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Introduction
Radon progeny, both in the work-

place and in the household, are a continu-
ing cause for concern because of the
well-established association between expo-
sure to radon progeny and lung cancer.'-7
In addition to lung cancer, associations
have been suggested between exposure to
radon progeny and other cancers, includ-
ing leukemia, non-Hodgkins lymphoma,
malignant melanoma, and kidney cancer,
in studies of uranium and other hard rock
miners in Canada, Sweden, Czechoslova-
kia, and the United States.8" In the
United States, excess mortality risks for
lung cancer, pneumoconioses and other
respiratory diseases, tuberculosis, and
chronic nephritis have been reported for
the heavy-smoking White uranium miners
of the Colorado Plateau study group.'2-'6
Studies among various populations of
Navajo uranium miners in the United
States have demonstrated excess mortal-
ity from lung cancer.'7-'9 The most recent
report on the Navajo uranium miners in
the Colorado Plateau study group, pub-
lished in 1976, indicated significant excess
mortality from lung cancer and a trend
toward excess mortality from tuberculosis,
nonmalignant respiratory disease, and
unintentional injuries.'3 To provide up-
dated information on lung cancer and
other mortality risks for these light-
smoking Navajo men exposed to radon
progeny, we have now updated and
reanalyzed the cohort mortality data on
the Navajo uranium miners from the
Colorado Plateau study group.

Methods
The cohort of Navajos was selected

from the Colorado Plateau study group of
4126 White and non-White men who

mined uranium on the Colorado Pla-
teau.12 To be included in the group,
miners must have been examined in the
US Public Health Service medical surveys
conducted between 1950 and 1960 and
must have worked at least 1 month
underground in a uranium mine by Janu-
ary 1, 1964. Although the uranium miners'
pre-1954 participation rates in the medi-
cal surveys were low, approximately 90%
of the miners in the areas visited by the
Public Health Service participated in the
1957 and 1960 surveys.'2 Occupational,
medical, and smoking information was
obtained during the surveys and was
updated during subsequent annual cen-
suses of the miners conducted by the
Public Health Service through the early
1970s.

The working level months of expo-
sure to radon progeny were determined
by multiplying the working months (1
working month consists of 170 hours)
spent underground by the working level of
the particular mine at that time. One
working level is equal to any combination
of radon progeny in 1 L of air that results
in the ultimate release of 1.3 x 105 MeV
of potential alpha energy. Lundin et al.'2
have described the four methods used to
estimate the working levels of radon
progeny in a given mine in a given year,
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and Homung and Meinhardt15 have evalu-
ated the magnitude of error. In our life
table analysis, exposures to radon progeny
were separated into four categories hav-
ing approximately the same number of
expected deaths. The lowest exposure
category (less than 120 working level
months) was chosen to coincide with
exposures that would be allowable under
the current limit of 4 working level
months per year7 over a 30-year career;
our other three categories were 120 to
400, 400 to 1000, and 1000 or more
working level months.

Vital status was ascertained from
January 1, 1960, through December 31,
1990, through the records of the Social
Security Administration, Internal Rev-
enue Service, National Death Index,
Health Care Financing Administration,
and Indian Health Service. Those whose
vital status was unknown were considered
lost to follow-up on the date last observed.
Death certificates were obtained and
coded by a qualified nosologist into the
appropriate revision of the Intenational
Classification ofDiseases (ICD); the rules
in effect at the time of death were used in
coding. Deceased individuals for whom
no certificate was located were assumed
dead on the date specified by the report-
ing agency with the cause of death
unknown.

Life TableAnalysis
A modified life table analysis sys-

tem2021 was used in analyzing the cohort.
Time since first exposure and duration of
exposure were calculated from the first
date of employment underground in a
uranium mine. Because we used state
mortality rates, initiated in 1960, as our
comparison, person-years at risk of dying
were also calculated from 1960. The
expected number of deaths was computed
by multiplying cause- and time-specific
mortality rates for non-Whites in New
Mexico and Arizona by the corresponding
person-years distribution in the study
population. Standardized mortality ratios
represented the ratio of observed to
expected deaths. The combined New
Mexico and Arizona rates for mortality
among non-White men (all except Whites
and Hispanics) were chosen as the com-
parison rates because Navajos, Zunis, and
other American Indians composed a

relatively large percentage of the non-
White population.22'23

Direct standardization of rates, used
to calculate the standardized rate ratios
for lung cancer in Table 3, provided for
internal comparisons between the higher

exposure categories (i.e., 120 to 400, 400
to 1000, and > 1000 working level months)
and the lowest exposure category ( < 120
working level months). Our procedure for
direct standardization calculated weighted
rates for each of the four exposure
categories; the age, race, sex, and calen-
dar time stratum-specific sums of person-
years across all exposure categories for
the entire cohort were used as weights.
The 95% confidence interval (CI) for the
standardized rate ratio was calculated on
the basis of a Taylor series approximation
of the variance.21

In calculating standardized mortality
and standardized rate ratios by exposure
categories in Table 3, we lagged exposure
to radon progeny by 5 years under the
assumption that 5 years was a reasonable
estimate of a minimum induction period
necessary before exposure could cause
disease.21

Cox Regression Analysis
To account for simultaneous risk

factors for disease mortality and to ad-
dress problems associated with the choice
of a possibly inadequate external compari-
son group encountered in the life table
analyses, we performed a Cox regression
analysis24'25 of the entire Navajo cohort.
The disease-specific age at death was the
censored outcome variable. All compari-
sons were thus age adjusted. The analyses
were also stratified on categories of year
of birth (1883 to 1909, 1910 to 1916, 1917
to 1923, 1924 to 1943). The time-
dependent regressors considered for inclu-
sion in the models were cumulative
exposure, log cumulative exposure, dura-
tion of exposure, log duration, exposure
rate, log exposure rate, log cumulative
pack-months of smoking (all lagged 5
years), time since first exposure, time
since last exposure, and smoking status
(yes/no), together with possible two-way
interactions. Log cumulative exposure
was taken to be the logarithm of cumula-
tive exposure to radon progeny plus a
background of 0.4 working level months
per year of age.15 Duration of exposure
was taken to be the number of months of
underground uranium mining. This vari-
able included all mining exposures and
included but was not limited to radon
progeny. Exposure rate was taken to be
the ratio of cumulative exposure to radon
progeny divided by months spent in
underground mining. Log cumulative
pack-months was the logarithm of cumula-
tive pack-months of smoking plus a

background of .005 packs per day.15 We
considered log-linear models in the loga-

rithm of cumulative dose (these models
are sometimes called "power" function
models), as follows:

h(t, dose) = ho(t)e1Iog(d+backund)
where h(t, dose) and ho(t) are the hazard
and baseline hazard functions, respec-
tively. We also considered the linear
excess relative risk function

h(t, dose) = ho(t)(1 + ,B dose/100).

Plots of log cumulative hazards were used
to check the proportional hazards assump-
tion within categories ofyear of birth. The
EPICURE26 software package was used
to perform all Cox regression analyses.

Results
Of the 779 non-Whites in the Colo-

rado Plateau study group, 3 were Black
and 1 was Asian; the remaining 775 were
Navajos, including Hopi, Laguna, and
Comanche. Although we included Blacks,
Asian Americans, and other Native Ameri-
cans in our cohort, just as they were
included in the non-White state mortality
rates that we used for comparison, we
have called our study group a Navajo
cohort because the vast majority were
Navajos. Twenty-two Navajo miners were
excluded because they did not meet the
cohort eligibility criteria. The characteris-
tics of the remaining cohort of 757 Navajo
miners are given in Table 1.

We reviewed all of the records on
smoking from the periodic surveys be-
tween 1950 and 1973 for the Navajo
miners. All records reviewed were avail-
able at the time of previous smoking
classifications.12'13 We reviewed the re-
cords to correct all smoking classifications
without knowledge of disease status. This
reclassification caused a small difference
between the smoking data in this report
and previous reports on the Navajo
miners.12'13 The revised smoking classifica-
tions are reported in Table 1. All Navajo
miners reporting that they smoked pipes
or cigars also smoked cigarettes. The 38
Navajos who chewed tobacco or used
snuff with no other use of tobacco were
categorized as never having smoked.

Cohort Mortality
The 303 deaths observed are listed by

their underlying causes in Table 2, along
with the expected numbers of deaths and
standardized mortality ratios. Heart, circu-
latory, and digestive diseases (specifically
cirrhosis standardized mortality ra-

tio = 0.5, 95% CI = 0.2, 0.7) were found

April 1995, Vol. 85, No. 4
536 American Journal of Public Health



Mortality among Miners

TABLE 1-Navajo Uranium Miners
Cohort, 1960 through
1990

Sample

Vital status, no. (%)
Alive
Deceased
Death certificate
No certificate

Unknowna
Totalb

Smoking characteristics,
no. (%)

Never smokedc
Ex-smokers
< 1 pack/day (light)
1 pack/day (moderate)
> 1 pack/day (heavy)
Missing information

Total

Other characteristics,
mean (SD)

Year of birth
Year first employed
Age employed, y
Duration employed, y
Months of underground
uranium mining

Exposure from uranium
mining, working level
monthsd

Exposure rate, working
level months/monthd

Exposure from other
mining, working level
monthse

Age at end of study, yf
Years since first employ-
ment

Years since last employ-
ment

452 (59.7)
303 (40.0)
295 (97)

8 (3)
2 (0.3)

757 (100)

446 (58.9)
106 (14.0)
1714 (23.0)
18 (2.4)
3 (0.4)
10 (1.3)

757 (100)

1923 (10.7)
1953 (4.2)
29 (9.7)
8.3 (5.6)
64 (49.8)

755 (847)

14.2 (26.1)

unknown

64 (8.4)
31.7 (9.0)

23.4 (9.6)

aPersons with unknown vital status had
person-years accumulated until last date
observed.

bThe number of person-years was 19 185.
clncludes tobacco chewers and users of

snuff.
dMedian exposure = 403 working level

months; median exposure rate = 9
working level months per month.

eSome Navajo uranium mines had other
mining exposure, but the working level
months data were not collected by
Public Heaith Service investigators.

fFor persons alive or of unknown status on
December31, 1990.

to involve lowered standardized mortality
ratios. Kidney cancer (Table 2), leukemia
(standardized mortality ratio = 0.0, 95%
CI = 0.0, 2.8), non-Hodgkins lymphoma
(standardized mortality ratio = 0.6, 95%
CI = 0.01, 3.3), and melanoma (standard-
ized mortality ratio = 0.0, 95% CI = 0.0,
18.4), suspected of being associated with
exposure to radon progeny,81" were not

TABLE 2-Mortality in Navajo Uranium Miners vs Non-Whites in New Mexico and
Arizona: 1960 through 1990

Stand- Exact
No.of No. of ardized 95%

ICD-9a Observed Expected Mortality Confidence
Cause of Death Code(s) Deaths Deaths Ratio Interval

Cancers
All cancers
Stomach
Intestine
Rectum
Liver
Pancreas
Lung
Prostate
Kidney
Bladder
Unspecified
Lymphatic/
hemato-
poietic

Nonmalignant dis-
eases

Tuberculosis
Diabetes mellitus
Alcoholism
Nervous system
Heart
Circulatory

system
All respiratory
Pneumoco-
nioses and
other respira-
tory diseases

Digestive
Genitourinary
Musculoskeletal
IlIl defined

Unintentional inju-
ries

Suicide
Homicide

140-208
151
152-153
154
155-156
157
162
185
189.0-189.2
188,189.3-189.9
194-199
200-208

001-018
250
303
320-389
390-429
415-417,
430-459

460-519
470-478,
494-519

520-579
580-629
711-739
780-793, 795

E800-E949

E950-E959
E960-E978

Other causes Residual
All causes

56 42.2
7 4.2
2 2.5
1 1.0
2 2.7
1 2.3

34 10.2
1 4.5
1 1.2
1 0.7
3 4.5
3 3.7

1.3 1.0,1.7
1.7 0.7, 3.4
0.8 0.1, 2.9
1.0 0.02, 5.6
0.7 0.1, 2.4
0.4 0.01, 2.4
3.3 2.3, 4.6
0.2 0.01, 1.2
0.8 0.02, 4.7
1.5 0.04, 8.2
0.7 0.1, 2.0
0.8 0.2, 2.4

12 4.6 2.6 1.4, 4.6
6 8.3 0.7 0.3,1.6
4 9.6 0.4 0.1,1.1
6 4.6 1.3 0.5, 2.8

39 65.3 0.6 0.4, 0.8
8 21.8 0.4 0.2, 0.7

34 24.8 1.4 1.0,1.9
20 7.7 2.6 1.6, 4.0

12 26.3
6 8.0
2 0.6

28 19.1

57 57.9

8
6
13

303bAll

4.9
12.4

10.6
325.5c

0.5 0.2, 0.8
0.8 0.3, 1.6
3.3 0.4,11.9
1.5 1.0, 2.1

1.0 0.7,1.3

1.6 0.7, 3.2
0.5 0.2,1.0
1.2 0.6, 2.1

0.9 0.8,1.0

Note. ICD-9 = International Classffication of Diseases, 9th edition.
aSome ICD-9 codes in broad ranges were excluded and fall under "Other causes."
blncludes 6 deaths with missing death certificates.
Clncludes 4.5 expected deaths for diseases not included in this table.

found to be in excess. Other diseases
associated with uranium mining, includ-
ing chronic nephritis and renal sclerosis14
(standardized mortality ratio = 0.9, 95%
CI = 0.2, 2.5) and unintentional inju-
ries13'14 (Table 2), also were not found to
be in excess. Lung cancer, pneumoconio-
ses and other respiratory diseases, and
tuberculosis, however, were found to be in
excess (Table 2); further analyses focus on
these three diseases.

For the 34 Navajos who died from
lung cancer (Table 2), (1) the mean age at

death was 53 years (range = 33 to 81
years), (2) the mean time since first
exposure to radon progeny was 26.7 years
(range = 12.5 to 44.7 years), and (3) the
mean exposure to radon progeny was
1517 working level months (me-
dian = 1284 working level months), (range
= 30 to 3896). Cigarette smoking status
for the 34 Navajos who died from lung
cancer was about the same as that
reported for the entire cohort of Navajo
miners (Table 1). Mortality risk ratios for
lung cancer are reported in Table 3 by
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cumulative exposure to radon progeny.

No deaths from lung cancer were ob-
served among Navajos within 10 years of
their first exposure to radon progeny.

Cox Regression Analyses
Lung cancer. For lung cancer, we

considered both log-linear relative risk
models and linear excess relative risk Cox
regression models. The log-linear relative
risk model using duration of exposure

yielded the best fit. Increased duration of
exposure was strongly related to increased
risk of lung cancer mortality ( = 0.2611,
SE = 0.0383, P < .0001). The estimated
relative risk for a 5-year duration of
exposure vs nonexposure was 3.7 (95%
CI = 2.5, 5.4). When duration of expo-
sure was included in the log-linear model,
no other variables added significantly to
the model fit. Increased log cumulative
exposure to radon progeny was also
strongly related to increased mortality
from lung cancer in the log-linear model
(13 = 0.9838, SE = 0.1902, P < .0001).
With log cumulative exposure to radon
progeny in the log-linear model, time
since last exposure and exposure rate,
when considered separately, added signifi-
cantly to the model fit. For linear excess

relative risk models, cumulative exposure
to radon progeny was the best predictor
variable, while time since last exposure
added significantly to the model fit.

In order to use the Cox regression
results to obtain estimates of relative risk

comparable to the standardized rate ra-

tios included in Table 3, we estimated the
risk of each category relative to the same

internal comparison group (exposure of
less than 120 working level months) using
the median exposure levels in the catego-
ries. For example, the linear excess rela-
tive risk model (1B = 1.986) revealed that
the estimated relative risk for the 400 to
1000 working level month category vs the
less than 120 category was 6.9 (95%
CI = 2.3, 13.0) (Table 3). A likelihood-
based approach was used to obtain the
confidence interval because of the unreli-
able standard errors in the linear excess

relative risk model.
In the log-linear model including log

cumulative exposure and time since last
exposure, log cumulative exposure was

positively related to mortality (1 = 0.9271,
SE = 0.1992, P = .0001), while time since
last exposure was negatively related to
mortality (1 = -0.0984, SE = 0.0384,
P = .008) (^ over ,B indicates a model
estimate). The estimated relative risk for
400 working level months relative to no

exposure was 9.0 (95% CI = 4.6, 41.7).
The estimated relative risk at 10 years
since last exposure vs 0 years was 0.37
(95% CI = 0.18, 0.79). In the log-linear
model including log cumulative exposure,
rate of exposure to radon progeny was

negatively related to mortality (1 =

-0.0671, SE = 0.0269, P = .001). The
estimated relative risk due to an increase
in the rate of 10 working levels was 0.51

(95% CI = 0.30, 0.87). No other variables
contributed significantly to model fit when
log cumulative exposure to radon progeny
was included in the log-linear model. This
was particularly true of all smoking vari-
ables and of all two-way interaction terms.

Pneumoconioses and tuberculosis. In-
creased mortality due to pneumoconioses
and other respiratory diseases (P = .001)
and to tuberculosis (P = .01) was also
significantly related to duration of expo-

sure in the log-linear relative risk and
linear excess risk Cox regression analyses.
For the log-linear model, the coefficients
of duration of exposure were .1519
(SE= .0441) for pneumoconioses and
other respiratory diseases and .1426
(SE = .0658) for tuberculosis. Hence, the
estimated relative risks for a 5-year dura-
tion of employment in underground ura-

nium mining vs no such employment were
2.1 (95% CI = 1.4, 3.3) for pneumoconio-
ses and other respiratory diseases and 2.0
(95% CI = 1.1, 3.9) for tuberculosis. No
other variables contributed significantly to
the model fit for these causes.

Mortality over calendar time. The
standardized mortality ratio analysis
showed that the lung cancer rate in-
creased over time from 2.4 (95% CI = 0.6,
6.5) in the 1960s to 3.6 (95% CI = 2.2,
5.5) in the 1980s. The rate of pneumoco-
nioses and other respiratory diseases
increased as well, from 1.5 (95% CI = 0.1,

7.2) in the 1960s to 2.9 (95% CI = 1.4,
4.5) in the 1980s. When the effects of
duration of exposure and cumulative
exposure to radon progeny over calendar
time were controlled in the Cox analysis,
the results indicated that exposure was

the primary factor in the observed risk
trend.

Discussion
Recent analyses of lung cancer among

the Colorado Plateau study group have
focused on the White miners.12,5,1416 This
is the first analysis since 1976 of mortality
among the Navajo uranium miners in the
Colorado Plateau study group. In this
analysis, we extended vital status fol-
low-up (17 years) through 1990, assessed
risk by cumulative exposure to radon
progeny and by duration of exposure to

underground uranium mining, reviewed
smoking status, and provided rate ratios
using both an external and an internal
comparison group. We found (1) elevated
standardized mortality ratios for lung
cancer (3.3, 95% CI = 2.3, 4.6), pneumo-
conioses and other respiratory diseases
(2.6, 95% CI = 1.6, 4.0), and tuberculosis
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TABLE 3-Lung Cancer Mortality Risk Ratios for Navajo Uranium Miners, by
Cumulative Exposure to Radon Progeny, 5-Year Exposure Lag, 1960
through 1990

Exposure to Radon Progeny from Uranium Mining,
Working Level Months

< 120 120-400 400-1000 > 1000 Total

Observed/expected deathsa 1/2.20 2/2.78 10/2.36 21/2.85 34/10.19
Standardized mortality ratio 0.4 0.7 4.2 7.4 3.3
95% Cl 0.01,2.5 0.1,2.6 2.0, 7.8 4.6,11.3 2.3,4.6

Standardized rate ratio 1.0 1.4 8.3 24.1 8.4
95%CI ... 0.1,16.0 1.1,65.2 3.0, >100 1.2,61.8

Cox estimateb 1.0 2.9 6.9 18.9
95% Cl ... 1.4,4.8 2.3, 13.0 4.9,37.7 ...

No. of person-years 4438 5269 4349 4336 18 392C

Median working level monthsd 48 (148) 232 (228) 624 (175) 1810 (206) 403
(no. who did not progress)

aObserved deaths/expected deaths, Arizona and New Mexico non-Whites.
bCox linear excess relative risk estimates as compared with the exposure category of less than 120
working level months.

cFive-year exposure lag contained 793 person-years, no observed deaths, and 0.05 expected
deaths, placed in the unexposed category.

dMedian exposure from uranium mining for miners who did not progress to a higher category of
exposure.
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(2.6, 95% CI= 1.4, 4.6); (2) trends of
increasing risk with increasing duration of
exposure to uranium mining and with
increasing cumulative exposure to radon
progeny for lung cancer, pneumoconioses
and other respiratory diseases, and tuber-
culosis; and (3) a relative risk of 6.9 (95%
CI = 2.3, 13.0) for lung cancer among
those exposed to the midrange of 400 to
1000 working level months.

Prior to our study, the most recent
investigation of the Navajo uranium min-
ers in the Colorado Plateau study group
had been conducted by Archer et al.13
with mortality follow-up through 1973.
When we extended that follow-up by 17
years and used the same extemal compari-
son population for our standardized mor-
tality ratio estimates, we found that
overall mortality risk patterns had not
changed. For mortality from all causes,
lung cancer, nonmalignant respiratory
disease, tuberculosis, and unintentional
injuries, our standardized mortality ratio
findings were similar to Archer's. Our
analysis revealed that standardized mortal-
ity ratios for lung cancer and pneumoco-
nioses and other respiratory diseases
appeared to continue to increase over
time and remained elevated over the
period 1980 to 1990. It seems clear that
both lung cancer and pneumoconioses
and other respiratory diseases continue to
be elevated among this cohort ofvery-light-
smoking Navajos an average of 23 years
since their last exposure to radon progeny.
However, the results of the Cox analysis
indicated that exposure was the primary
factor in the observed risk trend.

For lung cancer, our standardized
mortality ratio of 3.3 (95% CI = 2.3, 4.6)
was lower than the ratio of 4.2 (95%
CI = 2.1, 7.6) estimated for Navajos by
Archer et al.13 and the ratio of 4.8 (95%
CI = 4.2, 5.6) estimated for White ura-
nium miners by Waxweiler et al.14 Using
Cox regression, we estimated a relative
risk of 6.9 (95% CI = 2.3, 13.0) for those
exposed to the midrange of 400 to 1000
working level months in comparison with
those exposed to less than 120 working
level months; using an internal compari-
son in our life table analysis, we estimated
a standardized rate ratio of 8.4 (95%
CI = 1.2, 61.8) for the same comparison
(Table 3). Our estimates of lung cancer
risk using internal comparisons are prob-
ably better indications of the true risk
ratio.

Comparison of the Cox regression
analysis of lung cancer in the present
Navajo study with the previous Cox
regression analysis of the White uranium

miners15 revealed that increased exposure
to radon progeny was strongly associated
with increased risk of death due to lung
cancer in both studies. The power func-
tion model was used in both studies, and
similar coefficients were obtained for
White and Navajo miners. In the Navajo
study, duration of exposure was a better
predictor than logged cumulative expo-
sure to radon progeny (possibly as a result
ofmeasurement error in exposure). In the
study of the White miners, cumulative
exposure was a better predictor of lung
cancer than duration of exposure (R. W.
Hornung, J. A. Deddens, and R. J.
Roscoe, written communication, 1993). In
the Navajo study, the log-linear model in
log cumulative exposure and the linear
model in cumulative exposure both fit the
data equally well (both had the same
deviances), yielding estimated relative
risks of 13.8 and 9.0 for 400 working level
months relative to no exposure, respec-
tively. Log cumulative pack-months of
cigarette smoking was strongly associated
with increased risk of death due to lung
cancer in the White miners study but not
in the present Navajo study, possibly
because the Navajos smoked considerably
less than their White counterparts. Of the
Navajos, 58.9% had never smoked (Table
1), in comparison with about 18% of the
White miners; moreover, among the Na-
vajo miners categorized as light smokers,
many were very light smokers (about 75%
smoked five or fewer cigarettes per day).
In both the Navajo and White studies,
exposure rate and time since last exposure
showed a negative association with risk of
death due to lung cancer.

For all nonmalignant respiratory dis-
ease, our standardized mortality ratio of
1.4 (95% CI = 1.0, 1.9) was similar to the
ratio of 1.3 (95% CI = 0.5, 1.8) for
Navajos estimated by Archer et al.13 and
lower than the ratio of 3.2 (95% CI = 2.6,
3.9) for White uranium miners estimated
by Waxweiler et al.14 Differences in
smoking habits are probably the explana-
tion for the difference in standardized
mortality ratios for Navajos and Whites.
The excess mortality in our cohort was
mainly due to pneumoconioses and other
chronic respiratory diseases. Silica and
other mining exposures, rather than ra-
don progeny, are the likely explanations
for the increased risk.

Our estimate of tuberculosis mortal-
ity (standardized mortality ratio = 2.6,
95% CI = 1.4, 4.6) was similar to the
mortality ratio for Navajos estimated by
Archer et al.13 (2.2, 95% CI = 0.9, 4.3)
and lower than that for White uranium

miners estimated by Waxweiler et al.14
(4.1, 95% CI = 2.2, 6.9). Silicosis and
silicotuberculosis were mentioned on 4 of
the 12 death certificates, indicating that
silica, rather than radon progeny, is the
likely explanation for the increased risk.

Associations have been suggested
between exposure to radon progeny and
other cancers, including leukemia, non-
Hodgkins lymphoma, malignant mela-
noma, and kidney cancer.811 We did not
observe elevated mortality from these
cancers. This result is consistent with the
findings of Darby et al.27

An important factor that could affect
the standardized mortality ratios in our
life table analysis is the choice of mortality
rates to be used for comparison. The
mortality pattern for male American
Indians in the Southwest is quite different
from that ofUS White or non-White men.
While rates of death due to tuberculosis,
injuries, alcoholism, and diabetes are
higher among American Indians, rates of
death from ischemic heart disease, cancer
(particularly lung cancer), and respiratory
disease are lower.23829 The deficits in heart
and lung disease are thought to be due, in
large part, to a low prevalence of cigarette
smoking among American Indians.28 We
chose the non-White mortality rates for
New Mexico and Arizona as the compari-
son because no national mortality rates
for American Indians were available and
because the non-White population in
these two states included a relatively high
percentage of American Indians. How-
ever, because the non-White comparison
rates include other races that have mortal-
ity patterns different from that of the
Navajo, some standardized mortality ra-
tios in this study may have been biased.
Potentially compounding any bias were
the changing percentages of American
Indians among the non-Whites in the two
states over the period of the study. To
address this problem, we performed Cox
regression analyses to provide for internal
comparisons.

In conclusion, we found excess mor-
tality for lung cancer, pneumoconioses
and other respiratory diseases, and tuber-
culosis for Navajo uranium miners. In-
creasing duration of exposure to under-
ground uranium mining was associated
with increased mortality risk for all three
diseases. Increasing cumulative exposure
to radon progeny, decreasing exposure
rate, and decreasing time since last expo-
sure to radon progeny were associated
with increased mortality risk for lung
cancer. The pattern of risk ratios among
the light-smoking Navajo uranium miners
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was consistent with the risk ratios found in
the previous analyses of Navajo and
heavy-smoking White uranium miners.
The most important long-term mortality
risks for the Navajo uranium miners
continue to be lung cancer and pneumoco-
nioses and other nonmalignant respira-
tory diseases. [
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