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Review of Cohort Studies Among Radiologists, Radiological Technologists,
and Nuclear Workers

Shin’ichi KUDO*"2, Kazumasa INOUE', Masahiro FUKUSHI"*
! Faculty of Health Sciences, School of Radiological Science, Tokyo Metropolitan University
* Institute of Radiation Epidemiology, Radiation Effects Association

* Department of Radiological Technology, Tsukuba International University

A number of epidemiological studies have been conducted to investigate the health effects of low-dose radiation. The author re-
viewed epidemiological studies among radiologists, radiological technologists, and nuclear workers. Because the results of many ep-
idemiological studies on these subjects have been published, and many studies have measured radiation doses, there is little uncer-
tainty. In the studies among radiologists and radiological technologists, high risks for leukemia, skin cancer, and breast cancer
were found in populations that began work before around 1950, but not seen such a tendency for those starting work recent years.
The results of the studies among nuclear workers were inconsistent with some reporting that a risk was seen, while others reported
no risk. The reason for this may be due to the different analysis methods among the studies.

Keywords: radiologist, radiological technologist, nuclear worker, occupational exposure, cancer
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1.2 FAFEERA
1.2.1 #BBISAE

TNFEOBIZREH (Bl Z 1 XEFHRBH) »OBIERT
H (BIZI3CH) FTofigdifz, ar-—t2ToA
BIZOWTR LEAEDLET, AE (Person—years) & L TFH
L7zbo. 2 AN 3EBEB LY/ L3 AT 24EE L7
BERwINb 6 NEE 2D, Bl IXERD 20~24 D
X453 CZ OMH D6 NEAEIGE S Nz, WHOFH
EERIIEE L WEE 2 5. Tk — N OIEMERINE 2T,
MBI NEPSEIM SN ERITR L 558, — IR
B NED L T EFTE R ORI EAYY, HEHROF
X HENIRL 25, B, ARTIEPY LiFZRwvwas,
Wl OMFFEIC BT A IRBIE AL 330 T NE L 2o T
%Y,
1.2.2 SMR, SIR, RR, HR

INHIEFVWTNHEHTLIEAOCE (F-3mE
) ERIEEME RO THL. 1 THNIHEET
LHEMOILEHE (F73REFR) IHRERLFLVI L
Z, £, BHEXMOTHRMES1 2B MIHEREICE L,
ERREAS 1R CHIVEH BN L 2Rd. flziX2
Thu, ZAHTL2EROLERE (23 RESR) 250681
KMo 2fETHHZ L2 HKRT L.

SMR (Standardized Mortality Ratio, FE#E{LETCLE) (&
Ik — b ORCHREMOER & RS HEHEE LTHWS
nz”% SMRIFKROIEETH 5.

SMR = BEE TR WIfr st

C C RIS TSN G & 5 2RI BT 2T
THY, W CEIE IR — bOSER - iy - JEEFDO D
7T —BBECEIRBER O TE (L IXZOEDT
P FE L Z M2 REORET—5) LHFRETH L LK
FELIZFECETH . A I TTRETDH 2RI
FETHY, WREMITEFRIRESED L 2w EE &
ZEND, AR PPRBEBRETH LA, SMRS1EZ K
ELTHEBLZERDY, a7 %% F (Healthy
Worker Effect) & FE5. Tk — b & RO 720 O X} ]
DR, BERM OV X B RIE, X—2 54
YHERFZHELORFIZL > TRE DL, TD2DSMRD
WO, 202 228UICELSLEN D 5.

SIR (Standardized Incidence Ratio, EE#EfLHE B IL) &
WAREIICE B L-HEHR T, SMR & FARIZKAIC
Lo THRENDIBETH 5.

SIR = Blgd s A REBE DY AR

RR (Relative Risk, #x}1) 2 27) ZEFH T 5 £

i

T2 RN & IR7REO L & W) L TSMR, SIR &
M3 TdH %A, SMR, SIR7ZSK MM O % —fk |
RPBRDZZENLVDITHL, TF— PHORIOEM
ENBEETLLAICEFORERRET LI ENS . L
M LZOFIERE TlE 7% <, BEHERRE, s
fiz kg e LA T, EFEER R LT L7201
BAE K DRI E A L WAEHIRHE S 2 W HAER & L
WER EEHT2EMOLTHREDOILESMRE LTV
Wb d s, —JF, FhEi3#lZSMR, SIR % RR &5

LTWaI%EDLH 5. ARTIZRRASMR, SIRDEKRT
HAOSN TV ALEAIESMR, SIRE L, ETIZMHR 1%
LZZ BT UEERE A Twnewn,

HR (Hazard Ratio, /%' — Flt) &% H 3 5EMD N
W= F E 2 OEFHDO N — FTHRLZRRTH 5.
1.2.3 ERR

ERR (Excess Relative Risk, # F A5k ) 2 7) 13 s
BOEFREA OREIRETH ), HAMELZ)DIFR— D
R (F2EBAEE ARTIELUTRHER) oz %
FTDIHWHENE. FFIEIRR-1TH D, RRITHBEN
YuogAEICHT 5 HAME (£ 1E1S8v) 470 0%k
CROKZRT?. EuThhids T 2ERMOEEHIE
MENYOOHENEEHEL W L%, BHEKMOTREMEY
Ox B2 UEARICEL, ERESEuRmThUIEE
RN Z & FRT. AT SR ERRR R R S
ERR/Sv, B IGRE 7 5 ERR/Gy £ & &1L 4. ERR/Sv
%7213 ERR/Gy 32 THNIE, 13—~ &I L
WA, MENEU R L IR TIHEHREI 2 e S
Nz, BT RPIGEERLIEEZERT L. )ATN
BRI 5 2 & 2 E L7=3a121E (1ZE ALY
GREH)TH D), #l 213100 mSv D % 1 % i3 ERR/
Sv(Gy) #1055 D1LICT AT ETRDODENSE., TV FKRA
Y IEBBARBOLETOFEREFMLETH L0, »wih
TdH 5B DDPIEF L O A S LI D 5.

AT RIS DOWTIE, BUREHE, RO OBFSE T I
SMR, SIRAFICH VSN T WS, ERRIGHRT— % 24
B3 5H, RSO TIEINE, #HEShTw
BWIEDNRLEWIEERMLTWD ERbNS, #iasil
E (—ERIEHEE) SNTVBRERTHEHEZOMIE TR
ERR2SFEICHWOLNT WA,

AT XTI D WU, BUHRRRIE, B G O 6F
FETIEEICED A, EHIMIFEANRE SNTWED, FHT
DUEFHEH OWIETIE EICHIMRG % Bk &h5A, BEY »ox
PEF % (Chronic lymphocytic leukemia, L F CLL) %
B HIMRAS R L ST 5.

D WA B S0 D4 R M (2 TRETLETS) v
FCIRURLFAFTH DD, OB %5 < LA—0 DM
EWo72bDENF—F LV HOEVTE2THUE, K¢
FTHEEL TV REPROBERICH TS 2HERE 2 5.
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Table 1 Summary including SMRs and 95% confidence intervals of each epidemiological study of cancer mortality among radiolo-
gists and radiological technologists

SMRs and 95% Cls

a Cohort  Observed Total Mean dose
Cohort Y .
size period PY" (mSv, mGy) All causes  All cancers  Leukemia Breast Skin Others
Japanese 12,195 1969-1993 272,043 Year of birth Year of birth Year of birth Year of birth Year of birth Lymphoma®
technologists (0) =1933: 470 mSv =1933: 0.69 =1933:0.81 =1933:1.55 =1933: 1.58 Year of birth
(8] >1934: 132 mSv (0.65,0.74)  (0.73,0.90)  (0.85, 2.60) (0.24,5.73)  =<1933: 1.59
>1934: 0.54 >1934:0.80 >1934:0.95 >1934: 0.00 (1.12, 2.20)
(0.46,0.61)  (0.63,0.99) (0.35, 2.08) (0.00, 8.89)"  >1934: 0.86
(0.40, 1.64)
Us 6,510 1920-1974 573,395 1.20 1.31 1.67 Non—can-
radiologists (0) cers: 1.18
[13]
Us 43,763 1979-2008 Year of Year of Year of Year of Non hod-
radiologists (20) graduation graduation graduation graduation  jikin
[14] (Male) (Male) (Male) (Male) lymphoma
<1940: 0.96 <1940: 1.12 <1940: 1.91 <1940: 6.38 Year of
(0.88,1.05) (0.94,1.34) (0.83, 4.41) (1.75, 23.20) graduation
1940—: 0.98 1940—:0.99 1940-:1.31 1940—: 1.29 (Male)
(0.93,1.03) (0.90, 1.08)  (0.89, 1.94) (0.78,2.14)  <1940: 2.69
1960—: 0.87 1960—:0.96 1960—: 0.91 1960—: 0.67 (1.33, 5.45)
(0.81,0.95) (0.84,1.10) (0.52, 1.58) (0.37,1.23)  1940—: 1.01
1980+:0.66 1980+:0.96 1980+:1.25 1980+:0.31 (0.70, 1.55)
(0.54,0.81)  (0.62,1.48) (0.17, 9.49) (0.04, 2.75)  1960—: 0.94
(0.58, 1.55)
1980 +:0.57
(0.11, 2.86)
Us 146,022 1926-1997 698,028 37 mGyf Year of first Year of first Year of first Year of first
technologists (73) [16] [17] worked worked worked worked
[15] <1940: 1.28 <1950: 1.64 <1940:2.92 <1940: 8.6
(0.93, 1.69)*  (0.42, 6.31)% (1.22, 7.00)*" (1.0, 72.7)%
1940—: 1.17% 1950 +: 1940—: 2.44 1940— 1.6
1950 1.18% 1.00¢ (1.26, 4.75)* (0.5, 5.1)%
1960 +: (Reference) 1950—: 1.24 1950—: 1.1
1.00¢ (0.77, 2.00° (0.5, 2.5)%
(Reference) 1960 +: 1960-: 0.9
1.00" (0.5,1.4)
(Reference) 1970 +:
1.00%
(Reference)
[16]
US army 6,560 1946-1974 174,500 NS
technologists (0)
[24]
UK 2,698 1897-1997 69,615 Year of first Year of first Year of first
radiologists (0) registration registration registration
[25] 1897—: 0.97 1897—: 1.75' 1897—: 4.35
1921 0.92 1921 1.24 1921—: 4.55
1936— 1.00 1936—: 1.12 1936—: 0.00°
1955+:0.68 1955+:0.71 1955 +:
0.00°
Canada [27] 67,562 1951-1987 3.78 mSv 0.53 0.78 Thyroid
(65) (0.51, 0.55)" (0.75, 0.82)" cancer
1.74
(1.40, 2.14)¢
China 27,011 1950-1995 694,886 Year of em- Year of Year of Year of Year of
x—ray (20) ployed employed employed employed employed
workers [29] <1970: 551 mSv <1970: <1970: <1970: 1.34" <1970:
1970 +: 82 mSv 1.24" 2.37" 1970+: 1.33" 4.31"
1970+:1.08' 1970 +:1.73' 1970 +: 2.74'
Denmark 4,151 1968-1985 49,553 18.4mSv Year of Year of Prostate
[30] (82) radiation radiation cancer
dose dose 6.02
mesurement mesurement (1.94, 14.06)'
1-:1.04' 1—1.21"
3-:0.92" 3—:1.26'
6+:1.21' 6+:1.43'

a: The number in blankets indicate the reference number. b: The number in parentheses indicate the percentage of women. c: Person years. d: The num-
ber of observed death was zero. e: Lynphatic and hematopoietic. f: Female breast dose. g: RR. h: p<0.05. i: Melanoma. j: p<0.001. k: 90% CI. 1: SIR.
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Table 2 Summary including ERRs, SMRs and 95% confidence intervals of each epidemiological study of cancer mortality among
nuclear workers

ERRs and 95% Cls

Cohort® Co.hokl)rt Obse?ved Total Mean dose All cancers ) SMRs and 95%Cls
size period PY* (mSv, mGy) . Leukemia
excluding . Lung Non-cancers
. excluding CLL
leukemia
Japan [33] 71,733  1999-2010 591,000 25.5 0.29 - 2.00 0.94 1.28
(0) (—0.81,1.57)" (—5.68,1.68) (- 1.24,3.90)* (- 0.03,2.79)°
US NPP* 53,698 1979-1997 698,051 25.7 0.51 5.67 0.246 6.40 Solid cancers:
[34] (12) (—2.01,4.64)F (—2.56,30.4) (<-—251,8.44) (2.29,12.2) 0.65 (0.59, 0.72)
Non — cancers:
0.34 (0.32, 0.36)
US pooled 119,196 1944-1991 4,019,065 20.2 0.14 1.7 0.069 0.026
[35] (20) (-0.17,0.48) (-0.22,4.7) (-0.43,0.66) (—0.25,0.32)"
US million 1,028,301
worker [43] (20)
UK [46] 167,003 1955-2011 3,684,391 25.3' Mortality: Mortality: Mortality: Mortality: All causes:
(10) 0.285 1.712 0.028 0.251 0.83 (0.81, 0.84)
(0.06,0.53)"  (0.06,4.29)"  (—0.38,0.51)" (0.03,0.49)%  All cancers:
Incidence: Incidence: Incidence: 0.13 [47] 0.84 (0.82, 0.86)
0.283 1.782 (- 0.28, 0.61)" [47]
(0.10, 0.48)"  (0.17, 4.36)"
[47]
France [48] 59,004 1968-2004 1,469,949 18.4 0.36 3.52 0.81 0.31 All causes:
(13) (-0.42,1.25)% (<0,16.00) (-0.72,2.78)" (-0.71,1.52)% 0.60 (0.59, 0.62)
Solid cancers:
0.68 0.65, 0.71)
Pleural cancer:
1.69 (1.22, 2.27)
Skin melanoma:
1.40 (1.02, 1.88)
Russia [49] 25,757 1948-2015 998,048 419" 0.12 1.0 Gamma: 0.164 0.04
(25) 0.03,0.21)' (0.5, 2.0)° (0.043,0.300)  (— 0.00, 0.09)’
[50] [51] Plutonium: [52]
3.472
(1.534, 8.952)
(Male)
Canada 45,316  1956-1994 613,648  21.64  1.20 9.79 3.13
[53] @17) (—0.73,4.33) (< —1.49, (—0.45,10.4)
107)
Germany 8,972  1991-2008 130,737 29.5 0.999 1.004 0.996 1.001 All causes:
[56] 3) (0.996, 1.001)™ (0.997, 1.011)™ (0.990, 1.002)™  (0.999, 1.002)™ 0.50 (0.45, 0.56)
All cancers:
0.65 (0.51, 0.82)
Korea 79,679 1992-2004 633,159 6.1 7.2 16.8 -2.5 All causes:
(Mortality) (13) (-5,21)™ (- 34,149 (-6, 38)* 0.58 (0.54, 0.62)
[57] All cancers:
0.73 (0.64, 0.82)
Korea 8,429  1992-2005 63,503 19.9 2.06 - 0.58 All cancers:
(Incidence) 0) (- 1.91, 9.0) (< -9.28, 1.07 (0.87, 1.30)"
[58] 19.59)° Thyroid:
5.93 (2.84, 10.9)"
15-country 407,391 1943-2000 5,192,710 19.4 0.97 1.93 1.86 0.24
[59] (10) 0.27,1.80)" (<0, 7.14)" (0.49, 3.63)° (—0.23,0.78)
[60]
INWORKS 308,297 1944-2005 8,221,032  20.9°  0.48 2.96 0.56 0.19
[62] (13) 0.20,0.79)"  (1.17,5.21)*  (0.08, 1.02)" (0.07, 0.30)*
[63] [64] [65]

a: The number in blankets indicate the reference number. b: The number in parentheses indicate the percentage of women. c: Person years. d: 90% CI.
e: Last estimate. f: Nuclear Power Plant. g: Solid cancers. h: Cardiovascular diseases. i: 10-year-lagged dose. j: Circulatory disease. k: External lung
dose. 1: Solid cancers other than lung, liver, and bone. m: Hazard ratio per mSv. n: All cancers. o: All leukemia. p: No convergence of lower bound. q:

SIR. r: Colon dose.
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Abstract: This is a review on medical application of particle and heavy ion transport code system PHITS by JSRT and JSMP
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