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Trinity test. July 16, 1945

First detonation of a nuclear device
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Hiroshima and Nagasaki. August 6 and 9, 1945

Second and third detonations



Manhattan Project: 1943-45
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The nuclear power 
industry followed at 
AEC sites

The nuclear weapons complex 
quickly led to nuclear propulsion 
efforts.

The U.S. has conducted over 
1000 tests of nuclear weapons 
and stockpiled up to 30,000 
nuclear warheads.

Nuclear industry rapid expansion post-war



Figure. Thomas Edison with 
Clarence Dally.   

Name Age Year

Clarence Dally 39 1902

Rome Vernon Wagner 39 1908

John Bawer unk 1908

Thurman Lester 
Wagner

36 1912

Burton Eugene Baker 42 1913

Henry Green 54 1914

Robert H Machlett 54 1926

List of early deaths among x-ray 
tube manufacturing workers.

By 1923, five young women from 
the Radium Luminous Materials 
Corporation plant had died from 
''radium jaw'

Pre-WWII - Case reports
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Different perspectives on health effects of occupational 
exposure to ionizing radiation

The detection of occupational hazards 
should have a higher priority in any 
program of cancer prevention than 
their proportional importance might 
suggest. (Doll and Peto, 1981) 

Immediate impacts on wartime production
Lawsuits and worker concerns
Inform compensation decisions
Assess adequacy of protection standards

Improve general understanding of effects of 
radiation on health 

in settings of low dose fractionated exposure
using available personal dosimetry results
in populations of healthy (non-patient) adults



1945-64



“The Commission decided to initiate this study to determine 
the feasibility of utilizing AEC contractor records for 
determining whether any correlation might exist between 
health events and long-term occupational radiation exposure.

Such a study was deemed timely since over twenty years of 
industrial health experience together with relatively complete 
records of occupational radiation exposure had accumulated in 
the atomic energy Industry.”

1965-74



Marks and Gilbert, 1979

nuclear workers hired prior to 1965 and followed through 1977

1975-84: Hanford workers
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 epidemiological studies of radiation workers tended to result in 
imprecise risk estimates with confidence intervals that often spanned 
the null

Cohort Country Publication 
date(s)

Hanford US 1979, 1981
Oak Ridge Natl Lab US 1985, 1991
Atomic Energy Auth. UK 1985, 1993
Sellafield UK 1986, 1994
Rocky Flats US 1987
Atomic Energy Canada CAN 1987
AWE UK 1988
SRS US 1988
Los Alamos Natl Lab US 1994

1985-94: Nuclear workers



1995-2004: Collaborative studies   



Reports on nuclear workers
1995-2004: Russian nuclear workers



2005-2007: 15 country collaborative study  



* solid cancers other than lung, liver, and bone

Study Year Sample 
size

Cases Mean 
dose

ERR per 
100mGy

95% CI

(90% CI*)
Korean workers 2008 79,679 134 6mSv 0.72 -0.5 to 2.1
Rocketdyne 2011 46,970 647 14mSv 0.02 - 0.18 to 0.17

Japanese workers 2012 200,583 2,636 12mSv 0.13 -0.03 to 0.30
Canadian workers 2013 45,316 437 22mSv 0.18 -0.04 to 0.53
Mayak workers* 2015 25,757 1,825 354mGy 0.01 0.003 to 0.021
German workers 2014 8,972 115 20mSv -0.10 -0.4 to 0.1
US workers 2015 119,195 10,877 20mSv 0.01 -0.02 to 0.05
UK workers 2009 174,451 11,133 25mSv 0.03 0.004 to 0.05
French workers 2017 59,004 2,536 26mSv 0.04 -0.04 to 0.13*
INWORKS 2015 308,297 17,957 21mGy 0.05 0.018 to 0.079*

Some recent occupational cohort studies of radiation and cancer in the last decade



Cause of death No of deaths ERR per Gy (90%-CI)

All cancer 19 748 0.51 (0.23–0.82)

All cancer other than leukemia 19 064 0.48 (0.20–0.79)

Solid cancer 17 957 0.47 (0.18–0.79)

Solid cancer other than lung cancer 12 155 0.46 (0.11–0.85)

Results – Estimated excess relative rate of cancer mortality 
per unit colon dose (ERR per Gy), 10 year lag assumption



ne=not estimated. * 2-y lag assumption. ** 10-y lag assumption

Cause of death No of 
deaths ERR per Gy (90%-CI)

Leukemia excluding CLL* 531 2.96 (1.17–5.21)

CML* 100 10.45 (4.48–19.65)

AML* 254 1.29 (-0.82–4.28)

ALL* 30 5.80 (ne–31.57)

CLL* 138 -1.06 (ne–1.81)

Multiple myeloma** 293 0.84 (-0.96–3.33)

Non-Hodgkin lymphoma** 710 0.47 (-0.76–2.03)

Hodgkin’s lymphoma** 104 2.94 (ne–11.49)

Results – Lymphatic & hematopoietic cancers
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Cause of death No deaths ERR/Sv (90% CI) p-value

Infectious diseases 548 -0.18  (<0,1.11) 0.613
Endocrine diseases 1190 0.35  (-0.27,1.14) 0.192
Blood diseases 209 -0.58  (<0,1.34) 0.781
Mental disorders 698 1.29  (0.22,2.71) 0.019
Nervous system 1485 -0.16  (<-0.69,0.49) 0.670
Circulatory diseases 27570 0.22  (0.08,0.37) 0.005
Respiratory diseases 5241 0.13  (-0.17,0.47) 0.242

Digestive diseases 2154 0.14  (-0.34,0.72) 0.331
Genito-urinary diseases 693 -0.24  (<-0.80,0.53) 0.717
Muscoskeletal disease 211 0.37  (<-1.26,2.92) 0.362
Ill-defined diseases 1026 -0.06  (<-0.81,0.92) 0.550
External causes 4387 -0.13  (<-0.61,0.43) 0.655

Estimated dose-response coefficients for non-cancer



Colon dose – lag 10 years

Note: The number of cancers in the lowest dose category (10,433 deaths) has not been annotated on this figure for reasons of legibility. 

ERR per Gy = 0.48 ; 90%CI [0.20 – 0.79]

Estimated relative rate of cancer (excluding leukemia) by 
categories of cumulative dose and fitted line.
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UK NRRW –2019



21

Addressing Potential Bias in Occupational Cohorts: Nested case control designs
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Exposure (X) and disease (Y) 
are conditionally associated 
due to selecting within strata 
of a competing risk (CR) 

Occupational exposure (Xk) and 
disease (Dk) at time k. U 
represents an unmeasured 
variable (eg, health status). 
Employment status (Wk) is a 
time-varying confounder 
affected by prior exposure (Xk-1).

X

[CR] U

Y

 HWSE

 Competing risks

Addressing potential bias in cohort designs: Statistical methods
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Questions

Over the last half century, ionizing radiation has disappeared as a 
workplace hazard.
 True 
 False
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Questions

Nuclear worker studies compare cancer occurrence among workers to 
the general population
 Always 
 Sometimes
 Never
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Questions

Nuclear worker studies contribute to understanding of the health effects 
of: 
 High dose rate acute exposures
 Low dose rate chronic exposures
 High dose rate chronic exposures
 Low dose rate acute exposures
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Questions

Studies of nuclear workers exposed to radiation at low dose rates have 
yielded estimates of radiation-associated cancer risks that are:
 statistically compatible with estimates of radiation risks from the Life 

Span Study of atomic bomb survivors
 statistically incompatible with estimates of radiation risks from the 

Life Span Study of atomic bomb survivors
 statistically incomprehensible relative to estimates of radiation risks 

from the Life Span Study of atomic bomb survivors
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