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Abstract
A cohort of4320 uranium miners in West
Bohemia who started work at the mines
during 1948 to 1959 and worked there for
at least four years were followed up to the
end of 1990 to determine cause specific
mortality risks in relation to exposures in
the mines. The miners had experienced
high radon exposures, on average 219
working level months during their ura-
nium mining careers, for which detailed
measurements were available. They had
also been exposed to high arsenic levels in
one of the two major mines, and to dust.
New follow up methods, not previously
used for occupational cohorts in
Czechoslovakia, were utilised. By the end
of follow up 2415 (56%) ofthe cohort were
known to have died. Overall mortality
was significantly raised compared with
that in the general population (relative
risk (RR) = 1-56, 95% confidence interval
(95% CI) 1.50-1-63), with significantly
raised risks of lung cancer (RR = 5.08,
95% CI 4X71-5.47), accidents (RR = 1*59,
95% CI 1-34-1.87), homicide (RR = 5 57,
95% CI 2-66-10.21), mental disorders
(RR = 5-189 95% CI 2-83-8-70), cirrhosis
(RR = 1*51, 95% CI 1.16-1-94), and non-
rheumatic circulatory diseases (RR =
1*16, 95% CI 1.08-1.25). The relative risk
of lung cancer was greatest four to 14
years after entry to the mines. Relative
risks for homicide and accidents were
raised up to 25 years from entry but not
after this. Substantial significantly raised
risks at 15 to 24 years after entry occurred
for cirrhosis, non-rheumatic circulatory
diseases, and pneumonia and other res-
piratory infections. Sizeable significantly
raised risks at 25 and more years after
entry, but not earlier, were present for
mental disorders, tuberculosis, and non-
mai nt non-infectious respiratory
conditions. No specific causes showed
risks significantly related to age at entry
to mining. Risk oflung cancer was signif-
icantly positively related to radon expo-
sure, estimated arsenic exposure, and
duration of work in the mines, but no
other cause was significantly positively
related to these variables. The raised risk
of lung cancer in uranium miners, which
is well established, is related aetiologi-
cally to radon exposure, and in the pre-
sent cohort it may also in part have been
due to exposure to arsenic. The raised
risks of accidents, tuberculosis, and non-

infectious respiratory diseases have also
been seen in other uranium mining
cohorts, and are likely to reflect the dan-
gerous and dusty working conditions and
the confined spaces in which work
occurred. The cirrhosis and homicide
deaths probably relate to the lifestyle
associated with wining. The raised risk of
circulatory diseases does not seem to be
related to radon or arsenic exposure; its
causes are unclear. The use of multiple
follow up methods was found to be criti-
cal to correct ascertainment of mortality
in the cohort.

(Occup Environ Med 1994;51:308-315)

Mining has been carried out in the Erz moun-
tains, on the border between Czechoslovakia
and Germany, for several centuries. In
Jachymov (joachimsthal), Czechoslovakia,
pitchblende was mined for radium before the
second world war' and uranium was mined
during the war by French and other prisoners,
and after the war by Czechoslovaks who also
mined uranium at Horni Slavkov, 40 km to
the south.

High mortality from pulmonary disease in
miners in the area has been known since the
16th century.2 This disease was recognised as
cancer in 1879 at Schneeberg on the German
side of the frontier. Lung cancer was first re-
ported in theJichymov mines in 1929,4 and soon
afterwards was established as a major cause of
death in the miners by Pirchan and Sikl,5 who
suggested that radon was the likely cause.
The present cohort was established in

1970. Published analyses have concentrated
on cancer risks,6-9 however, and virtually no
data have been published on risks of other
causes of death. Information on these causes
for certain other radon exposed mining
cohorts have found, as well as raised risk of
lung cancer"0-'6 and in some instances other
cancers,"'l5 raised risks of mortality from
tuberculosis,'1'2 silicosis,'10-5 other chronic
non-malignant lung disease,'015 alcoholism,'0
accidents and violence,'1'6 cardiovascular dis-
ease, not further specified,'4 rheumatic fever
and rheumatic heart disease,'0 heart disease
other than rheumatic or atherosclerotic,'0 and
chronic nephritis and renal sclerosis.'0 The
published analyses from most of these studies
for causes other than cancer have been lim-
ited, however, and there has been little investi-
gation of risk in relation to variables such as
radon exposure and age.
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We have now extended the follow up of
the West Bohemian cohort, evaluated and
improved its completeness, and coded all
deaths by cause for the first time. We examine
here the mortality from a wide range of
causes, and evaluate the relation of mortality
risks to radon and arsenic exposures. For
completeness in consideration of overall mor-
tality of this group and the balance between
different causes, we have included informa-
tion on lung cancer and other cancer mortal-
ity in the same degree of detail as for the
non-malignant causes; greater detail and sta-
tistical modelling of the cancer risks can be
found elsewhere.89

Materials and methods
COHORT DEFINITION
The cohort was established by a search in
1970 of employment records for 95 000
miners at Jachymov and Horni Slavkov, of
whom 40 364 were identified as having
worked underground in 1948 or later. From
these underground workers, men were
included in the cohort if they satisfied the fol-
lowing criteria: (a) underground work com-
menced in 1948-59; (b) underground work
lasted at least four years (subsequent checks
showed that 19 miners initially included actu-
ally worked for slightly shorter periods
(3-6-3-9 years); these men have been retained
in the present analysis); and (c) personnel and
employment records were available, including
details of duration of underground employ-
ment and time spent in each shaft.

It is likely that few miners were excluded
because they had started work in the mines
before 1948. The main reason for exclusion
was that there were many short term workers
because of high wages and poor working con-
ditions. A few men were excluded because of
inadequate information in their employment
record, but it is thought unlikely that records
had been removed or become incomplete
because of death or emigration before 1970.
The final cohort that met the entry criteria

consisted of 4320 men. Most were Czechs,
about 25% were Slovaks and 5% had German
ancestry. Few had other igneous rock mining
experience: under 2% had mined non-ura-
nium ores before they mined uranium, and
under 1% had 10 or more years such experi-
ence.6
When the cohort was identified in 1970,

the mines had already closed and so informa-
tion on the smoking habits of the men could
not be obtained. A survey of 697 men in other
Czech uranium mines in 1974, however,
showed that 76% were smokers,'7 somewhat
more than the male average for
Czechoslovakia in the early 1970s (66%).18
Smoking was permitted in the mines until
1962.

METHOD OF FOLLOW UP
The follow up before 1975 was aimed primar-
ily at ascertaining lung cancers from occupa-
tional, death registration, and clinical sources.
The cohort was also checked against the

Central Czech and Slovak cancer registries.
Although some other deaths were discovered
among current employees or from the cancer
registries, deaths from other causes were not
ascertained systematically. Any deaths missed
during this period should, however, have been
ascertained in 1975, when the vital status of
the cohort was checked against the population
register at the Ministry of the Interior. Further
such checks were carried out in 1980, 1985,
and 1990. These checks provided information
on dates of death and emigration, but did not
give a positive check on vital status, and many
deaths were missed. For the present analysis
follow up has been to 1 January 1991, and we
have employed methods not used previously
to reduce the number of missing deaths.
Firstly, we checked cohort names against files
at the Pensions Offices of the Czech and
Slovak Ministries of Social Security. Then, for
men not shown as currently receiving a pen-
sion or dying in years for which the pensions
files have retained records of deceased men,
we tried to ascertain vital status by direct cor-
respondence and local enquiries.

For most deaths before 1975 that were
ascertained from occupational and cancer reg-
istration sources, these sources also provided
information on the underlying cause of death.
For other deaths, the cause of death was
obtained where possible from local death reg-
isters, or failing this from local health care
facilities or the death certificate held by the
family. The cause of death was coded to the
International Classification of Diseases (ICD)
eighth revision'9 for deaths before 1979 and
ninth revision20 for deaths thereafter.

EXPOSURE ESTIMATES
Extensive radon exposure data were available
from 39 000 measurements of radon gas con-
centrations taken underground during 1949
to 1963 at JHchymov and Horni Slavkov,
which until the mid-1950s were the major
uranium mines in Czechoslovakia, and also at
other uranium mines in the country to which
some of the men moved, particularly after
most shafts at Jachymov and Horni Slavkov
closed in 1963. The exposure estimates have
been completely revised (Tomasek et al,
unpublished data), with correction of previ-
ous errors, for the present analysis. An esti-
mate of the exposure received by each man in
each year of his employment at the mines in
terms of working level months (The working
level (WL) is defined as any combination of
radon daughters in 1 litre of air that will result
in the estimated emission of 1-3 x 105 MeV
potential alpha energy. Exposure of a miner to
this concentration for 170 hours (or twice this
concentration for half as long, etc) is defined
as a working level month (WLM).) was calcu-
lated by considering the shifts that he spent in
each mine shaft in conjunction with the esti-
mated annual concentration of radon daugh-
ters in each shaft. Appropriate adjustments
were made for annual holidays and for the
exposures of workers such as geologists who
were unlikely to have spent all of each shift
underground and exploratory workers who
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worked mainly in shallow shafts near the sur-
face.

There was relatively little dust in the mines,
as wet drilling had been introduced before the
second world war: dust levels at Jachymov
and Horni Slavkov are believed to have been
up to about 10 mg/M3 in the early years of the
present study and lower in the later years,
with levels under 2 mg/M3 from 1958.21 All
artificial ventilation was carried out with elec-
tric motors; no diesel engines were used.
There were only "trace amounts" of
chromium, nickel, and cobalt in the mine
dust." Arsenic levels were much greater in
Jachymov (mean percentage of arsenic in the
dust 0-5%, maximum 7-1%) than Horni
Slavkov (mean 0-01%, maximum 0 053%)."
Because of this difference between the mines
we recoded the occupational histories to score
each miner's arsenic exposure, on the basis of
the limited data available about arsenic and
dust levels in the mines, as 1 for each year
worked underground at Jachymov before
1958, 0 33 for each year worked underground
at Jachymov from 1958 onwards, and zero for
work at all other mines.

METHOD OF ANALYSIS
Person-years at risk were calculated for each
man, starting at four years after entering
employment at the mines and ending at the
earliest of date of death, emigration, 85th
birthday, loss to follow up, or 1 January 1991.
Because uranium mining was well paid, it
attracted workers from all over Czechoslo-
vakia, and after closure of the mines many of
the men moved away from the locality; we
therefore used national rather than local mor-
tality data for calculation of expected deaths.
Annual national death rates by five year age
group for 1953-90 were obtained from the
World Health Organisation and Czechoslovak
Federal Statistical Office, and we bridge
coded them to the same ICD revisions as for
the miners' data. Estimates of the national
death rates by single year of age were made by
interpolation. For each cause of death, the
expected numbers of deaths were then calcu-
lated by multiplying the single year of age and
calendar year specific person-years at risk by
the estimated national death rates for the cor-
responding age and year. Confidence intervals
and two sided p values for the observed to
expected ratios were calculated from the
Poisson distribution.

Mortality risks were also analysed by cumu-
lated radon and arsenic exposures. These
analyses were conducted (a) for total cumula-
tive exposure; (b) lagging the radon and
arsenic exposures by five, and by 10 years: we
excluded deaths and person-years of observa-
tion in the first 10 years after initial employ-
ment from these analyses, to allow the healthy
worker selection effect24 to wear off, (c) con-

sidering only exposures during the past 10
years, as the aetiological effects of radon or
arsenic might wear off after this time.

Analyses were also performed in relation to
duration of employment in the mines. We
restricted these analyses to person-years 15

and more years after first employment in men
who had worked for less than 15 years, so that
the employment and follow up periods should
not overlap.25 Otherwise, deaths during
employment would necessarily have led
towards an association of mortality with short
employment durations.

Tests for trend in mortality were carried
out with likelihood ratio tests. For the radon
and arsenic analyses the data were divided
into five exposure categories such that the
numbers of expected deaths in each category
were about equal. For the duration of employ-
ment analyses the data were divided into four
roughly equal categories.

Results
By the end of the study period 55 9% (2415)
of the study cohort were known to have died
(table 1), 314 emigrated, 43 were lost to fol-
low up because they could not be traced in the
Ministry of the Interior records, and 1548 had
records in the Ministry indicating that they
were alive in Czechoslovakia on 31 December
1990. For 1512 (97 7%) of these 1548 cases,
we also had evidence from pensions files or
direct correspondence that they were alive in
Czechoslovakia. Twenty seven of the cohort
members were censored from follow up at age
85: 14 are known to have died subsequently
but before the follow up date, seven of athero-
sclerosis, and seven of other causes. In total
106 983 person-years at risk accumulated in
the study: an average of 24-8 years per man.
Most of the miners started work in the

mines at ages 20-39 (68-6%), with few
employed before age 20 (7 6%) (table 2).
Most (55.2%) worked underground for five to
nine years, and only 3 9% worked for 15 years
or more. The average final cumulative radon
exposure was 219 WLM. Most of the miners
had cumulative exposures in the range 100 to
299 WLM (62.8%). Only two men had been
exposed to 1000 WLM or more. Mean radon
concentrations during underground employ-
ment careers were mainly between 1 and 3
WL; annual average exposures decreased
from 87 WLM in 1948 to 17 WLM in 1960
and under 3 WLM from 1970 onwards.
The relative risk (RR) of all cause mortality

in the cohort compared with the general
Czechoslovak population was 1-56 (95% CI
1-50-1-63) (table 3). There were no deaths
in cohort members less than four years after
starting employment because of the entry
criteria to the cohort. Risk was substantially

Table 1 Vital status ofstudy cohort on 1 January 1991

Status No ofmen (%)

Died:
Cause of death obtained 2374 (55 0)
Unkmown cause of death 41 (0 9)

Emigrated 314 (7 3)
Lost 43 (1 0)
Alive and living in Czechoslovakia 1548 (35-8)

Total 4320 (100-0)
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Table 2 Numbers of men by age at start oj
duration ofemployment underground, cumu
to radon at end ofemployment, average rad
concentration during employment undergrou
estimated cumulative exposure to arsenic at o

employment

Age at start of employment (y):
<20
20-29
30-39
40-49
>50

Duration of exposure (y):
3-4
5-9
10-14
15-19
,20

Cumulative radon exposure on termination of
(WLM):
<50
50-99
100-199
200-299
300-399
400-499
500-599
600-699
700

Average radon concentration during employ
underground (WL):

<1-0
1-0-1-9
2-0-2-9
3-0-3-9
4-0-4-9
)5-0

Estimated cumulative arsenic exposure on tern
employment*:

0
1-4
5-9
10

Total number of men

*See text for description of units

femployment, raised, however, 4-14 years after first employ-
dative exposure ment (table 3), reached a peak at 15-24 years

nd and (RR= 1-80, 95% CI 1-68-1-93), and then
end of decreased to an RR of 1-43 (95% CI 1-35-

1-5 1) at 25 and more years after first employ-
ment. The raised risk in the cohort resulted

primarily from raised risks of lung cancer (RR
330 (7-6) = 5-08, 95% CI 4-71-5-47), for which the
1760 (40-7) RR was greatest at 4 to 14 years after first
1205 (27 9) employment and then diminished (In five-
825 (19-1)
200 (4-6) year groupings (not shown) the peak RR was

9-17 (95% CI 7-50-11-10) at 10-14 years

877 (20-3) after first employment, with a steady decrease
2385 (55-2) thereafter), and accidents (RR = 1-59, 95%
887 (20-5)
165 (3-8) CI 1-34--1-87), for which the RR was raised

6 (0-14) substantially up to 24 years from first employ-

employment ment, but much less thereafter. There were

125 (2-9) also substantial significantly raised risks for
573 (13-3) the follow up period overall for homicide (RR
1838 (42-6) = 5-57, 95% CI 2-66-10-21), for which all
872 (20-2)
373 (8-6) deaths were before 25 years from first employ-
264 (6 1) ment; mental disorders (RR = 5-18, 95% CI
147 (3-4)
65 (1-5) 2-83-8-70), resulting solely from deaths 25
63 (1-4) or more years after first employment, six of

ent which were certified to alcoholism; and cir-

224 (5-2) rhosis (RR= 1-51, 95% CI 1-16-1-94),
1408 (32-6) which- reflected mainly an increased risk 15 to
1562 (36-2) 24 years after first employment. Similar pat-

576 (13-3)
293 (6-8) terns to that for cirrhosis .were seen for non-
257 (5 9) rheumatic circulatory diseases, for which risk

mination of was significantly but slightly raised overall

1292(29-9) (RR= 1-16, 95% CI 1-08-1-25), with
1467 (34-0) greater risk at 15 to 24 years after first
1383 (32-0) employment (RR = 1-32, 95% CI 1-15-
178 (4-1) 1-50), and pneumonia and other respiratory

4320 (100-0) infections, for which risk was significantly
raised 15 to 24 years after first employment,
but not overall.

There were significantly raised risks
more than 25 years after first employment
but not previously for tuberculosis and for

Table 3 Observed deaths (0) and ratio of observed to expected deaths (OlE) at ages less than 85 years by cause and time since first employment

Time since first employment

4t-14years 15-24 years 25Syears Allyears

Cause of death (ICD-9) 0 OlE 0 OlE 0 OlE 0 OlE

Tuberculosis (010-018) 8 0-64 3 0-56 8** 3-54 19 0-94
Lung cancer (162) 142*** 7-66 275*** 7-03 287*** 3-55 704*** 5-08
Other malignant neoplasms (140-208

excluding 162) 38 0-86 89 1-18 165 1-14 292 1-11
Mental disorders (290-319) 0 0-00 0 0-00 14*** 8-76 14*** 5-18
Rheumatic fever and rheumatic heart disease

(390-398) 2* 0-27 5 0-69 6 1-05 13 0-64
Other circulatory diseases (399-459) 86 1-12 238*** 1-32 455* 1-10 779*** 1-16
Pneumonia, influenza, and other acute

respiratory infections (460-466, 480-487) 2 0-39 1 9** 1-97 24 1-17 45 1-27
Other respiratory diseases (470-478,

490-519) 12 1-12 19 0-73 60** 1-58 91 1-21
Cirrhosis of liver (571) 6 1-35 29*** 2-20 27 1-15 62** 1-51
Other digestive diseases (520-579 excluding

571) 6 0-82 16 1-31 15 0-76 37 0-94
Urinary diseases (580-629 excluding 600) 5 0-94 5 0-57 13 0-83 23 0-77
Suicide (E950-E959) 24 1-32 15 0-89 21 1-47 60 1-22
Homicide (E960-E969) 5** 6-45 5*** 8-61 0 0-00 10*** 5-57
Accidents (E800-E999 excluding E950-E969) 56*** 1-77 50*** 1-75 39 1-25 145*** 1-59
Other known causes 13 0-92 11 0-69 42* 1-49 66 1-13
Unknown cause 9 - 12 - 20 - 41 -

All known causes, except for malignant
neoplasms, accidents, and violence 140 0-97 345*** 1-24 664*** 1-17 1149*** 1-16

All causes 414*** 1-61 791*** 1-80 1196*** 1-43 2401*** 1-56

*p < 0-05; **p < 0-01; ***p < 0-001 (two sided test that the difference between the number of deaths observed and that expected could have occurred by chance.
tBy definition of the study cohort, the workers had survived to four years from commencement of employment (see materials and methods).
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Table 4 Observed deaths (0) and ratio ofobserved to expected deaths (0/E) at ages under 85years by cause and age at
first employment

Age atfirst employment ()

<25 25-34 >35
Cause ofdeath 0 OlE 0 OlE 0 OlE

Tuberculosis 2 0-92 6 1-07 11 0-89
Lung cancer 110*** 5-26 257*** 5-11 337*** 5 00
Othermalignant neoplasms 54** 1-51 82 0-92 156 1-12
Mental disorders 6*** 7-47 1 0-88 7*** 9*19
Rheumatic fever and rheumatic heart

disease 3 0 75 3 0-39 7 0-80
Other circulatory diseases 70 0-92 269*** 1-26 440** 1-16
Pneumonia, etc 3 0-78 12 1-20 31 1-39
Other respiratory diseases 11 1-85 28* 1-52 52 1-03
Cirrhosis of liver 8 0-87 34*** 2-01 20 1-34
Other digestive diseases 4 0-67 13 0-98 20 0.99
Urinary diseases 3 0-67 7 0-71 13 0-85
Suicide 10 0-75 35** 1-78 15 0-91
Homicide 5*** 8-87 4** 5-28 1 2-11
Accidents 47*** 1-88 52** 1-47 46* 1-48
Other known causes 7 0-89 23 1 25 36 1-12

All known causes except malignant
neoplasms, accidents, and violence 117 0-98 395*** 1-26 637** 1-14

All causes 350*** 1-62 842*** 1-66 1209*** 1-49

*p < 0 05; **p < 0 01; ***p < 0-001 (two sided test that the difference between the number of deaths observed and that expected
could have occurred by chance).

non-infectious respiratory conditions.
Examining the years and shafts in which the
19 men who died of tuberculosis had worked,
11 were potentially contacts in one chain: two
subjects had worked in the same shaft (out of
the 47 shafts in the mines) in 1949-50, and
each had subsequently worked in another
shaft with three further cases; one of
whom then gave potential links to three more
cases.
The RR for all cause mortality was slightly

higher for men who started work in the mines
under age 35 than for those who entered at
older ages (table 4), and the trend in risk with
age at entry was significant (p = 0 025).
There was no significant trend, however, for
any specific cause, although for lung cancer,
homicide, accidents, and non-infectious respi-
ratory diseases, there was a tendency to
greater RRs at younger age of first employ-
ment, and for non-lung malignancies risk was

significantly raised for men first employed
before age 25 but not at older ages.

Relative risks of lung cancer and homicide
were much greater at young than at older
attained ages (linear trend p < 0 001 for lung
cancer, p < 0-05 for homicide) (table 5).
Absolute excess risks of lung cancer increased
with age, but of homicide decreased with age.
The only other causes with significant rela-
tions ofRR to attained age were accidents, for
which RRs decreased with age (p < 0 05), and
tuberculosis (p < 0-05) and mental disorders
(p = 0-001), for which RRs increased with
age.

Cumulative radon exposure with a five year
lag period (table 6), was significantly posi-
tively associated with all cause mortality,
because of a highly significant relation with
lung cancer, and was significantly negatively
associated with suicide mortality. Similar
results were obtained with no lag period or a

Table 5 Observed deaths (0) and ratio ofobserved to expected deaths (OlE) at ages under 85 years by cause and attained age

Age(y)
<45 45-54 55-64 65

Cause of death 0 OlE 0 OlE 0 OlE 0 OlE

Tuberculosis 0** 0 00 7 1-15 9 1-47 3 1-09
Lung cancer 60*** 16-48 215*** 8-30 277*** 4-42 152*** 3-27
Othermalignantneoplasms 12 0-79 54 1-08 113 1-10 113 1-17
Mental disorders 0 0 00 1 1-37 6** 5-34 7*** 15-21
Rheumatic fever and rheumatic heart

disease 2 0-43 4 0-62 4 0-62 3 1-04
Othercirculatorydiseases 26 1-10 126* 1-26 262 1 11 365** 1-18
Pneumonia, etc 0 0 00 6 1-14 18* 1-75 21 1-17
Other respiratory diseases 1 0-49 13 1 31 38* 1-45 39 1-06
Cirrhosis of liver 2 0-76 21* 1-86 30** 1-71 9 0 94
Other digestive diseases 3 0-84 7 0-82 14 1-02 13 0-97
Urinary diseases 1 0 33 6 1-02 7 0-71 9 0-82
Suicide 15 0.99 21 1-28 16 1-37 8 1-32
Homicide 7*** 9-72 2 3 59 1 2-71 0 0 00
Accidents 50*** 1-80 46*** 1-83 33 1-42 16 1-05
Other known causes 5 0-79 12 1-06 18 0-92 31* 1-47

All known causes except malignant
neoplasms, accidents, and violence 40 0-75 203** 1-23 406** 1-17 500*** 1-18

All causes 190*** 1-64 549*** 1-94 859*** 1-57 803*** 1-36

*p < 0-05; **p < 0-01; ***p < 0-001 (two sided test that the difference between the number of deaths observed and that expected could have occurred by chance).
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Table 6 Trends in mortality at ages less than 85 years by cumulative radon exposure, estimated cumulative arsenic exposure, and duration ofemployment

Estimated cumulative
Cumulative radon exposures arsenic exposure* Duration ofemploymentt

Direction Direction Direction
Cause of death Not p Values of trend p Values of trend No p Values of trend

Tuberculosis 16 NSII + NS + 11 NS +
Lung cancer 667 <0-001 + <0-001 + 503 <0 001 +
All cancers except lung 278 NS - NS + 244 NS -

Mental disorders 14 NS - NS + 14 0 03 -

Rheumatic fever and rheumatic heart
disease 13 NS - NS - 10 NS -

Other circulatory diseases 750 NS - 0-015 - 659 NS -

Pneumonia 44 NS + NS - 40 NS +
Other respiratory diseases 89 NS + 0-012 - 78 NS
Cirrhosis of liver 60 NS + NS - 53 NS +
Other digestive diseases 34 NS + NS - 28 NS +
Urinary diseases 23 NS - NS + 17 NS +
Suicide 49 0-035 - NS - 35 NS
Homicide 7 NS + NS + 5 NS
Accidents 109 NS + NS - 82 NS
Other known causes 58 NS + NS + 51 NS +

All known causes except malignant
neoplasms, accidents, and violence 1101 NS - 0-008 - 961 NS

All causes 2246 0-002 + 0-07 + 1860 <0-001 +

*Lagged by five years, and excluding deaths and person-years in first 10 years after start of employment.
tConsidering only deaths and person years 15 + years after start of employment among those employed less than 15 years.
tNumber of deaths included in trend tests for arsenic and radon.
§Two sided test of hypothesis that there is no trend in mortality.
I NS = non-significant (p > 0-05).

10 year lag period. In analyses restricted to
exposures during the last 10 years, only lung
cancer was significantly associated.

Estimated cumulative arsenic exposure
lagged by five years was also significantly posi-
tively related to all cause and to lung cancer
mortality (table 6), but was not significantly
positively related to any other cause. Only the
risk of lung cancer remained significantly pos-
itive in analyses with no lag period or a 10
year lag period, and with consideration only of
exposures during the past 10 years. There
were significant negative relations of esti-
mated arsenic exposure to risks of circulatory
diseases and respiratory diseases other than
pneumonia, in analyses with a five year lag
(table 6), or 10 year lag, and for respiratory
diseases with no lag period, but not otherwise.

Duration of uranium mining (table 6) was
significantly positively related to risks of mor-
tality from all causes and lung cancer, and sig-
nificantly negatively related to risk of
mortality from mental disorders.

Discussion
The West Bohemian uranium miner cohort is
one of the main sources of information on the
health effects of an atmosphere with a high
radon concentration. Several papers have
analysed data on lung cancers in the cohort,s8
and we have recently reported on other cancer
risks.9 Data from several other uranium miner
cohorts have shown raised risks of various
non-malignant causes,1° 11 15 although with lit-
tle examination of the relation to factors such
as age at mining exposure and exposure levels.
Mortality from non-malignant causes has vir-
tually not been analysed in the West
Bohemian cohort, however; nor have the
completeness of follow up and its impact on
the West Bohemian findings been examined.

Czechoslovakia does not have a well estab-
lished system for routine follow up of epi-

demiological cohorts. Previous publications
on the Czechoslovak uranium miners have
relied on the Ministry of Interior population
registry files to determine vital status since
1975. We were suspicious, however, that this
method was incomplete. The further checks
we conducted on men apparently alive in the
Ministry's files, substantially altered the find-
ings for recent follow up: a further 210 deaths
and 33 emigrations were found, and the all
cause SMRs for 1981-85 and 1986-90 rose
from 111 and 86 respectively before these
checks, to 138 and 139 after them. The newly
found deaths were not biased by cause com-
pared with those already known from the
Ministry of Interior follow up, implying that if
there are any deaths still missing among the
32 miners still only located via the Ministry of
Interior files, they are unlikely to be biased by
cause. There were 41 deaths in the study with
cause unknown, mainly because the place of
death within Czechoslovakia was unknown
and therefore the death certificate could not
be located. There is no obvious reason why
these should have been biased by cause, but
they imply that the true cause specific SMRs, if
cause were known for all deaths, would be
about 3% greater than those shown.
Uranium miners were entitled to lifelong

medical care in Uranium Institute hospitals.
This care was better than that available to the
general population, and therefore was deliber-
ately used by the men, but it was available
only in mining areas and not if miners moved
away. There may therefore be some diagnos-
tic bias in ascertainment of cause of death in
the miners compared with that in the popula-
tion as a whole, which is likely to have dimin-
ished in more recent years as miners left the
mining areas. It seems unlikely, however, that
such diagnostic bias could explain any of the
excesses for non-cancer mortality found in the
miners in the present analyses, or account for
more than a small fraction of the lung cancer
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excess. In the early years of follow up, the rel-
ative risk of death compared with that in the
general population will have been affected by
the healthy worker effect,24 but this effect will
have diminished over time, and for the overall
follow up it will have been of modest effect.
The raised risk of mortality from tuberculo-

sis was only present in miners more than 20
years after entry to the mines, and many years
after most of the mines had closed. One possi-
bility is that this was a late result of primary
infection in the mines. Increased transmission
of tuberculosis while working in confined
spaces underground would be unsurprising,
and raised risk of tuberculosis has been
described in two previous uranium miner
cohorts,'O1' (in one, data were not presented
on the relation to duration since first expo-
sure,"1 and in the other risk was slightly
greater in the first 10 years after first exposure
than subsequently).'0 It is interesting that all
but one of the Czechoslovak miners with
tuberculosis were born before 1930: a

national BCG immunisation campaign was
conducted in Czechoslovakia in 1948-9
restricted to persons born in 1930 onwards. A
possible reason for the late deaths from tuber-
culosis might be that silicosis typically occurs

many years after starting mining, and its pres-
ence could raise the risk of tuberculosis or
could complicate tuberculosis leading to
accelerated fatality from the infection.
Although silicosis was rare in the miners and
only four of the deaths involving tuberculosis
were stated to be from silicotuberculosis, it is
possible that others involved silicosis without
this being stated on the death certificate.
The increased mortality from cirrhosis in

the cohort is likely to reflect heavy drinking as
part of the lifestyle of the miners, who were
well paid compared with other Czech work-
ers. The excess mortality from cirrhosis
ceased at age 65, when the men will have
retired from work. In Colorado uranium min-
ers an excess mortality from alcoholism but
not cirrhosis has been found.'0
The late increase in mortality from non-

malignant, non-infectious, respiratory dis-
eases in the cohort might reflect the long term
effects of dust inhalation in the mines.
Decreased lung function has been shown
in uranium miners in Colorado26 and
New Mexico.27 Mortality from silicosis has
been increased in several uranium miner
cohorts,'0 11 1" and in New Mexico chest x ray

film abnormalities compatible with silicosis
were found in 9% of miners examined.27 In
the Czechoslovak miners, however, only
10 death certificates mentioned silicosis or

silicotuberculosis, and the mortality from
non-malignant, non-infectious, respiratory
diseases was mainly from chronic bronchitis
and emphysema (59 cases). In the Colorado
miners,10 and to a lesser extent those in

Newfoundland"3 and New Mexico,'6 but not
appreciably in Ontario," there seems to have
been a raised risk of non-infective, non-malig-
nant respiratory diseases other than silicosis.

Mortality from cardiovascular disease is
increased in miners exposed to radon in

Sweden,'4 but not in Canada" 13 or
Cornwall,'2 and not overall in Colorado.'0
Comparison of the present data with these
studies is unsatisfactory, however, because
they lack data on risks by time since entry to
risk: one would expect low risks soon after
entry, because of the healthy worker selection
effect, even if mining causes an eventual
raised risk. In Colorado uranium miners an
excess risk of cardiovascular deaths due to
rheumatic fever was found,'0 but risk from this
cause was not increased in our data. Excess
mortality coded to cardiovascular disease
might occur if pulmonary heart failure
occurred from dust related respiratory dis-
ease. Only 26 of the 779 non-rheumatic circu-
latory deaths, however, were coded to
pulmonary heart failure (ICD-8 426; ICD-9
415-7). There is insufficient information on
the smoking and diet of the miners to know if
these explain their cardiovascular mortality.

Waxweiler et al'0 found that mortality from
chronic nephritis and renal sclerosis was
increased in Colorado uranium miners. The
lack of increased mortality from urinary dis-
ease in the present cohort argues against an
effect of uranium exposure.

Raised mortality from accidents and vio-
lence has been found in all cohorts of uranium
miners in which the risk has been exam-
ined,'°0" 1516 and the Czechoslovak miners
were no exception. Most of these deaths in
the Czechoslovak miners were from accidents,
but much the greatest relative risks were for
homicide. Mortality from homicide was not
increased in Colorado'0 or New Mexico'6 ura-
nium miners. The raised mortality from acci-
dents continued for many years after the men
had left the uranium mines (although they
may still have been employed in hazardous
occupations), but decreased steeply with
attained age-a decrease noted also in the
only other study to examine this."I
The arsenic analyses should be interpreted

cautiously, as they are based on indirect and
approximate exposure estimates. They
showed an association with risk of lung can-
cer, however, which accords with much previ-
ous evidence of an aetiological relation.2829
The other significant associations with expo-
sure to arsenic, by contrast, were inverse, not
entirely consistent, and most unlikely to be
aetiological.
The relation of radon exposure to lung can-

cer in the West Bohemian miners was highly
significant and the aetiological nature of the
relation is clear from studies of miners and
animal experiments.'0 Other cancers overall
showed no increased risk or relation to radon.
Site specific cancer risks in this cohort are dis-
cussed elsewhere.89 The only other significant
relation to radon exposure, for suicide, was
negative and implausibly aetiological.

In summary, the miners showed a sizeable
increase in lung cancer risk due to radon
exposure, and in Jachymov possibly due also
to arsenic exposure. Accidents and violence,
and chronic respiratory disease risks were
increased, although risks of silicosis in the
West Bohemian miners seem to be less than
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in several other uranium mines; alcohol
related mortality was increased; and mortality
from cardiovascular disease was increased,
but it was unclear, and needs further investi-
gation, whether or not this was of occupa-
tional origin.

We mourn the sad death of Dr Josef Sevc who initiated this
study. We are grateful to the Masaryk Foundation who funded
Dr Tomalek's stay in Britain during which much of this work
was carried out, to our colleagues in London and Prague, par-
ticularly Mrs Z Feachem, whose help enabled Dr Tomhiek to
visit, and to the Commission of the European Communities
for financial support. We also thank Dr Tomi§ Miller, Milada
Kurzovi, and Olga Horickova for help in carrying out the
work.

1 Lorenz E. Radioactivity and lung cancer, a critical review
of lung cancer in the miners of Schneeberg and
Joachimsthal. J Nad Cancer Inst 1944;5:1-13.

2 Agricola G. De Re Metallica. Basel, 1556. Hoover
Translation. New York: Dover Publications, 1950.

3 Harting FH, Hesse W. Lung cancer, the mine disease in
the Schneeberg mines. Vjschr Genchtl Med Offend
Gesundheitwesen 1879;31:102-32, 313-37. (In German.)

4 Lowy J. Uber die Joachimsthaler Bergkrankheit; vorllufige
Mitteilung, Med Klinik 1929;25:141-2. (In German.)

5 Pirchan A, Sikl H. Cancer of the lung in the miners of
6 Jachymov (Joachim thal). AmJ Cancer 1932;4:681-722.

6 Sevc J, Kunz E, Tomalek L. Cancer in man after exposure
to Rn daughters. Health Phys 1988;54:27-46.

7 Sevc J, Tomiiek L, Kunz E, et al. A survey of the
Czechoslovak follow-up of lung cancer mortality in
uranium miners. Health Phys 1993;64:355-69.

8 Tomaek L, Darby SC, Fearn T, Swerdlow AJ, Placek V,
Kunz E. Patterns of lung cancer mortality among
uranium miners in West Bohemia with varying rates of
exposure to radon and its progeny. Radiat Res 1994 (in
press).

9 Tomiiek L, Darby SC, Swerdlow AJ, Placek V, Kunz E.
Radon exposure and cancers other than lung cancer
among uranium miners in West Bohemia. Lancer 1993;
341:919-23.

10 Waxweiler RJ, Roscoe RJ, Archer VE, Thun MJ, Wagoner
JK, Lundin FE Jr. Mortality follow-up through 1977 of
the white underground uranium miners cohort exam-
ined by the United States Public Health Service. In:
Gomez M, ed. International conference on radiation
hazards in mining; control, measurement, and medical
aspects. Golden, Colorado. October 1981. New York:
Society ofMining Engineers of the American Institute of
Mining, Metallurgical, and Petroleum Engineers Inc
1981:823-30.

11 Muller J, Kusiak R Lung cancer risk in uranium miners.
In: Harley NH, ed. Radon. Proceedings 24th annual
meeting NCRP, Bethesda, MD, March 1988. Bethesda:

National Council on Radiation Protection and
Measurements, 1989:12-29.

12 Hodgson JT, Jones RD. Mortality of a cohort of tin miners
1941-86. BrJ Ind Med 1990;47:665-76.

13 Morrison HI, Semenciw RM, Mao Y, Wigle DT. Cancer
mortality among a group of fluorspar miners exposed to
radon progeny. AmJ Epidemiol 1988;128:1266-75.

14 Radford EP, Renard KG St C. Lung cancer in Swedish
iron miners exposed to low doses of radon daughters.
N EnglJ Med 1984;310:1485-94.

15 Tirmarche M, Raphalen A, Allin F, Chameaud J, Bredon P.
Mortality of a cohort of French uranium miners exposed
to relatively low radon concentrations. Br J Cancer
1993;67: 1090-7.

16 Samet JM, Pathak DR, Morgan MV, Key CR, Valdivia
AA, Lubin JH. Lung cancer mortality and exposure to
radon progeny in a cohort of New Mexico underground
uranium miners. Health Phys 1991;61:745-52.

17 Sevc J, Platek V. Carcinogenic effects of radon daughter
products. Prague: Institute ofHygiene and Epidemiology,
1975. (In Czech.)

18 Kubik A. Studies on smoking, chronic non-specific respi-
ratory diseases, and lung cancer in selected territories of
Czechoslovakia. ZErkrankAtm Org 1979;152:180-5.

19 World Health Organisation. International classification of
diseases, injuries and causes ofdeath (8th revision). Geneva:
WHO, 1967.

20 World Health Organisation. International classification of
diseases, injuries and causes ofdeath (9th revision). Geneva:
WHO, 1977.

21 Sevc J. Evolution ofoccupational hygiene in Czechoslovak ura-
nium mines. Phibram: Institute for Occupational Hygiene
in the Uranium Industry, 1970. (In Czech.)

22 Sevc J, Kunz E, Placek V, Smid A. Comments on lung
2 cancer risk estimates. Health Phys 1984;446:961-4.

23 Cech J. Effect of non-radioactive carcinogens upon occupa-
tional risk in some uranium mines. Ptibram: Institute of
Occupational Hygiene in Uranium Industry, 1963. (In
Czech.)

24 Fox AJ, Collier PF. Low mortality rates in industrial
cohort studies due to selection for work and survival in
the industry. British Journal of Preventive and Social
Medicine 1976;30:225-30.

25 Fox AJ. Vinyl chloride and mortality. Lancet 1976;21:
416-7.

26 Trapp E, Renzetti AD Jr, Kabayashi T, Mitchell MM,
Bigger A. Cardiopulmonary function in uranium miners.
Am Rev Respir Dis 1970;101:27-43.

27 Samet JM, Young RA, Morgan MV, Humble CG, Epler
GR, McLoud TC. Prevalence survey of respiratory
abnormalities in New Mexico uranium miners. Health
Phys 1984;46:361-70.

28 Brown KG, Boyle KE, Chen CW, Gibb HJ. A dose-
response analysis of skin cancer from inorganic arsenic
in drinking water. Risk Analysis 1989;9:519-28.

29 Lee-Feldstein A. A comparison of several measures of
exposure to arsenic; matched case-control study ofcopper
smelter employees. Am IEpidemiol 1989;129:112-24.

30 National Research Council, Committee on the Biological
Effects of Ionizing Radiation (BEIR IV). Health risks of
radon and other internally deposited alpha-emitters.
Washington DC: National Academy Press, 1988.

315


