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ABSTRACT
Objectives  Understanding of long-term lung cancer 
risks from radon decay products (RDP) exposure derives 
largely from studies of uranium miners. We aimed to 
compare mortality for lung and other cancers to the 
general population, to estimate excess absolute rate 
(EAR) and excess relative rate (ERR) from RDP exposure, 
and to estimate the joint effects of RDP and cigarette 
smoking in extended follow-up of a cohort of 4137 male 
uranium miners from the US Colorado Plateau.
Methods  We extended mortality follow-up through 
2016 and re-evaluated RDP exposure against 
original work history and mine records. We calculated 
standardised mortality ratios (SMRs) compared with 
a regional population, evaluated EAR of lung cancer 
mortality using standardised rate ratios and modelled 
ERR using Cox proportional hazards regression. We 
evaluated interactions of RDP with smoking pack-years, 
attained age (AA) and time-since-exposure (TSE).
Results  There were 695 lung cancer deaths, including 
146 among never-smokers and light smokers. The 
overall SMR was >4; the EAR per unit RDP exposure 
increased substantially with smoking pack-years and 
decades of follow-up. Lung cancer ERR decreased with 
AA and TSE. ERR attenuation at high exposure rates was 
smaller than observed elsewhere. Joint effects of RDP 
and smoking were submultiplicative but greater-than-
additive, appearing closer to multiplicative at lower RDP 
exposures. Pancreas was the only other site showing a 
significantly positive ERR per unit exposure.
Conclusions  Excess rates of lung cancer mortality 
persist throughout the lifespan among this cohort 
of uranium miners. Information about RDP-smoking 
interactions is of interest for occupational and general 
population exposure.

INTRODUCTION
In 1964, the US Public Health Service published 
the first epidemiologic evaluation of lung cancer 
mortality among uranium miners.1 This seminal 
cohort study of miners on the Colorado Plateau of 
the southwestern US found a fourfold elevation in 
risk of respiratory cancers, which was subsequently 
definitively linked to exposure to radon decay 
products (RDP).2–6 Studies of this cohort have 
contributed to the evidence base for risk assessment 
of occupational and residential RDP exposure.7 8

Studies of uranium miner cohorts have demon-
strated that the relative risk of lung cancer 

decreases with increasing time since exposure and 
attained age and suggest a submultiplicative but 
greater-than-additive interaction between cigarette 
smoking and RDP exposure.4 9–11 However, lifetime 
follow-up of these key cohorts has been incomplete. 
Understanding the evolution of relative and abso-
lute excess rates of lung cancer over time and the 
persistence of the lung cancer burden in the cohort 
compared with the general population is of interest. 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ For decades, studies of lung cancer risk 
among uranium miners, including those on 
the Colorado Plateau of the southwestern 
USA, have estimated quantitatively the risk 
from exposure to radon decay products, 
demonstrating that excess relative rates 
per unit exposure decrease with time since 
exposure and attained age. However, risks of 
lung and other cancers at ages greater than 
70 have been less available. The Colorado 
Plateau cohort also has near-complete smoking 
information on the cohort, which is available in 
few other studies.

WHAT THIS STUDY ADDS
	⇒ This cohort of Colorado Plateau uranium 
miners exposed mainly in the 1950s–1960s has 
been followed up for cancer mortality for 56 
years, making this among the most complete 
prospective occupational cohorts. We found 
that high excess absolute and relative rates of 
lung cancer mortality from exposure to radon 
decay products persist into old age, and that 
the joint effects of radon decay products and 
tobacco smoking remain submultiplicative but 
supra-additive. We also identified a positive 
association with pancreatic cancer.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Findings of persistent excess lung cancer 
risk may inform compensation policy for US 
uranium miners. The quantitative estimates of 
risk at old ages and long time since exposure, 
as well as among never and light smokers, may 
inform risk assessment for protective workplace 
exposure limits.
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The Pooled Uranium Miners Analysis (PUMA) recently published 
estimates of lung cancer mortality risk combining seven cohorts 
in the USA, Czechia, Canada, France and Germany, including 
(with follow-up through 2005) the Colorado Plateau cohort.12 13 
PUMA analyses examined the evolution of risk in the pooled 
cohort with attained age, time since exposure and exposure 
rate. However, excess absolute rates (EARs) or excess relative 
rates (ERRs) for lung cancer have not been examined in detail 
for the Colorado Plateau cohort since the late 1990s,4 and 
not all cohorts in PUMA have information on smoking. With 
extended follow-up, more cases have emerged among never and 
light smokers, permitting a more thorough analysis of the joint 
effects of RDP and cigarette smoking exposure.6 Finally, there is 
renewed interest in whether cancers other than lung are associ-
ated with exposure to RDP.14

Our analysis of the Colorado Plateau uranium miner cohort, 
with follow-up extended through 2016, addresses the following 
specific aims:
1.	 Compare mortality rates for specific causes of death to the 

general population, to assess the cancer burden and estimate 
trends in EAR by dose category.

2.	 Model lung cancer mortality rates per unit RDP exposure 
with time-since-exposure (TSE), attained age and dose rate, 
comparing findings to estimates from the Biological Effects 
of Ionising Radiation (BEIR) VI committee8 and PUMA13 
and examining whether temporal risk patterns vary by smok-
ing level.

3.	 Examine joint effects of RDP and cigarette smoking for lung 
cancer mortality, including miners of all races and ethnicities, 
to increase the amount of data on never and light smokers.

4.	 Evaluate the association of RDP with mortality from cancers 
other than lung, including several individual cancers and all 
cancers combined other than respiratory and ill-defined can-
cers (which may represent under-diagnosed lung cancer).

METHODS AND MATERIALS
Cohort assembly and follow-up
The Colorado Plateau cohort has been described previously.6 
Briefly, the cohort was assembled by compiling records from a 
series of cross-sectional examinations held periodically between 
1950 and 1960 among active uranium miners in southwestern 
USA.1 2 The cohort consists of all male miners who participated 
in a medical examination and questionnaire at least once between 
1950 and 1960 and worked underground in a uranium mine for 
at least 1 month (n=4137). Initially, miners were followed up 
triennially via interview and physical examination and later by 
record linkage to multiple sources. Since the previous reported 
follow-up,6 we linked records for all miners not known to be 
deceased with the National Death Index (NDI), death records 
of the Social Security Administration and tax records of the 
Internal Revenue Service, which confirmed status as either alive 
or deceased. Causes of death for deceased miners were obtained 
from the NDI or death certificates, which were coded to the 
revision in effect at the time of death. Mortality follow-up was 
extended through 31 December 2016.

Assessment of exposure to RDP
RDP exposure estimates are based on thousands of measure-
ments collected from hundreds of mines between 1951 and 
1969.1 2 Exposures from both uranium mining and other hard 
rock mining are based on the historical unit ‘working level 
month’ (WLM), equivalent to a potential alpha energy expo-
sure of 3.54 mJ hour m−3.15 In previous analyses,6 available data 

consisted of the dates on which each miner’s RDP exposure 
reached nine prespecified cumulative exposure levels. Here, we 
made extensive effort to link the cohort to original dosimetry 
records to verify employment data and exposure estimates by 
mine and year. Data are available at the level of the combina-
tion of individual miners’ work history data and the periodic 
exposure estimation (usually, annual) made for each mine. We 
interpolated daily rates of exposure between these dates for each 
worker. We included estimated exposure to RDP from previous 
non-uranium hard rock mining according to the dates estimated 
for each miner before beginning uranium-mine employment. 
Uranium mine exposure is subject to uncertainties, particularly 
before 1960, including exposure measurement and estimation 
error;16 however, consideration of these uncertainties is beyond 
our scope here.

Smoking data
Quantitative cigarette smoking histories were collected for nearly 
all cohort members using surveys conducted in the 1950s–1970s, 
and (for white miners) 1986.3 Data were available in two forms: 
smoking category at the last survey (never, former, current 
<1 pack per day, current one pack per day, current >1 pack per 
day), and cumulative number of cigarettes smoked (expressed 
in pack-years) for ever-smokers. To facilitate analyses based on 
pack-years, we estimated a quit date to reflect a more realistic 
lifetime smoking quantity, given the long follow-up period. We 
created a detailed smoking history for each miner, individually 
imputing the last smoking date for each current smoker at the 
time of last questionnaire (online supplemental materials, online 
supplemental tables 1–3), conditional on expected values for 
single-year age- and 5 year birth cohort-specific cessation proba-
bilities for US men.17

Cancers of interest
We examined associations between RDP exposure and mortality 
for the following cancer types with at least 10 cases: all cancers 
excluding lung and neoplasms of uncertain type overall or in 
the respiratory system (ICD-9 codes: 140-208, except 162, 165, 
195, 199); lung (162); extrathoracic airways (140-148, 160-161, 
164); digestive cancers as a group (150-159); oesophagus (150); 
stomach (151); intestine (152-153); liver and gall bladder (155-
156); pancreas (157); prostate (185); melanoma (172); all skin 
combined (172-173); lymphatic and haematopoietic (200–208, 
273.3) and its subcategories non-Hodgkin’s lymphoma (200, 
202, 273.3), multiple myeloma (203) and leukaemia (204-208).

Statistical analyses
For aim 1, we used the NIOSH Life Table Analysis System 
(LTAS)18 19 to estimate standardised mortality ratios (SMRs) 
compared with the male population of Arizona, Colorado, New 
Mexico and Utah (for white miners) and with those in Arizona 
and New Mexico (for miners of other races), as described previ-
ously.6 Person-time and event tabulation began at the later of 
date of first examination or 1 January 1960 (when American 
Indian miners’ follow-up5 and general population rates began) 
and ended at the earliest of date of emigration (n<5), loss to 
follow-up, death or 31 December 2016. SMRs were indirectly 
standardised on race, age and calendar period, stratifying by dose 
category and decade of follow-up for lung and other cancers. 
We also calculated internally adjusted standardised rate ratios 
(SRRs) directly standardised to the race, age and calendar year 
distribution of the entire cohort. Using SRRs, we estimated EAR 
trends across RDP exposure in lung cancer mortality rates.19
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For aims 2–4, to evaluate temporal patterns in RDP-associated 
lung cancer mortality rates and effect modification by smoking, 
we used full risk sets with attained age as the time scale, also 
caliper-matching on birth cohort within 2.5 years of the case.20 21 
Partial likelihoods when using the full risk set are identical to 
those from Cox proportional hazards regression. We estimated 
the ERR per 100 WLM using models commonly explored in 
other studies of uranium miners.8 13 Analyses were conducted 
using the PHREG procedure in SAS (V. 9.4).

To address aim 2, we fitted cubic b-spline models, with two 
equally spaced knots,22 to flexibly examine the shape of exposure-
response patterns and their variation with TSE, attained age and 
smoking level. We fit the following model, based on the BEIR 
VI8 model considering effect modification by attained age, TSE 
and exposure rate.
	﻿‍ ERR = β · (w5−14 + θ1 · w15−24 + θ2 · w25−34 + θ3 · w35+) · φage · γdose rate‍�

where w5–14, w15–24, w25–34 and w35+ represent windows of 
cumulative exposure accrued 5–14, 15–24, 25–34 and 35+ 
years prior to attained age, respectively, and, therefore, their 
sum equals a worker’s cumulative exposure lagged 5 years. β 
represents the ERR of the weighted sum of cumulative expo-
sures (weighted by parameters θi), φage represents a modifying 
factor of attained age in categories <55, 55–64, 65–74 and 75+ 
years old, and γdose rate represents modifying factors of the radon 
progeny alpha energy decay airborne concentration (mJ m–3), 
in categories <10 and 10+ working levels (WL, calculated as 
WLM/number of months in uranium mining). Studies of RDP 
suggest that, at a given total exposure, low exposure rates are 
more effective than high exposure rates in causing cancer. In 
previous analyses of this cohort,4 a cut-point of 10 WL was 
found to capture most of these effects. The above model does 

not control for smoking (which is not related to RDP exposure 
in this cohort; Pearson r=−0.00123, p=0.9370) but matches on 
age and birth date. The ability to differentiate attained age from 
TSE effects is limited at their lower and upper extremes, due 
to their strong correlation in this cohort (online supplemental 
table 4).
We addressed aim 3 using three approaches:
1.	 We employed previously developed models,4 including a 

parameter in the ERR model to estimate whether the form 
of the ERR-smoking pack-year interaction is multiplicative, 
submultiplicative or additive. The baseline model was spec-
ified as:
ERR = (1 + β1WLM/100)(1 + β2 Pack-years) exp(β3TSLE 
+ β4Dose Rate>10 WL), where TSLE is the time since last 
exposure.

2.	 We estimated the coefficients for a multiplicative (λ) and ad-
ditive (1− λ) contribution in a geometric mixture model.4 9

3.	 We tabulated the internally standardised rates by WLM and 
smoking category and evaluated whether additive or mul-
tiplicative joint effects better summarise the observed rates 
across the range of smoking and exposure categories.23

For aim 4, we examined the other cancer types under consid-
eration, matching on age and birth cohort. Because other cancers 
may have a different latency pattern than lung cancer, we identi-
fied an optimal lag through a grid search by fitting all yearly lags 
between 0 and 40 and choosing the model with the lowest −2 
log-likelihood (as for studies of US nuclear workers).24

RESULTS
This analysis excludes 116 miners who died or were lost 
to follow-up before 1960 (table  1). There were 128 578 

Table 1  Description of Colorado Plateau uranium miners cohort

Variable White miners American Indian miners* Total

Total (N) 3358 779 4137

Alive on 1 January 1960 3254 767 4021

Mean year of birth, SD (interdecile range) 1921, 11.0 (1905, 1936) 1924, 10.6 (1908, 1935) 1922, 11.8 (1906, 1936)

Deceased through 2005 2428 (74.6%) 536 (69.9%) 2964 (73.7%)

Deceased through 2016 2983 (91.7%) 675 (88.0%) 3568 (88.7%)

Mean cumulative RDP exposure, SD (interdecile range) 834.6, 1226 WLM
(54, 2054)

686.6, 752 WLM
(46.7, 1842)

806.3, 1152 WLM
(53, 1999)

Mean radon progeny dose rate, SD (interdecile range) 10.0, 22.9 WL
(2.6, 12.3)

11.3, 12.2 WL
(4.3, 14.3)

10.2, 21.3 WL
(2.9, 12.8)

Last reported smoking category: never 526 (16.2%) 417 (54.3%) 943 (23.5%)

 � Former 1199 (36.8%) 108 (14.1%) 1307 (32.5%)

 � Current <1 pack per day 329 (10.1%) 210 (27.4%) 539 (13.4%)

 � Current 1 pack per day 732 (22.5%) 20 (2.6%) 752 (18.7%)

 � Current >1 pack per day 468 (14.4%) 3 (0.4%) 471 (11.7%)

 � Missing 0 9 (1.2%) 9 (0.2%)

Cumulative pack-years: 0† 527 (16.2%) 427 (55.7%) 954 (23.7%)

 � >0 to <10 254 (7.8%) 270 (35.2%) 524 (13.0%)

 � 10 to <20 322 (9.9%) 47 (6.1%) 369 (9.2%)

 � 20 to <30 432 (13.3%) 10 (1.3%) 442 (11.0%)

 � 30 to <40 460 (14.1%) 11 (1.4%) 471 (11.7%)

 � 40 to <50 496 (15.2%) 2 (0.3%) 498 (12.4%)

 � 50 to <60 296 (9.1%) 0 296 (7.4%)

 � 60+ 467 (14.4%) 0 467 (11.6%)

 � Mean cumulative pack-years, SD (interdecile range) 33.8, 27.6 (0, 68.5) 3.1, 6.3 (0, 9.0) 29.2, 27.8 (0, 64.0)

*Includes 2 Asian and 3 Black miners.
†Includes 1 White miner and 10 American Indian miners missing information on smoking status or quantity.
RDP, radon decay products; WLM, working level months.
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person-years and 3568 deaths through 2016, representing 
an increase of 8141 and 604, respectively, in the 11 years 
since last reported follow-up;6 89% of the cohort is now 
deceased. Fourteen (0.34%) cohort members were lost 
to follow-up, and cause-of-death was unavailable for 22 
(0.62%) decedents. These low percentages indicate that 
follow-up mechanisms were adequate.

Lung cancer mortality rates compared with regional 
population
With 695 deaths, the overall lung cancer SMR was 4.55 (95% 
CI: 4.21 to 4.90). The highest SMRs were seen among miners 
exposed to more than 120 WLM, monotonically increasing 
above this level to nearly 10 above 1000 WLM (online supple-
mental table 5a). Stratified by decade of follow-up, we observed 
a clearly decreasing pattern of SMRs over time, from 6.3 in 
the 1960s to 3.7 in the 2010s; however, within exposure cate-
gories, the patterns were more equivocal. The EAR per 100 
WLM increased across decades, from 2.8 to 16 cases per 10 000 
person-years from the 1960s to the 2000s, declining in the 2010s 
(online supplemental figure 1).

Lung cancer SMRs increased substantially across cigarette 
pack-years, in the cohort overall and within categories of 
RDP exposure (online supplemental table 5b). However, the 
relative increase in smoking-related SMRs was much greater 
for miners exposed to 0–<60 WLM than for miners exposed 
to more than 1000 WLM. Within each smoking category, 
a clear pattern of RDP-related exposure-response was seen 
above 120 WLM, with RDP-related SRR increases much 
higher among the 0–<10 pack-year smoking category than 
in the ≥50 pack-year category (online supplemental table 
5b). However, the EAR/100 WLM for lung cancer mortality 
increased monotonically across smoking categories, from 
5 to 15 deaths per 10 000 person-years in the lightest to 
heaviest smoking groups.

Lung cancer exposure-response overall and effect 
modification with temporal factors
The shape of the exposure-response curve for lung cancer 
mortality with RDP appears linear in the lower-exposure 
region, with curvilinearity above approximately 1200 WLM 
(online supplemental figure 2a). In the BEIR VI exposure-age-
concentration model, at 5–14 years since exposure, the estimated 
ERR/100 WLM at age<55 was 4.04 for dose rates<10 WL and 
2.14 for higher dose rates (table 2). ERR/100 WLM decreased 
notably with TSE: stratified on dose rate at 10 WL, exposures 
received 15–24, 25–34 and ≥35 years before age-at-risk were 
87%, 49% and 36% as effective, respectively, as those received 
in the 5–14 year window. Spline models confirm this pattern 
(figure 1a), with ERR/100 WLM stabilising by about 40 years 
postexposure.

ERR/100 WLM did not vary greatly by age-at-exposure 
up to age 40; however, above this age, rate per unit exposure 
increased, although with widening CIs (figure 1b). By contrast, 
strong heterogeneity (p<0.001) was observed by attained age: 
compared with age<55, the ERRs/100 WLM for ages 55–64, 
65–74 and ≥75 were 61%, 30% and 16% as high, respectively 
(table 2). Spline models suggest this decline in ERR with attained 
age levelled off by about age 70 (figure 1c). Examining ERR/100 
WLM by smoking category, online supplemental figure 3 illus-
trates the diminishment of RDP-associated risk after about 25 
years postexposure for the heaviest smokers, with rates declining 
less steeply among lower smoking categories.

Joint effects of RDP and smoking
We used three approaches to evaluate the interaction between 
RDP exposure and cigarette smoking. In the first approach, the 
interaction term for pack-years and WLM exposure was nega-
tive and marginally significant (p=0.042) in a multiplicative 
model adjusting only for age, birth cohort and race (table  3). 
However, in a model that included the interactions of attained 
age with both WLM and smoking pack-years, interaction for 

Table 2  Comparison of parameter estimates for excess relative rate (ERR) per 100 WLM of lung cancer mortality from an exposure-age-
concentration model to those reported in BEIR VI8 and in the pooled uranium miners analysis (PUMA)13

Parameter (95% CI)
Colorado plateau 
cohort, present study

BEIR VI table 3-3, 
‘updated data’ PUMA full cohort

PUMA full cohort, no employment 
duration adjustment

PUMA, excluding 
Colorado Plateau

β per 100 WLM* 4.04 (−2.81, 10.9) 7.68 4.68 (2.8, 6.96) 3.42 (2.05, 4.82) 3.82 (2.14, 5.73)

Time-since-exposure windows

 � θ5–14 yrs
1 1 1 1 1

 � θ15–24 yrs
0.87 (0.33, 1.41) 0.78 0.77 (0.56, 1.05) 0.63 (0.48, 0.84) 0.80 (0.57, 1.15)

 � θ25–34 yrs
0.49 (0.10, 0.88) 0.51† 0.54 (0.38, 0.76) 0.44 (0.32, 0.60) 0.54 (0.37, 0.80)

 � θ35+ yrs
0.36 (0.03, 0.70) 0.39 (0.26, 0.58) 0.30 (0.21, 0.43) 0.38 (0.25, 0.59)

Attained age

 � φ<55
1 1 1 1 1

 � φ55–64
0.61 (−0.57, 1.79) 0.57 0.55 (0.38, 0.82) 0.61 (0.44, 0.83) 0.52 (0.35, 0.78)

 � φ65–74
0.30 (−0.27, 0.87) 0.29 0.38 (0.25, 0.57) 0.39 (0.27, 0.55) 0.37 (0.24, 0.57)

 � φ75+
0.16 (−0.16, 0.49) 0.09 0.40 (0.24, 0.66) 0.39 (0.25, 0.60) 0.40 (0.24, 0.68)

Exposure rate

 � γ<10 (Colorado) or γ<5 (BEIR VI, PUMA) 1 1 1 1 1

 � γ≥10 (Colorado) or γ≥5 (BEIR VI, PUMA) 0.53 (0.42, 0.63) 0.26‡ 0.25§ 0.31§ 0.28§

*Represents ERR/100 WLM at 5–14 years since exposure, attained age<55 and exposure rate <10 WL (for Colorado Plateau cohort) and <5 WL, based on the mean of γ<0.5, γ0.5–1.0, 
γ1.0–3.0, γ3.0–5.0 estimates (for BEIR VI and PUMA data).
†Value is for category 25+ years since exposure.
‡Coefficient was derived by dividing the mean of the γ5–15 and γ15+ estimates by the mean of estimates for γ<0.5, γ0.5–1.0, γ1.0–5.0.
§Coefficient was derived by dividing the γ5+ estimate by the mean of estimates for γ<0.5, γ0.5–1.0, γ1.0–5.0.
BEIR VI, Biological Effects of Ionising Radiation, 6th committee; WL, working level; WLM, working level month.
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pack-years and WLM exposure was not significant (deviance 
χ2=3.5, 3 df, p=0.321). Online supplemental figure 2b indicates 
steeper RDP exposure-response curves for lower compared with 
higher smoking pack-years, and figure 1d shows the relatively 
modest decrease in ERR/100 WLM across increasing smoking 
pack-years.

In the second approach, the estimate of λ in a geometric 
mixture model was 0.288 (95% CI: 0.0250 to 0.551), indicating 
a supra-additive but submultiplicative interaction between WLM 
and pack-year exposure. At cumulative exposure levels below 
400 WLM, λ was 0.438 (95% CI: −0.183 to 1.058), moving 
towards multiplicative.

In the third approach, the interaction appeared supra-additive 
(online supplemental table 6). In an examination of departures 
from additive joint effects, only one combination of WLM and 
pack-year categories had an observed joint absolute risk (AR) less 
than the expected joint AR. The mean ratio of the observed to 
expected joint AR was 1.9, with no clear pattern across smoking 
categories. However, the observed-to-expected joint AR values 
tended to decrease across WLM exposure categories, suggesting 
an interaction closer to additive at higher RDP exposures. This 
was confirmed in the examination of joint multiplicative effects 
(online supplemental table 7): overall, the interaction appeared 
submultiplicative, in that the mean of the observed-to-expected 

joint rate ratio (RR) across all dose and smoking categories was 
0.74. However, at RDP exposures >400 WLM, the interaction 
was clearly submultiplicative (observed-to-expected ratio of 
joint RRs ranged from 0.29 to 0.60), while below 260 WLM, the 
interaction appeared super-multiplicative (observed-to-expected 
joint RRs ranged from 1.1 to 1.9). As smoking increased, the 
interaction moved away from multiplicative to additive across 
WLM categories (online supplemental table 7).

Association of RDP exposure with other cancers
Pancreas was the only individual cancer site other than lung 
that was significantly positively associated with RDP exposure 
(table  4; online supplemental table 8): under the best-fitting 
lag of 2 years, the ERR/100 WLM was 0.07 (95% CI: 0.01 to 
0.3). Estimated exposure-response coefficients were weakly and 
imprecisely positive for extrathoracic airways, intestine and 
prostate cancers and were significantly negative for oesophageal 
cancer, leukaemia and multiple myeloma (table 4).

DISCUSSION
With more than 50 years of follow-up, lung cancer mortality 
remains highly elevated among miners on the Colorado Plateau, 
compared with the regional population. SMRs have not declined 

Figure 1  Variation in excess relative rate (ERR) per 100 working level months (WLM) for lung cancer mortality by (a) time since exposure (TSE); (b) age at 
exposure; (c) attained age; (d) cigarette smoking pack-years, in models matched on attained age and year of birth.
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notably since the 1990s. The heaviest smokers who were most 
highly RDP-exposed had 12 times the expected mortality, 
demonstrating the high combined burden of RDP and tobacco 
smoking in lung cancer among these miners. A longstanding 
limitation of the Colorado Plateau cohort study is the use of 
the entire non-white population of Arizona and New Mexico as 
a comparison for the light-smoking American Indian (primarily 
Navajo) uranium miners. This is likely to have led to underesti-
mates of the SMRs for lung cancer.5 6

In the main effects ERR/WLM model, compared with 
previous analyses of the cohort,4 overall parameter estimates 
were much more precise, reflecting more cases with additional 
follow-up. As with the most recent modelling in this cohort,4 we 
found that relative rates decreased with time since exposure and 
attained age. However, spline and categorical analyses showed 
that this decline in ERR/100 WLM levelled off by about age 70 
and 40 years since exposure and remained substantially elevated 
throughout the lifespan of the miners. We also found that the 
ERR/100 WLM was about 60% higher at attained age≥70 
compared with earlier follow-up.4 Notably, the EAR rose as the 
cohort aged (online supplemental figure 1), declining only in the 
period from 2010 to 2016, reinforcing the persistence seen in 

the highly elevated SMRs compared with the regional popula-
tion as the cohort aged.

As seen in table 2, ERR/WLM at older attained ages was higher 
than in BEIR VI,8 but lower than in PUMA13 (which had much 
more precise estimates than seen here). However, estimates based 
on time since exposure were similar among the three analyses. 
Attenuation at high exposure rates was about half as severe in 
our cohort analysis, even though the dose rate was much higher, 
as in the BEIR VI and PUMA analyses. Notably, parameters in 
some of the stratified analyses were estimated imprecisely.

An important limitation of our study is the potential for bias 
from unavoidable errors in individual RDP estimates. Lacking 
personal measurements, exposure estimates were obtained using 
dose reconstruction methods that relied on available data that 
varied between and within mines in both content and quality. 
For example, processing and employment recordkeeping, as well 
as environmental monitoring techniques, likely improved over 
time. The effects of measurement error on the exposure-response 
have not been fully explored; however, model-based corrections 
applied in earlier follow-up led to stronger exposure-response 
estimates, particularly at higher exposure rates,16 suggesting that 
we may have underestimated high exposure-rate effects. This 

Table 3  Parameter estimates for attained age and smoking effect modification for lung cancer mortality, using models from table 5 of Hornung et 
al 1998,4 WLM/smoking/age interaction

Parameter* Estimate SE 95% confidence limits (Wald-based) −2LL Diff† df P value

Main effects model: (1 + β1WLM/100)(1 + β2 pack-years)exp(β3TSLE + β4dose rate>10 WL)

 � WLM/100 0.308 0.0658 0.178 0.437 7121.7

 � Pack-years 0.062 0.0091 0.044 0.080

Radon-attained age interaction

 � WLM/100 age<60 0.819 0.314 0.202 1.44 7104.5 17.2 2 0.0002

 � WLM/100 age 60–<70 0.235 0.0816 0.0744 0.395

 � WLM/100 age≥70 0.147 0.0453 0.0577 0.236

 � Pack-years 0.0616 0.0090 0.0439 0.0794

Radon/age and smoking/age interactions

 � WLM/100 age<60 0.828 0.318 0.203 1.45 7104 0.5 2 0.779

 � WLM/100 age 60–<70 0.235 0.0816 0.0744 0.395

 � WLM/100 age≥70 0.147 0.0454 0.0579 0.236

 � Pack-years age<60 0.051 0.0157 0.0201 0.0819

 � Pack-years age 60–<70 0.0637 0.0168 0.0307 0.0968

 � Pack-years age≥70 0.0666 0.0144 0.0383 0.0950

Interaction model: (1 + β1WLM/100)(1 + β2 pack-years)(1 + β3WLM/100×pack years)exp(β4TSLE + β5dose rate>10 WL)

Radon/smoking interaction

 � WLM/100 0.332 0.0709 0.1923 0.4709 7117.6 4.1 1 0.0429

 � Pack-years 0.0681 0.0100 0.0485 0.0877

 � WLM/100×pack years −0.0001 0.0000 −0.0002 0.0000

Radon/smoking/age

 � WLM/100 age<60 0.857 0.339 0.192 1.52 7100.5 3.5 3 0.321

 � WLM/100 age 60–70 0.249 0.0891 0.0739 0.424

 � WLM/100 age≥70 0.182 0.0591 0.0662 0.298

 � Pack-years age<60 0.0563 0.0182 0.0205 0.0920

 � Pack-years age 60–<70 0.0680 0.0181 0.0326 0.104

 � Pack-years age≥70 0.0765 0.0170 0.0432 0.110

 � WLM*pack-years (age<60) −0.0001 0.0001 −0.0003 0.0001

 � WLM*pack-years (age 
60–<70)

−0.0001 0.0001 −0.0002 0.0000

 � Pack-years age≥70 −0.0002 0.0001 −0.0003 0.0000

*All models adjust for time since last exposure and dose rate, as in table 5 of Hornung et al (1998).4

†Difference in model deviance (−2 log likelihood) in nested models interpreted as χ2 test with df equal to number of terms added to model.
TSLE, time since last exposure; WL, working level; WLM, working level month.
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should minimally bias estimates for the lower exposure-rates 
typically observed in current occupational and environmental 
settings.

Tobacco smoking is not a confounder in this cohort (table 3), 
but the joint effects of smoking and RDP are of great interest. 
Previous analyses of this cohort found that the joint effect of 
RDP and cigarette smoking tended to move from multiplica-
tive25 to submultiplicative,26 towards additive4 with increased 
follow-up. We found that a submultiplicative but supra-additive 
model continues to describe the data well with several decades 
of additional follow-up. However, with extended follow-up, 
the negative interaction between RDP and pack-year categories 
in a multiplicative model that included important effect modi-
fication of WLM ERR by attained age was no longer statisti-
cally significant, and its magnitude was reduced, compared with 
previous follow-up.4 Furthermore, with more lung cancer deaths 
among never and light smokers, we observed heterogeneity by 
dose category: joint effects appeared closer to multiplicative at 
exposures below about 400 WLM than at higher exposures. This 
finding contrasts with that from the pooled European nested 
case-control study, in which a submultiplicative joint effect was 
observed below 300 WLM,27 but appears similar to that found 
in the German Wismut cohort.28 Interaction estimates from the 
pooled 11-country study ranged from subadditive in the China 
tin miners to multiplicative in the Beaverlodge (Canada) cohort.9 
The joint effects found at low exposures in this study should be 
more relevant than those at high exposures in modern occupa-
tional and environmental exposure settings. A slight limitation 
of our study was the assumption of a fixed quit date for current 
smokers at last survey, conditional on age and birth year, which 
may have led to increased uncertainty in the estimation of these 
joint effects.

RDP’s interaction with smoking not only affects the magnitude 
of radiation risk across pack-year categories, but also reflects a 
delayed temporal pattern, where peak risks were observed earlier 
for heavy smokers and later for never- or light-smokers. This 
may explain the early lack of excess lung cancer mortality among 
the light-smoking American Indian miners, which was initially 
attributed to ‘stringent health standards used by the industry 

in the employment of Indians and the tendency to discharge 
ill Indians from mining and return them to the reservation for 
medical care’.1

We found no evidence for an association between RDP and 
deaths from all cancers combined (excluding respiratory and 
ill-defined cancers). The only cancer type besides lung posi-
tively associated with RDP was pancreas, for which we found 
an ERR/100 WLM of 0.07 (95% CI: 0.01 to 0.3) under a best-
fitting lag of 2 years. This is similar to a finding reported in the 
11-cohort pooled study,29 which reported an ERR/100 WLM of 
0.02 for pancreatic cancer (the only specific cancer type besides 
lung showing an elevation). By contrast, a null association was 
seen for pancreatic cancer in the large Wismut cohort,30 which 
was not part of the previous pooled study. It is unclear why we 
found an inverse association for leukaemia and RDP. Competi-
tive mortality from lung cancer may have depleted susceptible 
individuals, given that the lung would be expected to receive a 
much higher dose than bone marrow.

Our use of mortality rather than cancer incidence outcomes 
is a limitation, which is of particular concern for some cancer 
types other than lung (eg, skin, prostate and haematolymphoid 
cancers). We did not incorporate uncertainty in the selection of 
optimal lags for cancer types other than lung; however, for most 
outcomes, the 10 year and optimal lags produced similar results.

In conclusion, with near-complete follow-up of uranium 
miners on the US Colorado Plateau, persistent elevation in lung 
cancer mortality rates remains even into miners’ oldest ages. 
Information about the supra-additive but sub-multiplicative 
joint effects of smoking and RDP, particularly at lower exposure 
levels, may be useful for risk assessment. Further analyses of joint 
effects from PUMA should help elucidate the form of this inter-
action at lower exposures.

X Mary K Schubauer-Berigan @MaryBerigan

Acknowledgements  The authors thank Rick Cassinelli and Lisa Thomas of the 
National Institute for Occupational Safety and Health (NIOSH) for their assistance 
with data management, smoking imputation and rate file creation for this study.

Contributors  MKS-B led the acquisition of the mortality data, the development 
of the smoking imputation method and initial drafting of the manuscript. She is the 

Table 4  Parameter estimates for linear excess relative rate (ERR) per 100 WLM (maximum likelihood-based optimal lag) for cancer mortality at 
sites of a priori interest

Outcome NIOSH LTAS categories N ERR/100 WLM (10 year lag)* Best lag (years) ERR/100 WLM (best lag)
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