Materials and 
Methods:

Mortality risks were compared in nationwide cohorts of 
45 634 FGI MDs and 64 401 psychiatrists. Cause of death 
was ascertained from the National Death Index. Poisson 
regression was used to estimate relative risks (RRs) and 
95% confidence intervals (CIs) for FGI MDs versus psy-
chiatrists, with adjustment (via stratification) for year of 
birth and attained age.

Results: During follow-up (1979–2008), 3506 FGI MDs (86 women) 
and 7814 psychiatrists (507 women) died. Compared with 
psychiatrists, FGI MDs had lower total (men: RR, 0.80 
[95% CI: 0.77, 0.83]; women: RR, 0.80 [95% CI: 0.63, 
1.00]) and cancer (men: RR, 0.92 [95% CI: 0.85, 0.99]; 
women: RR, 0.83 [95% CI: 0.58, 1.18]) mortality. Mor-
tality because of specific types of cancer, total and specific 
types of circulatory diseases, and other causes were not 
elevated in FGI MDs compared with psychiatrists. On the 
basis of small numbers, leukemia mortality was elevated 
among male FGI MDs who graduated from medical school 
before 1940 (RR, 3.86; 95% CI: 1.21, 12.3).

Conclusion: Overall, total deaths and deaths from specific causes 
were not elevated in FGI MDs compared with psychia-
trists. These findings require confirmation in large cohort 
studies with individual doses, detailed work histories, and 
extended follow-up of the subjects to substantially older 
median age at exit.
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membership (20). The AMA obtains in-
formation about graduates of all U.S. 
medical schools and creates or updates 
the profile for each physician practic-
ing in the United States, regardless of 
whether the physician graduated from 
a U.S. medical school, with data from 
accredited residency training programs, 
medical specialty boards, and U.S. li-
censing organizations.

This AMA file lists basic demo-
graphic information, up to two med-
ical specialties per physician, vital 
status, and, for deceased physicians, 
the date (but not cause) of death. Type 
of practice and specialty information is 
updated and confirmed through self-
administered surveys sent annually to 
one-third of physicians. All physicians 
are contacted every 3 years; about 40% 
respond. If a physician never completes 
a survey, specialty assignment is based 
on the most recent residency training 
obtained from the American Associa-
tion of Medical Colleges through a data 
sharing agreement.

We defined FGI MDs as physicians 
in the AMA Physician Masterfile with 
a primary or secondary specialty of 
interventional cardiology, cardiac elec-
trophysiology, or other cardiovascular 

moderate-to-high (0.2 Gy) total body 
effective radiation exposure was linked 
consistently with increased cancer risk 
(12), circulatory system disease, and cat-
aracts (11). Some studies suggested that 
cumulative protracted low-to-moderate 
(,0.2 Gy) total body effective radiation 
exposure increased risk of leukemia 
(13), solid tumors (14,15), and circula-
tory diseases (16).

Health risks among recent medi-
cal radiation workers, including those 
who perform FGI procedures (17), are 
less well studied. Excesses of certain 
cancers and circulatory disease were 
recently described in 20 982 radiologic 
technologists in the United States who 
assisted with FGI compared with 54 795 
radiologic technologists who never 
worked with FGI procedures (18,19). 
Scattered radiation from the patient is 
the principal source of exposure to ra-
diologic staff in the fluoroscopy suite. 
FGI MDs are in closer proximity to 
patients than technologists, and they 
experience higher radiation doses than 
most other medical radiation workers 
(3). We identified a nationwide cohort 
of physicians in the United States who 
are likely to have performed FGI pro-
cedures regularly on the basis of their 
specialties, and a comparison cohort of 
psychiatrists who were unlikely to have 
occupational radiation exposure. We 
compared total and cause-specific mor-
tality rates in these physician groups 
over a 30-year period to determine if 
any differences were consistent with 
known radiation risks.

Materials and Methods

Because there was no direct contact with 
study subject physicians, the National In-
stitutes of Health Office of Human Sub-
jects Research Protections determined 
that the study was exempt from institu-
tional human subjects board review.

Data Source and Study Population
Nationwide cohorts of FGI MDs and 
psychiatrists were constructed by us-
ing the American Medical Association 
(AMA) Physician Masterfile, which 
was established in 1906 and includes 
all U.S. physicians, regardless of AMA 
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Advance in Knowledge

nn In a nationwide cohort of 45 634 
physicians likely to have per-
formed fluoroscopy-guided inter-
ventional (FGI) procedures 
(referred to as FGI MDs), total 
and cause-specific mortality was 
compared with that of 64 401 
psychiatrists during the follow-up 
period (1979–2008); overall, 
total deaths and deaths from 
most specific causes, including 
those that are considered to be 
related to radiation, were not 
elevated in FGI MDs.

The dramatic increase in use of 
fluoroscopy-guided interventional 
(FGI) procedures since the 1960s 

has transformed medical practice. FGI 
procedures involve guidance of cathe-
ters and other small devices through 
blood vessels or other pathways with 
fluoroscopic imaging to localize and 
treat lesions (1,2). Numerous FGI pro-
cedures replaced surgical alternatives 
because of clinical and economic ben-
efits to patients (2). The occurrence of 
tissue reactions (deterministic effects) 
from radiation exposure, such as skin 
burns, are uncommon in patients who 
undergo FGI procedures (1).

Concerns have been raised about 
long-term radiation-related outcomes in 
physicians who perform FGI procedures 
(FGI MDs) (3–6), including dose-related 
posterior subcapsular lens changes (7). 
Despite equipment and other improve-
ments to decrease patient and worker 
radiation doses, newer FGI procedures 
are often more complex (8), workloads 
have been increasing, and dose reduc-
tions in FGI procedures have been mod-
est or not apparent (9). Estimated annual 
total body effective occupational radia-
tion exposures from FGI procedures are 
generally within the allowable limits (50 
mSv per year in the United States [10], 
and 20 mSv per year recommended by 
the International Commission on Radio-
logical Protection [11]), but cumulative 
exposures may be as high as 0.5 Gy to 
the brain or eye lens in the absence of 
adequate protection (7). In several ra-
diation-exposed populations, cumulative 
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psychiatrists. The median age at exit was 
55 years for FGI MDs and 58 years for 
psychiatrists. Two-thirds of each group 
was born in the United States; country 
of birth was not available for 14%–15% 
of the physicians. During the follow-up 
(1979–2008), 3506 (7.7%) of FGI MDs 
and 7814 (12.1%) of psychiatrists died. 
Cause of death could not be established 
for 149 FGI MDs (4.2%) and 375 psy-
chiatrists (4.8%) (data not shown).

Male FGI MDs had a significantly 
lower risk of death overall than the 
male psychiatrists (RR, 0.80; 95% CI: 
0.77, 0.83); this difference increased 
with more recent year of graduation 
(Table 2). All-cancer mortality was 
modestly reduced (RR, 0.92; 95% 
CI: 0.85, 0.99). An increased risk of 
death was observed for leukemia (RR, 
3.86; 95% CI: 1.21, 12.3), but it was 
on the basis of small numbers and re-
stricted to men who graduated before 
1940. Risk of death was reduced for all 
brain tumors (RR, 0.69; 95% CI: 0.50, 
0.95) and malignant brain tumors (RR, 
0.74; 95% CI: 0.53, 1.03). Because of 
small numbers of female FGI MDs, the 
analyses focused primarily on men. De-
tails on the women are presented in 
Tables E1–E4 (online).

Risks of death because of broad 
categories and specific types of myeloid 
and lymphoid malignancies and related 
disorders were not elevated in male FGI 
MDs compared with male psychiatrists 
(Table 3).

Male FGI MDs had significantly 
lower mortality than psychiatrists for 
all infectious, mental and behavioral, 
all and specific types of circulatory 
system (except cerebrovascular), respi-
ratory, and gastrointestinal diseases, 
accidents, suicide, and homicide; these 
differences were greatest for those 
who graduated in more recent years  
(Table 4). Mortality did not differ be-
tween the groups of male physicians 
for all diseases of blood forming tis-
sue combined or for aplastic anemia, 
specifically. Similar findings (Tables 
2–4) were observed when stratified by 
number of years since medical school 
graduation (Table E1 [online]).

The small number of deaths among 
FGI MDs in the specific specialties 

assess risks for these causes of death, 
chosen because of links between these 
conditions and low-to-moderate radia-
tion exposure (0.5 Gy) in other popu-
lations (12).

Statistical Analysis
We used year of medical school grad-
uation plus 1 year and the cumulative 
number of years since medical school 
graduation as proxies for year first ex-
posed and total duration of exposure, 
respectively.

Poisson regression was used to esti-
mate relative risks (RRs) and 95% confi-
dence intervals (CIs) for FGI MDs versus 
psychiatrists. All analyses were adjusted 
(via stratification) for year of birth and 
attained age in 5-year groups. We also 
evaluated risks according to year of med-
ical school graduation (20-year groups), 
number of years since graduation (,20, 
20–29, 30–39, and 40 years), sex, and 
specialty of the FGI MDs.

A secondary analysis compared the 
observed number of deaths from vari-
ous causes to the expected number on 
the basis of rates in the general U.S. 
population by using standardized mor-
tality ratios adjusted for age, sex, and 
year of death.

We conducted a sensitivity analysis 
that was restricted to physicians who 
were confirmed dead (through Na-
tional Death Index) or confirmed alive 
(through the Social Security Administra-
tion) to evaluate the potential for bias 
related to completeness of follow-up. All 
analyses were conducted by using risk 
regression software (Epicure; Risk Sci-
ences International, Ottawa, Ontario).

Results

We identified 45 634 physicians who 
performed FGI (4148 women [9.1%]). 
The total included 37 311 cardiologists 
(9933 interventional cardiologists and 
cardiac electrophysiologists, and 27 378 
cardiovascular disease specialists), 5520 
interventional radiologists, and 2803 
neuroradiologists (Table 1). The com-
parison group included 64 401 psychi-
atrists (17 555 women [27.3%]). The 
median age at entry to follow-up was 
29 years for FGI MDs and 32 years for 

specialties; vascular and interventional 
radiology; and endovascular surgi-
cal neuroradiology or neuroradiology 
(hereafter designated neuroradiology).

We selected psychiatrists as the 
comparison group because these physi-
cians do not perform FGI in their prac-
tice. The stratified random sample was 
selected to ensure a 1:1.5 ratio (FGI 
MD-to-psychiatrist ratio) in each stra-
tum defined by birth year (5-year cat-
egories) for men and a 1:4 ratio (FGI 
MD-to-psychiatrist ratio) for the sub-
stantially smaller subgroup of women. 
The source of the study population and 
other study methods were similar to 
those used in our parallel study that 
compared mortality in radiologists in 
the United States with that in psychia-
trists in the United States (21).

Mortality Follow-up
If date of birth and other identifying 
information were missing from the 
AMA Physician Masterfile, we linked 
the physicians with commercial data-
bases and used interactive tracing to 
obtain these data. We then submitted 
all records to the Social Security Ad-
ministration to determine vital status. 
Records of physicians who were known 
or presumed to be deceased and who 
died between 1979 and 2008 were then 
sent to the National Death Index (es-
tablished in 1979) to ascertain cause 
of death (22). If we found no record 
of death, the physician was presumed 
to be alive.

Physicians were followed from Jan-
uary 1, 1979, or from 1 year after med-
ical school graduation (after 1979) until 
date of death, age 85 years (because 
cause of death is reported less reliably 
after that age) (23), loss to follow-up 
(matched with the Social Security Ad-
ministration initially but not in subse-
quent years), or December 31, 2008, 
whichever occurred earliest.

Assessment of Outcomes
We assessed mortality from all causes, 
all cancers, the more common specific 
cancers, leukemia subtypes and related 
disorders, and several nonmalignant 
diseases, including those of the circu-
latory system. The objective was to 



Radiology: Volume 284: Number 2—August 2017  n  radiology.rsna.org	 485

MEDICAL PHYSICS: Mortality in Physicians Likely to Perform Fluoroscopy-guided Interventional Procedures	 Linet et al

mortality (including nonsignificant in-
creases in leukemias, excluding chronic 
lymphocytic leukemia and in acute my-
eloid leukemia) (Table 5). The elevated 

interventional radiologists, or neuro-
radiologists compared with male psy-
chiatrists. Male cardiovascular disease 
specialists had elevated total leukemia 

limited assessment of rare outcomes 
(Table 5). Increased risks of death were 
not observed for male interventional 
cardiologists and electrophysiologists, 

Table 1

Characteristics of FGI MDs versus Psychiatrists Overall and according to Sex

Parameter

Men Women Total

FGI MDs  
(n = 41 486)

Psychiatrists  
(n = 46 846)

FGI MDs  
(n = 4148)

Psychiatrists  
(n = 17 555)

FGI MDs  
(n = 45 634)

Psychiatrists  
(n = 64 401)

Specialty
  Interventional cardiology and electrophysiology 9306 (22) NA 627 (15) NA 9933 (22) NA
  Interventional radiology 5097 (12) NA 423 (10) NA 5520 (12) NA
  Neuroradiology 2344 (6) NA 459 (11) NA 2803 (6) NA
  Cardiovascular disease 24 739 (60) NA 2639 (64) NA 27 378 (60) NA
Year of birth
  1910–19 1873 (5) 3406 (7) 42 (1) 151 (1) 1915 (4) 3557 (6)
  1920–29 3222 (8) 6630 (14) 79 (2) 372 (2) 3301 (7) 7002 (11)
  1930–39 4548 (11) 7830 (17) 155 (4) 735 (4) 4703 (10) 8565 (13)
  1940–49 7092 (17) 9840 (21) 364 (9) 2409 (14) 7456 (16) 12 249 (19)
  1950–59 10 332 (25) 9426 (20) 1044 (25) 4743 (27) 11 376 (25) 14 169 (22)
  1960–69 9313 (22) 6252 (13) 1381 (33) 5204 (30) 10 694 (23) 11 456 (18)
  1970–82 5106 (12) 3462 (7) 1083 (26) 3941 (22) 6189 (14) 7403 (11)
Graduation year
  ,1950 3098 (7) 5270 (11) 59 (1) 253 (1) 3157 (7) 5523 (9)
  1950–59 3480 (8) 6896 (15) 99 (2) 479 (3) 3579 (8) 7375 (11)
  1960–69 5574 (13) 8725 (19) 207 (5) 1138 (6) 5781 (13) 9863 (15)
  1970–79 7967 (19) 9038 (19) 492 (12) 2549 (15) 8459 (19) 11 587 (18)
  1980–89 10 462 (25) 8670 (19) 1168 (28) 5163 (29) 11 630 (25) 13 833 (21)
  1990–99 8205 (20) 5408 (12) 1523 (37) 4745 (27) 9728 (21) 10 153 (16)
  2000 2700 (7) 2839 (6) 600 (14) 3228 (18) 3300 (7) 6067 (9)
Country of birth
  United States 27 739 (67) 32 478 (69) 2497 (60) 10 852 (62) 30 236 (66) 43 330 (67)
  Non-U.S. 8227 (20) 8512 (18) 879 (21) 2931 (17) 9106 (20) 11 443 (18)
  Unknown 5520 (13) 5856 (13) 772 (19) 3772 (21) 6292 (14) 9628 (15)
Median age at entry (y) 29 35 27 28 29 32
Median age at exit (y) 56 61 48 49 55 58
Median length of follow-up (y) 25 27 18 19 24 25
No. of deaths 3420* 7307† 86‡ 507§ 3506 7814
  Graduation year
    ,1940 376 (11) 624 (8) 3 (4) 22 (4) 379 (11) 646 (8)
    1940–59 2183 (64) 4549 (62) 41 (48) 179 (35) 2224 (63) 4728 (61)
    1960–79 712 (21) 1803 25) 25 (29) 179 (35) 737 (21) 1982 (25)
    1980 149 (4) 331 (5) 17 (19) 127 (25) 166 (5) 458 (6)
  Time since graduation (y)
    ,20 177 (5) 547 (7) 21 (25) 130 (26) 198 (6) 677 (9)
    20–29 308 (9) 763 (10) 11 (13) 99 (20) 319 (9) 862 (11)
    30–39 622 (18) 1386 (19) 15 (17) 84 (17) 637 (18) 1470 (19)
    40 2313 (68) 4611 (63) 39 (45) 194 (38) 2352 (67) 4805 (61)

Note.—Data in parentheses are percentages. NA = not applicable.

* One hundred forty unknown, missing, or invalid causes of death.
† Three hundred twenty-three unknown, missing, or invalid causes of death.
‡ Nine unknown, missing, or invalid causes of death.
§ Fifty-two unknown, missing, or invalid causes of death.
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leukemia in the cardiovascular disease 
specialists derived primarily from ex-
cess risks in those who graduated be-
fore 1940 (data not shown).

On the basis of small numbers, 
and mortality overall and from specific 
causes, all cancer, including breast can-
cer, and all circulatory system diseases 
were nonsignificantly reduced in female 
FGI MDs compared with female psychi-
atrists (Table E2 [online]).

After restricting the population to 
physicians confirmed to be alive or de-
ceased, results were similar to those 
of the entire population of FGI MDs 
(Table E3 [online]).

Compared with the general popula-
tion, both FGI MDs and psychiatrists 
had substantially lower mortality be-
cause of all causes, all cancers, and al-
most all specific cancers, including total 
leukemia (Table E4 [online]). Standard-
ized mortality ratios were also lower 
in both physician groups than in the 
general population for total circulatory 
diseases and most other nonmalignant 
conditions.

Discussion

We found no evidence of increased risk 
of death from all causes, all cancers 
combined, specific cancers, or nonma-
lignant diseases for FGI MDs compared 
with psychiatrists. Elevated leukemia 
risk was restricted to physicians who 
graduated before 1940; this finding was 
driven by results for the cardiovascular 
disease specialists and not the other 
specialty groups. The number of deaths 
in the other specialty groups was small 
because of the young ages and more 
recent years of graduation than the 
cardiovascular disease specialists. The 
small numbers of deaths and the rarity 
of hematopoietic and lymphoprolifera-
tive disorders may have limited statisti-
cal power to detect increased risks.

Excess leukemia has been observed 
in populations with moderate-to-high 
radiation exposure and is associated 
more strongly than most solid cancers. 
Dose-response relationships for leuke-
mia, excluding chronic lymphocytic leu-
kemia, have been found in many studies 
of radiation-exposed populations with 

Ca
us

e 
of

 D
ea

th
IC

D 
9 

Co
de

IC
D 

10
 C

od
e

,
19

40
19

40
–1

95
9

19
60

–1
97

9


19
80

P 
Va

lu
e

Ov
er

al
l

De
at

hs
  

(F
GI

/P
sy

ch
)

RR
*

De
at

hs
  

(F
GI

/P
sy

ch
)

RR
*

De
at

hs
  

(F
GI

/P
sy

ch
)

RR
*

De
at

hs
  

(F
GI

/P
sy

ch
)R

R*
De

at
hs

  
(F

GI
/P

sy
ch

)
RR

*

 
M

ul
tip

le
 m

ye
lo

m
a

20
3.

0–
20

3.
2

C9
0.

0,
 C

90
.2

1/
4

0.
39

 (0
.0

4,
 

3.
46

)
28

/3
5

1.
50

 (0
.9

1,
 

2.
47

)
4/

21
0.

26
 (0

.0
9,

 
0.

77
)

2/
2

1.
14

 (0
.1

6,
 

8.
3)

.0
1

35
/6

2
0.

95
 (0

.6
3,

 
1.

44
)

 
Ho

dg
ki

n 
ly

m
ph

om
a

20
1.

0–
20

1.
9

C8
1

0/
0

NA
3/

3
1.

86
 (0

.3
8,

 
9.

24
)

2/
4

0.
62

 (0
.1

1,
 

3.
39

)
1/

1
0.

92
 (0

.0
6,

 
14

.7
8)

.
.5

0
6/

8
1.

06
 (0

.3
6,

 
3.

08
)

Ot
he

r l
eu

ke
m

ia
s 

of
  

 �
un

sp
ec

ifi
c 

 
ce

ll 
ty

pe

20
8.

0–
20

8.
2,

  
20

8.
8–

20
8.

9
C9

5
2/

1
3.

09
 (0

.2
8,

 
34

.1
)

11
/1

0
2.

07
 (0

.8
8,

 
4.

9)
2/

8
0.

45
 (0

.0
9,

 
2.

2)
0/

0
NA

.1
67

15
/1

9
1.

47
 (0

.7
4,

 
2.

93
)

No
te

.—
Da

ta
 in

 p
ar

en
th

es
es

 a
re

 9
5%

 C
Is

. F
GI

/P
sy

ch
 =

 F
GI

 M
Ds

/p
sy

ch
ia

tri
st

s,
 N

A 
=

 n
ot

 a
pp

lic
ab

le
.

* 
St

ra
tifi

ed
 o

n 
ye

ar
 o

f a
tta

in
ed

 a
ge

 (3
0–

34
, 3

5–
39

, 4
0–

44
, 4

5–
49

, 5
0–

54
, 5

5–
59

, 6
0–

64
, 6

5–
69

, 7
0–

74
, 7

5–
79

, a
nd

 
80

 y
ea

rs
), 

ye
ar

 o
f b

irt
h 

(1
91

0–
19

19
, 1

92
0–

19
29

, 1
93

0–
19

39
, 1

94
0–

19
49

, 1
95

0–
19

59
, 1

96
0–

19
69

, 1
97

0–
19

82
), 

an
d 

ye
ar

 o
f 

m
ed

ic
al

 s
ch

oo
l g

ra
du

at
io

n 
(,

19
40

, 1
94

0–
19

59
, 1

96
0–

19
79

, a
nd

 
19

80
).

Ta
bl

e 
3 

(c
on

tin
ue

d)

M
or

ta
lit

y 
Ri

sk
s 

fr
om

 H
em

at
op

oi
et

ic
 a

nd
 L

ym
ph

op
ro

lif
er

at
iv

e 
Di

so
rd

er
s 

in
 M

al
e 

FG
I M

Ds
 v

er
su

s 
M

al
e 

Ps
yc

hi
at

ri
st

s 
Ac

co
rd

in
g 

to
 Y

ea
r 

of
 M

ed
ic

al
 S

ch
oo

l G
ra

du
at

io
n



490	 radiology.rsna.org  n  Radiology: Volume 284: Number 2—August 2017

MEDICAL PHYSICS: Mortality in Physicians Likely to Perform Fluoroscopy-guided Interventional Procedures	 Linet et al

Table 4

Mortality Risks from Noncancer Causes in Male FGI MDs versus Male Psychiatrists according to Year of Medical School Graduation 

Cause of Death

,1940 1940–1959 1960–1979 1980

P Value

Overall

Deaths  
(FGI/Psych) RR*

Deaths  
(FGI/Psych) RR*

Deaths  
(FGI/Psych) RR*

Deaths  
(FGI/Psych) RR

Deaths  
(FGI/Psych) RR

Infectious diseases 3/4 1.16 (0.26, 
5.17)

44/90 0.9 (0.63, 
1.30)

23/135 0.21 (0.14, 
0.33)

11/65 0.14 (0.07, 
0.27)

,.001 81/294 0.36 (0.28, 
0.50)

  Septicemia 1/2 0.77 (0.07, 
8.54)

21/38 1.02 (0.59, 
1.73)

7/6 1.78 (0.59, 
5.32)

0/1 NA .42 29/47 1.07 (0.67, 
1.71)

Diseases of blood-forming  
  tissue

0/1 NA 8/19 0.79 (0.35, 
1.81)

6/9 1.18 (0.41, 
3.39)

1/1 0.80 (0.05, 
12.94)

..50 15/30 0.88 (0.47, 
1.64)

  Aplastic anemia 0/1 NA 1/2 0.91 (0.08, 
10.02)

1/2 0.86 (0.08, 
9.45)

0/0 NA ..50 2/5 0.69 (0.13, 
3.58)

All endocrine disorders 9/10 1.39 (0.56, 
3.42)

60/135 0.82 (0.6, 
1.11)

25/55 0.75 (0.47, 
1.22)

2/7 0.35 (0.07, 
1.78)

.46 96/207 0.81 (0.64, 
1.04)

  Disorders of the thyroid  
  gland

0/0 NA 0/1 NA 0/0 NA 0/0 NA NA 0/1 NA

  Diabetes mellitus 5/8 0.97 (0.32, 
2.96)

48/95 0.93 (0.66, 
1.32)

20/37 0.94 (0.54, 
1.64)

1/2 0.75 (0.06, 
9.20)

..50 74/142 0.93 (0.70, 
1.24)

All mental and behavioral  
  disorders

2/6 0.52 (0.1, 
2.58)

22/62 0.66 (0.4, 
1.07)

3/12 0.39 (0.11, 
1.4)

0/5 NA .13 27/85 0.55 (0.35, 
0.84)

Neurologic and mental  
  conditions

11/26 0.65 (0.32, 
1.32)

110/193 1.06 (0.84, 
1.34)

22/55 0.68 (0.41, 
1.13)

6/6 0.96 (0.3, 
3.01)

.29 149/280 0.94 (0.77, 
1.15)

All circulatory diseases 197/312 0.98 (0.82, 
1.17)

874/1791 0.91 (0.84, 
0.99)

204/484 0.72 (0.61, 
0.85)

24/55 0.45 (0.28, 
0.74)

.002 1299/2642 0.87 (0.82, 
0.93)

  Hypertension without  
  heart disease

0/0 NA 3/16 0.35 (0.10, 
1.20)

1/7 0.26 (0.03, 
2.11)

0/0 NA ..50 4/23 0.32 (0.11, 
0.93)

  Ischemic heart disease 119/201 0.92 (0.73, 
1.15)

540/1084 0.93 (0.84, 
1.03)

135/291 0.79 (0.64, 
0.97)

12/30 0.44 (0.22, 
0.87)

.09 806/1606 0.89 (0.82, 
0.97)

  Other diseases of heart 32/43 1.15 (0.73, 
1.82)

130/303 0.81 (0.66, 
0.99)

25/68 0.62 (0.39, 
0.98)

7/14 0.52 (0.20, 
1.31)

.21 194/428 0.80 (0.67, 
0.95)

  Cerebrovascular  
  diseases

28/38 1.14 (0.70, 
1.85)

118/229 0.96 (0.77, 
1.20)

23/64 0.68 (0.42, 
1.10)

1/6 0.14 (0.02, 
1.13)

.07 170/337 0.91 (0.75, 
1.09)

All diseases of the  
  respiratory system

24/48 0.77 (0.47, 
1.26)

137/310 0.83 (0.67, 
1.01)

16/63 0.48 (0.28, 
0.84)

5/7 0.79 (0.24, 
2.56)

.33 182/428 0.77 (0.65, 
0.92)

  Pneumonia and  
  influenza

10/17 0.91 (0.42, 
1.99)

41/92 0.83 (0.58, 
1.20)

4/25 0.29 (0.10, 
0.83)

1/3 0.29 (0.03, 
2.79)

.16 56/137 0.73 (0.53, 
0.99)

  Chronic obstructive  
 � pulmonary disease  

and allied conditions

11/21 0.81 (0.39, 
1.68)

53/131 0.76 (0.55, 
1.05)

8/18 0.92 (0.40, 
2.14)

2/3 0.78 (0.12, 
5.01)

..50 74/173 0.78 (0.60, 
1.03)

All gastrointestinal  
  diseases

9/21 0.66 (0.3, 
1.45)

57/126 0.84 (0.62, 
1.15)

26/57 0.71 (0.44, 
1.13)

0/8 NA .02 92/212 0.74 (0.58, 
0.95)

  Chronic liver disease  
  and cirrhosis

4/4 1.55 (0.39, 
6.18)

16/46 0.64 (0.36, 
1.14)

16/27 0.88 (0.47, 
1.65)

0/1 NA .46 36/78 0.77 (0.52, 
1.15)

All genitourinary diseases 6/13 0.71 (0.27, 
1.88)

31/74 0.79 (0.52, 
1.20)

7/12 1.18 (0.45, 
3.11)

2/0 NA .33 46/99 0.85 (0.59, 
1.20)

Accidents and adverse  
  effects

15/21 1.12 (0.57, 
2.15)

90/245 0.68 (0.54, 
0.87)

79/262 0.42 (0.32, 
0.54)

31/72 0.38 (0.25, 
0.58)

.002 215/600 0.53 (0.45, 
0.62)

Suicide and self-inflicted  
  injury

4/8 0.78 (0.23, 
2.58)

33/123 0.50 (0.34, 
0.73)

32/171 0.26 (0.17, 
0.37)

10/60 0.15 (0.08, 
0.30)

.004 79/362 0.31 (0.24, 
0.39)

Homicide and legal  
  intervention

2/0 NA 3/10 0.55 (0.15, 
2.00)

5/18 0.35 (0.13, 
0.97)

1/6 0.14 (0.02, 
1.19)

.05 11/34 0.43 (0.21, 
0.86)

Note.—Data in parentheses are 95% CIs. FGI/Psych = FGI MDs/psychiatrists, NA = not applicable.

* Stratified by year of attained age (30–34, 35–39, 40–44, 45–49, 50–54, 55–59, 60–64, 65–69, 70–74, 75–79, and 80 years), year of birth (1910–1919, 1920–1929, 1930–1939, 1940–1949, 
1950–1959, 1960–1969, and 1970–1982), and year of medical school graduation (,1940, 1940–1959, 1960–1979, and 1980).
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a higher relative risk compared with 
risks for most other cancers (24–27). 
Elevated risks were reported in nu-
clear workers with low-to-moderate 
protracted radiation exposures (13). 
The elevated leukemia risk in FGI MDs 
(mostly cardiovascular disease special-
ists) who graduated before 1940 may 
reflect higher occupational radiation 
doses in earlier years and is consistent 
with findings in early medical radiation 
workers from the United Kingdom, the 
United States, and China (17). Cardiac 
procedures were among the earliest 
and most rapidly increasing FGI proce-
dures. The annual occupational radia-
tion dose limit in the United States was 
reduced from 300 mSv in 1934 to 150 
mSv in 1949 and further decreased to 
50 mSv in 1958 (28).

Moderate-to-high-dose exposures 
have shown radiation dose-response re-
lationships for schwannoma in atomic 
bomb survivors (29) and for glioma 
and other brain tumors in patients ir-
radiated in childhood for benign or 
malignant conditions (30). Brain tumor 
risks associated with low-dose radia-
tion are less clear (30), but increased 
risks were reported in children who 
underwent computed tomographic (CT)  
scans (31) and adults who underwent 
three or more CT scans and had a 
family history of cancer (32). Other 
epidemiologic studies of medical radi-
ation workers did not observe excess 
risks (17,33). In FGI MDs, the brain is 
potentially vulnerable because leaded 
eyewear and thyroid shields do not pro-
tect it from occupational radiation ex-
posures, and ceiling-suspended leaded 
shields, which afford good protection, 
are often not used (3). The reduced 
risk of brain tumors, primarily ma-
lignant brain neoplasms, in FGI MDs 
compared with psychiatrists contrasts 
with previous small case series (5) and 
elevated risks in U.S. radiologic tech-
nologists who performed FGI proce-
dures (19). The difference in the brain 
tumor findings between the U.S. ra-
diologic technologists who performed 
FGI procedures and the current study 
may be because of the older median 
age at exit of the technologists com-
pared with the FGI MDs, differences Ta

bl
e 

5

M
or

ta
lit

y 
Ri

sk
s 

fr
om

 A
ll 

an
d 

Sp
ec

ifi
c 

Ca
us

es
 in

 M
al

e 
FG

I M
Ds

 a
cc

or
di

ng
 to

 S
pe

ci
al

ty
 C

om
pa

re
d 

w
ith

 M
al

e 
Ps

yc
hi

at
ri

st
s 

Ca
us

e 
of

 D
ea

th

In
te

rv
en

tio
na

l C
ar

di
ol

og
is

ts
 a

nd
 

El
ec

tro
ph

ys
io

lo
gi

st
s

In
te

rv
en

tio
na

l R
ad

io
lo

gi
st

s
Ne

ur
or

ad
io

lo
gi

st
s

Ca
rd

io
va

sc
ul

ar
 D

is
ea

se
 S

pe
ci

al
is

ts

De
at

hs
 (F

GI
/P

sy
ch

)
RR

*
De

at
hs

 (F
GI

/P
sy

ch
)

RR
*

De
at

hs
 (F

GI
/P

sy
ch

)
RR

*
De

at
hs

 (F
GI

/P
sy

ch
)

RR
*

Al
l c

au
se

s 
of

 d
ea

th
44

/7
30

7
0.

19
 (0

.1
4,

 0
.2

5)
77

/7
30

7
0.

40
 (0

.3
2,

 0
.5

0)
16

/7
30

7
0.

23
 (0

.1
4,

 0
.3

7)
32

83
/7

30
7

0.
85

 (0
.8

1,
 0

.8
8)

Al
l m

al
ig

na
nt

 n
eo

pl
as

m
s

13
/2

15
4

0.
26

 (0
.1

5,
 0

.4
5)

29
/2

15
4

0.
59

 (0
.4

, 0
.8

5)
10

/2
15

4
0.

58
 (0

.3
1,

 1
.0

9)
10

88
/2

15
4

0.
96

 (0
.8

9,
 1

.0
4)

 
Br

ai
n 

an
d 

ce
nt

ra
l n

er
vo

us
 s

ys
te

m
 

(in
cl

ud
in

g 
be

ni
gn

)
2/

12
3

0.
29

 (0
.0

7,
 1

.2
1)

3/
12

3
0.

57
 (0

.1
7,

 1
.8

3)
2/

12
3

1.
02

 (0
.2

4,
 4

.2
6)

48
/1

23
0.

73
 (0

.5
2,

 1
.0

2)

  


Br
ai

n 
an

d 
ce

nt
ra

l n
er

vo
us

 s
ys

te
m

 
m

al
ig

na
nc

y
2/

11
2

0.
31

 (0
.0

7,
 1

.3
3)

3/
11

2
0.

62
 (0

.1
9,

 2
.0

0)
2/

11
2

1.
1 

(0
.2

6,
 4

.6
)

47
/1

12
0.

78
 (0

.5
6,

 1
.1

)

 
To

ta
l l

eu
ke

m
ia

0/
99

NA
1/

99
0.

41
 (0

.0
6,

 3
.0

1)
0/

99
NA

73
/9

9
1.

41
 (1

.0
4,

 1
.9

1)
  


Le

uk
em

ia
 e

xc
lu

di
ng

 C
LL

0/
50

NA
1/

50
0.

74
 (0

.1
0,

 5
.6

0)
0/

50
NA

34
/5

0
1.

26
 (0

.8
2,

 1
.9

5)
   




Ac
ut

e 
m

ye
lo

id
 le

uk
em

ia
 a

nd
 

m
ye

lo
dy

sp
la

st
ic

 s
yn

dr
om

e
0/

41
NA

1/
41

1.
37

 (0
.1

8,
 1

0.
4)

0/
41

NA
31

/4
1

1.
42

 (0
.9

, 2
.3

)

Al
l c

irc
ul

at
or

y 
di

se
as

es
11

/2
64

2
0.

27
 (0

.1
5,

 0
.4

9)
15

/2
64

2
0.

35
 (0

.2
1,

 0
.5

8)
3/

26
42

0.
19

 (0
.0

6,
 0

.6
0)

12
70

/2
64

2
0.

91
 (0

.8
5,

 0
.9

7)
 

Is
ch

em
ic

 h
ea

rt 
di

se
as

e
7/

16
06

0.
30

 (0
.1

4,
 0

.6
4)

11
/1

60
6

0.
43

 (0
.2

4,
 0

.7
9)

0/
16

06
NA

78
8/

16
06

0.
92

 (0
.8

5,
 1

.0
1)

 
Ce

re
br

ov
as

cu
la

r d
is

ea
se

s
0/

33
7

NA
0/

33
7

NA
1/

33
7

0.
49

 (0
.0

7,
 3

.6
)

16
9/

33
7

0.
95

 (0
.7

9,
 1

.1
4)

No
te

.—
Da

ta
 in

 p
ar

en
th

es
es

 a
re

 9
5%

 c
on

fid
en

ce
 in

te
rv

al
s.

 T
he

 s
pe

ci
al

tie
s 

w
er

e 
as

 fo
llo

w
s:

 9
30

6 
in

te
rv

en
tio

na
l c

ar
di

ol
og

is
ts

 a
nd

 e
le

ct
ro

ph
ys

io
lo

gi
st

s,
 5

09
7 

in
te

rv
en

tio
na

l r
ad

io
lo

gi
st

s,
 2

34
4 

ne
ur

or
ad

io
lo

gi
st

s,
 a

nd
 2

4 
73

9 
ca

rd
io

va
sc

ul
ar

 d
is

ea
se

 

sp
ec

ia
lis

ts
. T

he
re

 w
er

e 
46

 8
46

 p
sy

ch
ia

tri
st

s.
 C

LL
 =

 c
hr

on
ic

 ly
m

ph
oc

yt
ic

 le
uk

em
ia

, N
A 

=
 n

ot
 a

pp
lic

ab
le

.

* 
St

ra
tifi

ed
 b

y 
ye

ar
 o

f a
tta

in
ed

 a
ge

 (3
0–

34
, 3

5–
39

, 4
0–

44
, 4

5–
49

, 5
0–

54
, 5

5–
59

, 6
0–

64
, 6

5–
69

, 7
0–

74
, 7

5–
79

, a
nd

 
80

 y
ea

rs
), 

ye
ar

 o
f b

irt
h 

(1
91

0–
19

19
, 1

92
0–

19
29

, 1
93

0–
19

39
, 1

94
0–

19
49

, 1
95

0–
19

59
, 1

96
0–

19
69

, a
nd

 1
97

0–
19

82
), 

an
d 

ye
ar

 o
f m

ed
ic

al
 s

ch
oo

l g
ra

du
at

io
n 

(,
19

40
, 1

94
0–

19
59

, 1
96

0–
19

79
, a

nd
 

19
80

).



492	 radiology.rsna.org  n  Radiology: Volume 284: Number 2—August 2017

MEDICAL PHYSICS: Mortality in Physicians Likely to Perform Fluoroscopy-guided Interventional Procedures	 Linet et al

FGI MDs because of a higher risk factor 
profile, such as greater smoking, more 
sedentary work, and other circulatory 
disease risk factors). Alternatively, the 
FGI MDs are younger than other radi-
ation-exposed populations reported to 
have increased risks (17,29) and may 
not have yet reached the age when these 
outcomes were observed.

Associations of radiation dose with 
certain gastrointestinal and respiratory 
diseases reported in atomic bomb sur-
vivors (29) were not observed in the 
FGI MDs.

Data on annual or cumulative esti-
mated occupational radiation exposures 
of FGI MDs are limited, particularly for 
earlier periods, and generally based on 
small numbers. To our knowledge, there 
are no national surveys of dose esti-
mates for FGI MDs. Very few countries 
distinguish between medical radiation 
workers who perform conventional ra-
diologic procedures versus those who 
perform FGI procedures (26). The Unit-
ed Nations Scientific Committee on the 
Effects of Atomic Radiation Global Sur-
vey of Occupational Radiation Exposures 
for all medical radiation workers found 
an average annual effective dose of 
about 0.5 mSv (range, 0.02–1.24 mSv) 
to workers who performed conventional 
radiologic procedures versus 1.6 mSv 
(range, 0.4–29.5 mSv) to workers who 
performed FGI procedures (26). Stud-
ies of interventional cardiologists sug-
gest an annual average effective dose 
of 2–4 mSv per year (3), but this does 
not account for scatter radiation to un-
protected sites (eg, hands, other parts 
of the extremities, brain, or, if unpro-
tected, eyes and thyroid). A comprehen-
sive literature review of dose per proce-
dure and trends in doses to physicians 
who performed FGI cardiac procedures 
does not support a notable decline in 
doses over time (9), perhaps because of 
greater complexity of newer FGI proce-
dures (8). Thus, the observed decline in 
relative risks with more recent year of 
medical school graduation is not likely to 
be explained by decreased occupational 
radiation doses.

The strengths of our study are the 
size and nationwide population-based 
nature of the cohort, and the relatively 

and cerebrovascular disease observed 
in early radiologists, but not FGI MDs, 
could also be because of differences in 
statistical power (eg, insufficient length 
of follow-up of the FGI MDs to capture 
relatively rare outcomes, particularly in 
women), lifestyle factors, or chance.

In the extended follow-up of U.S. 
radiologic technologists who assisted 
with FGI procedures (66.4% women; 
13 925 of 20 982), modest elevations of 
breast cancer and melanoma incidence 
were identified (19). Excess mortality 
risks from skin cancer were described 
in early medical radiation workers from 
the United Kingdom, the United States, 
and China (17), but other malignancies 
were not consistently increased. Work 
history information could not be eval-
uated in most radiation workers, in-
cluding the current medical radiation 
or nuclear worker studies (12,14,15), 
nor could potential confounders such as 
smoking. Breast cancer was increased 
in the large cohort of U.S. radiologic 
technologists who first worked before 
1940 (34), and most cancers (except for 
prostate cancer, chronic lymphocytic 
leukemia, and a few others) were as-
sociated with radiation exposure in 
the atomic bomb survivors (29). The 
overall reduced risks of total and some 
radiogenic cancers in the FGI MDs 
compared with psychiatrists may have 
reflected a young age at exit, healthier 
lifestyles and the nonsedentary nature 
of the work in the former, or inadequate 
power because of the small numbers of 
outcomes, particularly in women.

We found reduced risks of all and 
certain types of circulatory diseases. 
Convincing evidence linked radiation-
related heart disease with high doses of 
radiation therapy to the chest. Associ-
ations of circulatory disease with low-
to-moderate radiation exposure were 
described in a meta-analysis (16) in U.S. 
radiologists, in U.S. radiologic technol-
ogists (17), in U.S. radiologic technolo-
gists who worked with FGI procedures 
(18), and in atomic bomb survivors 
(29). The absence of an increase in mor-
tality from circulatory disease in the FGI 
MDs may be because of the comparison 
groups used (eg, psychiatrists may have 
a higher risk of circulatory disease than 

in work exposures to other potential 
carcinogens (eg, darkroom chemicals) 
between the two groups of medical ra-
diation workers, or that the finding in 
the technologists was due to chance.

Despite similarities in the source of 
the study populations, the comparison 
with psychiatrists, the methods used, 
and the findings of lower overall mortal-
ity among FGI MDs and our previously 
reported study of radiologists (21), im-
portant differences in age and periods 
of exposure complicate direct compar-
isons. A higher proportion of male FGI 
MDs graduated from medical school in 
1970 or later (70.7%; 29 334 of 41 486) 
compared with male radiologists 
(60.0%; 20 947 of 34 912). The me-
dian age at cohort entry was 29 years 
for male FGI MDs versus 30 years for 
male radiologists. More importantly, 
the radiologists included physicians 
who had practiced throughout the last 
century in the United States, whereas 
FGI procedures were not generally 
used by cardiologists, radiologists, or 
interventional neuroradiologists until 
the 1970s, 1980s, and subsequently. 
Notable declines in occupational radi-
ation exposures to medical radiation 
workers have been documented since 
the 1930s and this continued for many 
years after 1958, when the last reduc-
tion in recommended occupational ra-
diation doses occurred in the United 
States (17). Given the differences in 
age, length of follow-up, and practice, 
it is not surprising that the elevated 
mortality risks of acute myeloid leu-
kemia and possibly other cancers and 
cerebrovascular disease observed in 
radiologists who graduated before 1940 
are not apparent in the FGI MDs, with 
the possible exception of acute myeloid 
leukemia among the subset of cardio-
vascular disease specialists. The more 
modest decrease in overall mortality 
for the radiologists versus psychiatrists 
(RR, 0.94; 95% CI: 0.90, 0.97) than for 
the FGI MDs versus psychiatrists (RR, 
0.80; 95% CI: 0.77, 0.83) may also re-
flect greater radiation exposure among 
the early radiologists than the FGI 
MDs, although the increased mortal-
ity risks from acute myeloid leukemia, 
melanoma, non-Hodgkin lymphoma, 
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FGI procedures and personal and gen-
eral radiation protection measures. 
Extended follow-up of incidence and 
mortality are needed to obtain a clearer 
picture of lifetime risks, particularly 
for the specialists thought to have the 
highest exposures. Pooling of data 
from the United States with data from 
other countries would provide greater 
statistical power to assess health risks 
in these physicians, although the ben-
efits (eg, greater statistical power and 
increased opportunity to evaluate sub-
group characteristics) must be balanced 
against methodologic shortcomings (eg, 
heterogeneity of populations and expo-
sures, and differences in information 
about potential confounders).
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performed within and across time pe-
riods (eg, endovascular surgical neuro-
radiologists vs neuroradiologists). Life-
time individual occupational radiation 
doses were not sought. Reliable dose 
data for FGI MDs are difficult to de-
termine retrospectively because many 
of these individuals do not wear their 
radiation monitors regularly (35).

Outcomes were restricted to mor-
tality. Radiation-related conditions with 
low mortality (eg, thyroid carcinoma) 
cannot be evaluated in the absence of a 
nationwide population-based U.S. can-
cer registry. Other conditions, such as 
nonmelanoma skin cancer or cataracts, 
which are not reported to population-
based registries, could not be ascer-
tained through data collection strat-
egies restricted to database linkages. 
Although the AMA Physician Masterfile 
is comprehensive, an unknown frac-
tion of FGI MDs may not have been 
included. The small number of deaths 
overall (7.7% [3506 deaths in 45 634 
FGI MDs]; and 12.1% [7814 deaths in 
64401 psychiatrists]) and those from 
rare outcomes limited our statistical 
power to assess these outcomes. The 
evaluation of risks from many differ-
ent causes of death can result in the 
identification of statistically significant 
associations by chance alone, although 
there is a stronger a priori rationale 
for an increase in the leukemia risk in 
early medical school graduates than for 
other diseases and more recent gradu-
ation years. Nevertheless, the potential 
problem of multiple comparisons must 
be acknowledged. The young age at 
exit strongly supports the need for ad-
ditional follow-up to capture more fully 
lifetime risks. Finally, there were too 
few women, and very few who worked 
during the early periods, to study their 
mortality rates in detail.

In conclusion, compared with psy-
chiatrists, male FGI MDs had lower 
risks of death overall and from most 
cancers and other causes, except for 
leukemia among early medical school 
graduates, particularly cardiologists. 
Our results need to be confirmed in 
other studies with dose and work his-
tory information, including the types, 
frequency, and duration of performing 

long follow-up. We also had nearly com-
plete and systematic follow-up through 
a large number of tracing sources. Use 
of the National Death Index was an-
other strength because of the high level 
of ascertainment of U.S. deaths.

The AMA Physician Masterfile 
does not include detailed information 
on work history or procedures per-
formed, occupational radiation doses, 
or known risk factors for cancer or 
circulatory diseases. The lower risks 
of death from several causes in the FGI 
MDs compared with psychiatrists may 
be because of confounding exposures 
if psychiatrists differ from FGI MDs in 
smoking habits (although risks of lung 
cancer and chronic obstructive pulmo-
nary disease, both smoking related, did 
not differ between FGI MDs and psychi-
atrists), sedentary working conditions, 
and other characteristics. We lacked 
data on these potential confounding 
exposures. Earlier studies (21) re-
ported modestly higher risks of death 
in psychiatrists compared with other 
physicians for all causes combined, is-
chemic heart disease, injury and poi-
soning, and suicide. We had considered 
selecting comparison physicians from 
surgical specialties for comparable life-
style characteristics with FGI MDs, but 
concluded that it would be difficult to 
identify surgical specialists unexposed 
to radiation because of the dramatic in-
crease in fluoroscopy in many operating 
suites. Although psychiatrists are not 
an ideal physician comparison group, 
our parallel study (21) that compared 
an overlapping population of psychia-
trists with noninterventional radiolo-
gists found mortality risks consistent 
with those observed in other long-term 
follow-up studies of radiologists.

We evaluated risks separately for 
the different FGI MD specialties, but 
the numbers of key outcomes in each 
group were relatively small. The lack 
of individual work history information 
and potential misclassification of med-
ical specialty would probably bias our 
results toward the null. FGI MDs within 
each major specialty category may have 
experienced substantial variation in oc-
cupational radiation exposures because 
of differences in the types of procedures 



494	 radiology.rsna.org  n  Radiology: Volume 284: Number 2—August 2017

MEDICAL PHYSICS: Mortality in Physicians Likely to Perform Fluoroscopy-guided Interventional Procedures	 Linet et al

closed no relevant relationships. N.N. disclosed 
no relevant relationships. R.S.L. disclosed no 
relevant relationships. D.L.M. disclosed no rel-
evant relationships. A.B.d.G. disclosed no rele-
vant relationships.

References
	 1.	 Miller DL. Overview of contemporary in-

terventional fluoroscopy procedures. Health 
Phys 2008;95(5):638–644.

	 2.	 National Council on Radiation Protection and 
Measurements. Radiation dose management 
for fluoroscopically-guided interventional 
medical procedures. NCRP Report No 168. 
Bethesda, Md: National Council on Radiation 
Protection and Measurements, 2010.

	 3.	 Cousins C, Miller DL, Bernardi G, et 
al. ICRP PUBLICATION 120: Radiolog-
ical protection in cardiology. Ann ICRP 
2013;42(1):1–125.

	 4.	 Klein LW, Miller DL, Balter S, et al. Occupa-
tional health hazards in the interventional lab-
oratory: time for a safer environment. Cathe-
ter Cardiovasc Interv 2009;73(3):432–438.

	 5.	 Roguin A, Goldstein J, Bar O. Brain malig-
nancies and ionising radiation: more cases re-
ported. EuroIntervention 2012;8(1):169–170.

	 6.	 Vaño E, Gonzalez L, Fernandez JM, Alfonso 
F, Macaya C. Occupational radiation doses 
in interventional cardiology: a 15-year fol-
low-up. Br J Radiol 2006;79(941):383–388.

	 7.	 Vañó E, Miller DL, Dauer L. Implications in 
medical imaging of the new ICRP thresholds 
for tissue reactions. Ann ICRP 2015;44(1 
Suppl):118–128.

	 8.	 Miller DL. Efforts to optimize radiation pro-
tection in interventional fluoroscopy. Health 
Phys 2013;105(5):435–444.

	 9.	 Kim KP, Miller DL, Balter S, et al. Occu-
pational radiation doses to operators per-
forming cardiac catheterization procedures. 
Health Phys 2008;94(3):211–227.

	10.	 National Council on Radiation Protection 
and Measurements. Recommendations on 
limits for exposure to ionizing radiation. 
NCRP Report No 91. Bethesda, Md: Na-
tional Council on Radiation Protection and 
Measurements, 1987.

	11.	 The 2007 Recommendations of the Inter-
national Commission on Radiological Pro-
tection. ICRP publication 103. Ann ICRP 
2007;37(2-4):1–332.

	12.	 IARC Working Group on the Evaluation of 
Carcinogenic Risks to Humans. Radiation. 
IARC Monogr Eval Carcinog Risks Hum 
2012;100(Pt D):7–303.

	13.	 Leuraud K, Richardson DB, Cardis E, et al. 
Ionising radiation and risk of death from 

leukaemia and lymphoma in radiation-
monitored workers (INWORKS): an in-
ternational cohort study. Lancet Haematol 
2015;2(7):e276–e281.

	14.	Muirhead CR, O’Hagan JA, Haylock RG, et al. 
Mortality and cancer incidence following occu-
pational radiation exposure: third analysis of 
the National Registry for Radiation Workers. 
Br J Cancer 2009;100(1):206–212.

	15.	 Richardson DB, Cardis E, Daniels RD, et al. 
Risk of cancer from occupational exposure 
to ionising radiation: retrospective cohort 
study of workers in France, the United King-
dom, and the United States (INWORKS). 
BMJ 2015;351:h5359. [Published correction 
appears in BMJ 2015;351:h6634.]

	16.	 Little MP, Azizova TV, Bazyka D, et al. Sys-
tematic review and meta-analysis of circu-
latory disease from exposure to low-level 
ionizing radiation and estimates of potential 
population mortality risks. Environ Health 
Perspect 2012;120(11):1503–1511.

	17.	 Linet MS, Kim KP, Miller DL, Kleinerman 
RA, Simon SL, Berrington de Gonzalez 
A. Historical review of occupational expo-
sures and cancer risks in medical radiation 
workers. Radiat Res 2010;174(6):793–808.

	18.	 Rajaraman P, Doody MM, Yu CL, et al. In-
cidence and mortality risks for circulatory 
diseases in US radiologic technologists who 
worked with fluoroscopically guided inter-
ventional procedures, 1994-2008. Occup 
Environ Med 2016;73(1):21–27.

	19.	 Rajaraman P, Doody MM, Yu CL, et al. 
Cancer risks in U.S. radiologic technologists 
working with fluoroscopically guided inter-
ventional procedures, 1994-2008. AJR Am J 
Roentgenol 2016;206(5):1101–1108; quiz 1109.

	20.	 American Medical Association. AMA Phy-
sician Masterfile. http://www.ama-assn.
org/ama/pub/about-ama/physician-data-
resources/physician-masterfile.page. Ac-
cessed October 25, 2015.

	21.	 Berrington de González A, Ntowe E, Kitaha-
ra CM, et al. Long-term mortality in 43 763 
U.S. radiologists compared with 64 990 U.S. 
psychiatrists. Radiology 2016;281(3):847–
857.

	22.	 Centers for Disease Control and Prevention. 
National Death Index. http://www.cdc.gov/
nchs/ndi.htm. Updated March 2, 2015. Ac-
cessed July 18, 2015.

	23.	 Berrington A, Darby SC, Weiss HA, 
Doll R. 100 years of observation on Brit-
ish radiologists: mortality from cancer 
and other causes 1897-1997. Br J Radiol 
2001;74(882):507–519.

	24.	Hsu WL, Preston DL, Soda M, et al. The 
incidence of leukemia, lymphoma and mul-

tiple myeloma among atomic bomb survi-
vors: 1950-2001. Radiat Res 2013;179(3): 
361–382.

	25.	Krestinina LY, Davis FG, Schonfeld S, et 
al. Leukaemia incidence in the Techa River 
Cohort: 1953-2007. Br J Cancer 2013; 
109(11):2886–2893.

	26.	 United Nations Scientific Committee on the 
Effects of Atomic Radiation. Sources and ef-
fects of ionizing radiation. New York, NY: 
United Nations Scientific Committee on the 
Effects of Atomic Radiation, 2008.

	27.	 Zablotska LB, Bazyka D, Lubin JH, et al. Ra-
diation and the risk of chronic lymphocytic 
and other leukemias among chornobyl 
cleanup workers. Environ Health Perspect 
2013;121(1):59–65.

	28.	 Inkret WC, Meinhold CB, Taschner JC. A 
brief history of radiation protection stan-
dards. Los Alamos Sci 1995;23:116–123.

	29.	Mabuchi K, Fujiwara S, Preston DL, Shi-
mizu Y, Nakamura N, Shore RE. Atomic 
bomb survivors: Long-term health effects 
of radiation. In: Shrieve DC, Loeffler JS, 
eds. Human radiation injury. Philadelphia, 
Pa: Wolters Kluwer/Lippincott Williams & 
Wilkins, 2011; 89–113.

	30.	 Braganza MZ, Kitahara CM, Berrington 
de González A, Inskip PD, Johnson KJ, 
Rajaraman P. Ionizing radiation and the 
risk of brain and central nervous system 
tumors: a systematic review. Neuro Oncol 
2012;14(11):1316–1324.

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

	32.	Davis F, Il’yasova D, Rankin K, McCarthy 
B, Bigner DD. Medical diagnostic radiation 
exposures and risk of gliomas. Radiat Res 
2011;175(6):790–796.

	33.	Kitahara CM, Linet MS, Drozdovitch V,  
et al. Cancer and circulatory disease risks 
in US radiologic technologists associated 
with performing procedures involving radio-
nuclides. Occup Environ Med 2015;72(11): 
770–776.

	34.	Doody MM, Freedman DM, Alexander BH, 
et al. Breast cancer incidence in U.S. radio-
logic technologists. Cancer 2006;106(12): 
2707–2715.

	35.	 Padovani R, Le Heron J, Cruz-Suarez R, et 
al. International project on individual moni-
toring and radiation exposure levels in inter-
ventional cardiology. Radiat Prot Dosimetry 
2011;144(1-4):437–441. 


