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Occupational exposure to beryllium and cancer risk:  
A review of the epidemiologic evidence
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Menlo Park, CA, USA, and 4Tisch Cancer Institute and Institute for Translational Epidemiology, Mount Sinai School of 
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Abstract
There is controversy on whether occupational exposure to beryllium causes lung cancer. We conducted a systematic 
review of epidemiologic studies on cancer among workers exposed to beryllium, including a study of seven U.S. 
production plants which has been recently updated, a study of patients with beryllium disease (largely overlapping 
with the former study) and several smaller studies. A small excess mortality from lung cancer was detected in the 
large cohort, which was partially explained by confounding by tobacco smoking and urban residence. Other potential 
confounders have not been addressed. The excess mortality was mainly among workers employed (often for a short 
duration) in the early phase of the manufacturing industry. There was no relation with duration of employment or 
cumulative exposure, whereas average and maximum exposure were associated with lung cancer risk. The use of 
lagged exposure variables resulted in associations with lung cancer risk; however, these associations were due to 
confounding by year of birth and year of hire. The studies of beryllium disease patients do not provide independent 
evidence and the results from other studies do not support the hypothesis of an increased risk of lung cancer or 
any other cancer. Overall, the available evidence does not support a conclusion that a causal association has been 
established between occupational exposure to beryllium and the risk of cancer.
Keywords:  Beryllium, epidemiologic studies, humans, lung neoplasms, occupational exposure, cancer, review
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Introduction

Industrial use of beryllium began in the 1920s and 
increased substantially during World War II. Until the 
middle of the 20th century, beryllium was used predomi-
nantly in fluorescent lamps, nuclear-weapon compo-
nents, naval vessels and other defense applications. It is 
now used in a wide variety of products in several other 
industries, including aerospace, automotive, biomedical, 
electronics, energy and electricity, fire protection, instru-
ments and equipment, jewelry, sport equipment, and 
telecommunications (Kreiss et  al., 2007). An estimated 
134,000 workers are potentially exposed to beryllium in 
the United States (Henneberger et al., 2004); this number, 
however, does not include the defense, nuclear and elec-
tronic recycling sectors.

It is well established that exposure to beryllium can cause 
two distinct types of pulmonary disease. Acute beryllium 
disease is considered a dose-related toxic pneumonitis, 
although immunological mechanisms have also been pro-
posed; it was first reported in the 1930s, and its incidence 
greatly decreased after exposure control measures were 
introduced (Van Ordstrand et al., 1945). Chronic beryllium 
disease is based on delayed hypersensitivity to beryllium, 
leading to granulomatous lesions, which occur primarily 
in the lungs, but can be present also in the skin, liver, and 
spleen. Beryllium sensitivity precedes the development of 
the chronic disease and may be detected on the basis of 
the beryllium lymphocyte proliferation test. The first cases 
of chronic disease were reported in the mid 1940s in beryl-
lium metal and alloy plants and in fluorescent light bulbs 
manufacturing (Hardy et al., 1946). In the 1940s and early 
1950s, cases were also reported among family members 
of beryllium workers and people living around beryl-
lium plants. Community cases have not been identified 
among persons first exposed after the early 1950s (Maier 
et al., 2008) and family member cases became rare follow-
ing exposure control in the primary industry. The risk of 
chronic disease in workers exposed during the 1940s and 
1950s has been estimated to be 1–10% (Eisenbud et  al., 
1983); the risk increased with the intensity of exposure 
(Mahle et al., 1948). Registries of patients with acute and 
chronic beryllium disease have been established in the 
United States Eisenbud, 1982), as well as other countries. 
Kreiss and colleagues (2007) recently published a compre-
hensive review of cross-sectional studies of chronic beryl-
lium disease.

Concern about possible carcinogenicity of beryllium 
arose when lung cancer was reported in the United States 
among workers in manufacturing plants and among 
patients included in the Beryllium Disease Registry 
since the mid-1960s (Hardy et  al., 1967; Stoeckle et  al., 
1969; Hasan et al., 1974). Since then, several cancer epi-
demiology studies have been conducted, which have 
been reviewed in detail in the early 1990s (e.g. IARC, 
1993; MacMahon, 1994). Although some recent reviews 
of beryllium toxicity included a summary of the avail-
able results of cancer studies (NRC, 2007; Hollins et al., 

2009), no comprehensive review of the epidemiological 
evidence has been reported. We aimed at performing 
a comprehensive review of epidemiological studies of 
cancer risk among workers exposed to beryllium, with 
special emphasis on results reported since the early 
1990s. We did not perform a formal meta-analysis of the 
epidemiologic results because the available literature is 
mainly based on a small number of non-independent 
studies: these studies are reviewed in detail. In addition, 
our review considered other smaller studies of lower rel-
evance though with less emphasis.

Epidemiologic studies of beryllium and 
cancer

Published reviews of the epidemiology of beryllium 
formed the basis of our literature search (EPA, 1987; IARC, 
1993; McMahon, 1994; Beryllium Industry Scientific 
Advisory Committee, 1997; NRC, 2007; Hollins et  al., 
2009). The lists of references of these reviews were then 
examined to identify relevant papers for primary review. 
Further, a PubMed search based on the keywords (‘beryl-
lium’ OR ‘berylliosis’) AND (‘cancer’ OR ‘neoplasm’) was 
conducted to identify additional relevant articles.

Occupational exposure to beryllium

Ample data are available on historical and current work-
place beryllium concentrations. In general, the 2 µg/m3 
exposure limit introduced in 1949 resulted in a downward 
worker exposure trend over time (Couch et  al., 2011). 
Reviews of exposure measurements are available (NRC, 
2007). In this paper, we focus on available exposure levels 
in the plants included in the epidemiology studies. In a 
survey conducted in the Lorain, Ohio plant in 1947–1948 
by the Atomic Energy Commission, concentrations of 
beryllium ranged from 411 µg/m3 in the general air sur-
rounding the mixing operation to 43,300 µg/m3 in the zone 
of alloy operation (the Lorain plant was closed in 1948). 
At the Reading, Pennsylvania plant, mean concentrations 
were estimated to be 1.7–767 μg/m3 in 1935–1960, 1.0–69 
μg/m3 in 1961–1970, 0.1–3.1 μg/m3 in 1971–1980, and 
0.03–1.4 μg/m3 in 1981–1992 (Sanderson et  al., 2001c). 
In the same plant, exposure levels greater than 1000 µg/
m3 were reported in 1968–1972 in foundry operations 
(Wagoner et al., 1980). Most measurements made since 
the 1970s in other production facilities included in the 
cancer epidemiology studies have resulted in concen-
trations of beryllium below 2 µg/m3 (Kriebel et al., 1988; 
Kreiss et al., 1977; Kent et al., 2001; Schuler et al., 2005).

Early studies of the Lorain and Reading plants
Following reports of lung cancer cases among beryllium 
manufacturing workers (Mancuso et al., 1969; Mancuso, 
1970), Mancuso conducted a cohort study of workers 
employed for at least 3 months during 1942–1948 in two 
beryllium plants in Lorain, Ohio (1222 workers), and 
Reading, Pennsylvania (2044 workers) (Mancuso, 1979). 
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Follow-up was through 1975. The standardized mortality 
ratio (SMR) for lung cancer was 2.00 (95% CI 1.29, 2.95, 25 
lung cancer deaths) in the Lorain plant and 1.37 (95% CI 
0.98, 1.87, 40 deaths) in the Reading plant. The combined 
SMR was 1.56 (95% CI 1.20, 1.99). However, in these 
analyses expected deaths were calculated on the basis of 
rates for the white male population of the United States 
for 1942–1967, and rates for 1965–1967 were used for the 
period 1968–1975, resulting in an underestimate of the 
number of expected deaths in the order of 10% because 
lung cancer mortality was increasing among US men in 
that time period (Saracci, 1985). After correcting for the 
underestimate of 10% in the expected deaths, the SMR in 
the Lorain plant fell to 1.8 (95% CI 1.2, 2.7), that in the 
Reading plant, 1.25 (95% CI 0.9, 1.7), and the combined 
SMR, 1.42 (95% CI 1.1, 1.8). In both plants, lung cancer 
mortality was greater among workers with 15 or more 
years since first employment, and the excess was largely 
among workers employed for less than 5 years. Analyses 
by job title or exposure categories were not conducted.

A re-analysis of mortality in the same two plants was 
conducted by Mancuso (Mancuso, 1980). The study 
population was extended to include workers employed 
in 1937–1948 (N = 3685), and mortality follow-up was 
extended to 1976. A cohort of 5929 workers in viscose 
rayon production who were employed at one of the two 
companies in 1938–1948 was used for comparison, in 
addition to the national population. The SMR for lung 
cancer was 1.58 (95% CI 1.25, 1.97, 80 deaths) based on 
national rates and 1.40 (95% CI 1.11, 1.74) based on the 
rates of the viscose rayon workers.

Wagoner and colleagues (1980) expanded the 
cohort study of the Reading plant by including workers 
employed during 1942–1967 (total N = 3055). Follow-up 
was to 1975 and expected deaths were calculated based 
on the national rates in white males. As in the studies by 
Mancuso (1970, 1980), 1965–1967 rates were used for the 
period 1968–1975. The SMR for lung cancer (ignoring the 
likely underestimate of expected deaths, see above) was 
1.37 (95% CI 1.01, 1.82, 47 deaths). The increased mortal-
ity was restricted to workers with 25 or more years since 
first employment (SMR 1.68; 95% CI 1.02, 2.59, 20 deaths); 
no difference in mortality was apparent by duration of 
employment. A comparison of the smoking distribution 
in 1968 among 379 workers in the Reading plant and a 
1964–65 national survey of US white males showed a 
higher proportion of smokers among the workers. The 
1968 survey on smoking was conducted by the U.S. Public 
Health Service (USPHS) and included information from 
about 10% of the study cohort on current smoking status 
(nonsmokers, cigarette smokers, ex-smokers, or smokers 
of pipes or cigars): when they began smoking and how 
much they smoked per day. It must be noted that very few 
of the survey participants were employed in the 1940s and 
1950s when most of the lung cancer cases and controls 
began employment (Sanderson, 2001a). The estimated 
confounding odds ratio (i.e. the odds ratio of lung can-
cer in the cohort because of the different distribution of 

smoking between the workers and the national popula-
tion), based on relative risks for tobacco smoking from a 
large case-control study (Haenszel et al., 1962), was 1.14. 
Another potential source of bias was due to the use of 
national vs. local reference rates for mortality. The mortal-
ity rates during 1950–1969 were lower in the county where 
the Reading plant was located as compared to the national 
rates and, therefore, the expected deaths would have been 
lower (and the SMR correspondingly higher) had local 
reference rates been used rather than national rates. The 
authors estimated the magnitude of this potential bias 
to be 19%. On the other hand, as discussed in a report 
by EPA (1987), findings might have been overestimated 
because (i) as mentioned above, US white male mortality 
data for 1941–1967 were used to calculate expected val-
ues, which resulted in an underestimation in the order of 
10% of the number of expected lung cancer deaths as lung 
cancer death rates in the US were increasing during the 
period 1968–1975 (Saracci et al., 1985); (ii) the inclusion 
of one lung cancer death of an individual who was paid 
for the pre-employment physical but was not hired; (iii) 
the exclusion of approximately 300 white males employed 
in jobs similar to those of the workers included in the 
cohort; (iv) inadequate consideration of the potential 
confounding effect from lung carcinogens, and (v) failure 
to consider that many of the employees lived in Reading 
city, which is an area of elevated lung cancer rates.

Multi-plant cohort study, including re-analyses
The cohorts of workers in the Lorain and Reading plants 
were included in a study comprising an additional five 
plants in Ohio and Pennsylvania (Ward et al., 1992). The 
expanded study included 9225 male workers (of whom 
320 were non-white) employed for at least 2 days between 
1940 and 1969. Follow-up for mortality was through 1988, 
and both national and local (county) rates were used 
to calculate expected deaths. A total of 280 lung cancer 
deaths were observed, resulting in a SMR of 1.26 (95 % CI 
1.12–1.42, based on national rates). Use of local (county) 
rates resulted in a SMR of 1.32 (95% CI, 1.19–1.46). The 
SMR by plant are reported in Table 1. In Lorain and 
Reading, the excess lung cancer mortality was lower than 
the one reported by Mancuso (1980) and the combined 
SMR, based on 177 observed deaths was 1.36 (95% CI 1.17, 
1.58) vs. 1.58 in the analysis by Mancuso (1980). In the 
remaining four plants (those not included in the previous 
analyses), a total of 81 lung cancer deaths were observed, 
resulting in a SMR of 1.06 (95% CI 0.84, 1.32). An additional 
22 observed and 14.6 expected deaths occurred among 
workers who could not be allocated to one specific plant. 
Mortality from non-neoplastic respiratory diseases was 
higher in the plants with higher mortality from lung can-
cer, and vice-versa. The SMRs increased with increasing 
time since first employment, but there was no relation-
ship with duration of employment. The only significantly 
increased SMR was for those working less than 1 year 
(SMR = 1.32; p < 0.01). The variable showing the strongest 
association with lung cancer mortality was calendar year 

C
ri

tic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
T

or
on

to
 o

n 
01

/3
0/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



110  P. Boffetta et al.

� Critical Reviews in Toxicology

of first employment where the SMRs were 1.42 (95% CI 
1.22, 1.65) for workers first hired before 1950, 1.24 (95% 
CI 0.99, 1.54) for workers first hired between 1950 and 
1959, and 0.62 (95% CI 0.37, 0.98) for workers first hired 
between 1960 and 1969. Information on smoking status 
was available for 1466 workers employed in 1968 in four 
of the plants. The adjustment for smoking was based on a 
comparison of the smoking distribution of this sample of 
workers and that of national surveys conducted in 1965 
and 1970, using the relative risks for smoking among 50 
to 69-year-old men derived from the American Cancer 
Society Cancer Prevention Study I (Hammond, 1966). 
The adjustment explained more than half of the excess 
mortality from lung cancer, resulting in an adjusted SMR 
equal to 1.12 (95% CI 0.99, 1.26).

The data from the multi-plant cohort study were re-
analyzed by a different group of researchers (Levy et al., 
2002). They introduced a correction factor in the local 
(county) mortality rates used for the Lorain and Reading 
plants, since these counties were mainly rural while most 
cohort members, according to these authors, lived in the 
two respective cities. They also used alternative relative 
risks for smoking to calculate adjusted SMRs for beryl-
lium exposure and adopted a meta-analytic approach 
to combine plant-specific results in order to take into 
account potential heterogeneity. When the urban-rural 
difference in county rates was accounted for, the SMR 
in the Lorain plant based on local rates was 1.14 (95% 
CI 0.86, 1.48) vs. 1.60 (95% CI 1.21, 2.07) in the original 
publication (Ward et al., 1992). The corresponding SMRs 
in the Reading plant were 1.07 (95% CI 0.89, 1.28) and 
1.42 (95% CI 1.18, 1.70). The smoking-adjusted SMRs 
reported by Levy and colleagues (2002) were 0.98 (95% CI 
0.87, 1.10) when they used the same RR for smoking used 
by Wagoner and coworkers (1980) (see above), and 1.04 
(95% CI 0.92, 1.17) when they used the RR for smoking 
reported in a large U.S. Veterans study (Kahn, 1966). The 
use of a meta-analytic approach did not alter the results.

Levy and coworkers (2009) performed a further re-
analysis of the data using multivariate Cox regression to 
assess the impact of other employment-related factors 
on the increased SMR by time since first employment 

observed in the original analysis (Ward et  al., 1992). 
The pattern of increasing SMRs with increasing latency 
was strongly attenuated by inclusion of other variables 
in the model, including birth cohort and age at first 
employment.

The mortality follow-up of the cohort from the Ward 
et al. study has been updated to 2005 (Schubauer-Berigan 
et  al., 2011a). The number of workers employed in the 
different plants was slightly modified (the overall num-
ber of cohort members was 9199 compared to 9225 in 
the previous analyses); no update of the working history 
was performed. National reference rates were used. The 
number of observed deaths from lung cancer was 545 and 
the SMR was 1.17 (95% CI 1.08, 1.28). The SMR for lung 
cancer by plant are reported in Table 1, together with the 
difference in results from the previous report of the same 
cohort (Ward et  al., 1992). In the update, an additional 
265 deaths from lung cancer were identified, compared 
to 241.7 expected deaths: (SMR = 1.10, 95% CI 0.96, 1.24). 
The SMR for lung cancer in the plant in Lorain decreased 
from 1.69 to 1.45, that in the plant in Reading from 1.24 to 
1.20, and that in the plant in Hazelton from 1.39 to 1.03 (no 
significant excess of lung cancer mortality was detected 
in the remaining plants in either follow-up). Similar to 
the results presented by Ward and colleagues (1992), the 
excess lung cancer mortality was restricted to workers 
with less than 1 year of employment, and became appar-
ent after a long latency (more than 35 years in the results 
reported by Schubauer-Berigan and coworkers (2011a), 
more than 30 years in the results reported by Ward and 
coworkers (1992)). In internal analyses based on 5436 
workers employed at three plants (Elmore, Hazleton, 
Reading, the latter including 74% of these workers) in 
which the job-exposure matrix was developed, there was 
no trend by categories of estimated cumulative exposure 
(after applying a 10-year lag) Exclusion of workers with 
exposure to other carcinogens, or exclusion of profes-
sional workers did not modify the results; however, exclu-
sion of workers with less than 1 year of employment, who 
experienced an elevated lung cancer risk and clustered in 
the categories of lower cumulative exposure, resulted in 
a statistically significant, positive dose-response relation. 

Table 1.  SMR of lung cancer by plant in the multi-plant study of US beryllium manufacture workers: 1988 follow-up (Ward et al., 1992), 
2005 follow-up (Schubauer-Berigan et al., 2011a) and difference between the two follow-ups.

 
Plant

1988 Follow-up 2005 Follow-up Difference
Obs Exp SMR Obs Exp SMR Obs Exp SMR

Lorain   57 33.7 1.69 90 62.1 1.45 33 28.4 1.16
Reading 120 96.8 1.24 218 181.7 1.20 98 84.9 1.15
Lucky    9 11.0 0.82 24 26.1 0.92 15 15.1 0.99
Cleveland   44 40.7 1.08 97 89.0 1.09 53 48.3 1.10
Elmore   15 15.1 0.99 45 44.5 1.01 30 29.4 1.02
Hazelton   13 9.3 1.39 30 29.1 1.03 17 19.8 0.86
Multiple 
plants

  13 7.8 1.67 25 15.2 1.64 12 7.4 1.62

Unknown 
plant

   9 6.8 1.33 16 15.2 1.05 7 8.4 0.83

Total 280 221.3 1.26 545 463.0 1.17 265 241.7 1.10
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The results, according to estimated maximum exposure, 
showed a higher risk among workers with maximum 
exposure equal to, or greater than, 10 µg/m3, compared to 
workers with maximum exposure below 10 µg/m3. There 
was no trend across categories of increasing maximum 
exposure.

The potential confounding effect of smoking was 
assessed by applying an adjustment factor to the risk 
estimates (in both the external and the internal analy-
ses), based on the difference between the smoking hab-
its of the cohort and that of the United States(or, in the 
internal analyses, based on differences in smoking hab-
its across categories of the exposure variables). This was 
similar to the approach taken in the previous follow-up 
(Ward et  al., 1992), although there were differences in 
the assumption on the effect of tobacco smoking on lung 
cancer risk and in the data on smoking used for the US 
(see Discussion).

Additional analyses were performed on the 5436 work-
ers with quantitative exposure information based on job-
exposure matrices (Schubauer-Berigan et  al., 2011b). 
For each of the 293 cases, 10 age-matched comparison 
subjects were selected, and different dose-response 
relations including categorical, power, restricted cubic 
spline and piecewise log-linear models, were fitted to 
estimated beryllium exposure indices. The associations 
between lung cancer mortality and average and maxi-
mum estimated exposure, which have been previously 
reported, were confirmed in these analyses. After adjust-
ing for age, birth cohort, plant, short-term worker status 
and exposure to asbestos, there was also an association 
with cumulative beryllium exposure (with 10-year lag). 
The categorical and the piecewise log-linear models best 
fitted the data, with the steepest increase in lung cancer 
risk between 0 and 10 μg/m3 for average and maximum 
estimated exposure and between 0 and 200 μg/m3-days 
for cumulative exposure.

Case-control study in reading and  
subsequent re-analyses
In addition to these cohort analyses, a nested case-con-
trol study was conducted at the Reading plant (Sanderson 
et al., 2001b). For the purpose of case ascertainment, the 
follow-up was updated to 1992. For each deceased lung 
cancer case, five controls were selected from among 
cohort members of the same race who survived to at 
least the age at which the case died. Employment his-
tory was updated to 1992, and a job-exposure matrix 
was developed, including, for each job and department, 
time-specific estimates of exposure to beryllium fume 
or dust, various chemical forms of beryllium, and other 
chemical agents (Sanderson et al., 2001c). The linkage of 
individual employment histories with the job-exposure 
matrix generated estimates of cumulative, maximum and 
average exposure to beryllium and other agents. Three 
sets of results were presented for each exposure index: 
without lag, with a 10-year lag, and with a 20-year lag.

The SMR for lung cancer was 1.22 (95% CI 1.03, 1.43), 
similar to that found in the previous follow-up (Table 1). 
A majority of the 142 cases and 710 controls included in 
the analysis were first employed in the 1940s. The aver-
age age at hire was 33 and 37 years for cases and controls, 
respectively, average duration of employment was 3.7 
years for cases and 5.5 years for controls, and the major-
ity of both cases and controls were employed at the plant 
for less than 1 year. No differences were found according 
to department of employment, but cases more frequently 
than controls were employed as general labor and mainte-
nance workers, two jobs which were assigned high beryl-
lium exposure. The results based on categories (quartiles) 
of different exposure variables are reported in Figure 1. 
Odds ratios (OR) for lung cancer significantly decreased 
with increasing unlagged duration of employment. When 
this variable was lagged 10 years the decreasing trend in 
OR disappeared and, when a 20-year lag was applied, a 

Figure 1.  Odds ratios of lung cancer for quartiles of indices of beryllium exposure (Sanderson et al., 2001b). Panel A: Duration of exposure. 
Panel B: Cumulative exposure. Panel C: Average exposure. Panel D: Maximum exposure. Solid line: no lag; dotted line: 10-year lag; broken 
line: 20-year lag. Asterisks denote statistically significant odds ratio.
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significantly increased OR was observed in the second and 
third quartiles of the distribution, but not in the top quartile. 
Similar results were found for cumulative exposure. There 
was no association between lung cancer risk and unlagged 
average or maximum intensity of exposure except for a sig-
nificant excess among those in the third highest quartile 
for average exposure. When the intensity exposure indi-
ces were lagged 10 years, a significantly increased OR 
was observed in all quartiles compared to the first. When 
average and maximum intensity of exposure were lagged 
20 years, the increase in the fourth quartile was no longer 
statistically significant. Additional analyses, conducted 
using exposure indices as continuous variables, showed 
a statistically significant dose-response relation after log-
transformation of the exposure variables and application 
of a 10- or 20-year lag (the unlagged analysis of log-trans-
formed duration of employment resulted in a statistically 
significant inverse relationship). Additional analyses 
excluding professional workers provided results similar 
to those based on the whole study population. Analyses 
were also conducted for specific beryllium compounds. 
Exposure to beryllium oxide and beryllium-copper alloy, 
the most common types of exposure, explained the results 
for all forms combined. Exposure to fluorides and cop-
per was highly correlated to beryllium exposure, and the 
results on lung cancer risk paralleled those for beryllium. 
An indirect adjustment for smoking was performed using 
the data from a survey of about 10% of workers who were 
employed in 1968 (this appears to be the same survey used 
to adjust for smoking by Ward and colleagues (1992). There 
was no association between indices of beryllium exposure 
and smoking status in this group of workers.

Deubner and colleagues (2001) raised a number of 
issues on the case-control study at the Reading plant 
including: (i) the lack of information in the job-exposure 
matrix on exposure circumstances before 1947 when most 
cases and controls were employed, (ii) the lack of informa-
tion on jobs held by these workers outside the beryllium 
industry (which is particularly relevant because of the 
short duration of employment in the beryllium industry for 
most of them), (iii) the fact that the SMR for workers hired 
in the most recent time period was not reported, despite 
the fact that a decreased mortality from lung cancer was 
reported among these workers in the doctoral thesis of 
the first author of the original paper, (iv) the strategy for 
matching controls to cases on attained age (i.e. requiring 
controls to be alive at the age of the death of the cases would 
preferentially select older controls with a higher age at first 
employment, resulting in less opportunity to have high 
lagged exposure), (v) the residual potential confounding 
by exposure to strong inorganic acids, and (vi) the absence 
of smoking data from a subsample of cases and controls to 
estimate an adjusted risk estimate for beryllium exposure. 
While the authors of the original paper correctly argued 
that their strategy for selecting and matching controls was 
methodologically sound (Sanderson, 2001a), they were 
not able to address completely the other criticisms. In par-
ticular, the authors of the original paper reported in their 

response the results for lung cancer among workers first 
employed after 1960 (SMR 0.23, 95% CI 0.03–0.84) which 
confirmed the statement by Deubner and colleagues (2001) 
that no excess mortality was observed among people hired 
in the recent period. The criticism of a possible bias from 
the nested case-control design raised by Deubner and 
colleagues (2001) was addressed in a simulation of the 
case-control study, based on random allocation of cohort 
members as cases (Deubner et al., 2007). In that analysis, 
it was found that, when lag was applied, there was an asso-
ciation between (simulated) case status and average expo-
sure. These arguments were criticized by the authors of 
the original study (Hein et al., 2009) and others (Langholz 
and Richardson, 2009). The controversy was resolved by 
Rothman and Mosquin (2011), who used a simulation of 
random assignment of case status to cohort members (an 
approach expected to result in no association between 
exposure and case status) to show that confounding by year 
of birth and year of hire operated under different models 
of risk-set sampling, when exposures were lagged, while 
there was no confounding—and no association between 
exposure and case status—in unlagged analyses.

In a re-analysis of the case-control study at the 
Reading plant, Levy and colleagues raised the issue 
that without log-transformation, none of the exposure 
variables was associated with an increased risk of lung 
cancer (Levy et  al., 2007). Their explanation is that the 
log-transformation exaggerates the difference between 
workers with zero exposure (after the application of a lag, 
that is, workers whose exposure occurred entirely in the 
period excluded in the lagged analysis) and the workers 
with non-zero exposure, and the former group of workers 
includes preferentially controls. The authors of the origi-
nal case-control study did not provide new evidence to 
address this criticism (Schubauer-Berigan et al., 2007).

A further re-analysis of the data for Reading from 
the case-control study was performed by the original 
authors, with the aim of evaluating the potential con-
founding effect of age at first employment and cohort 
of birth (Schubauer-Berigan et al., 2008). The latter vari-
able, which likely reflected differences in smoking pat-
tern across birth cohorts, as well as the fact that workers 
first employed in the Reading plant during the World 
War II era tended to be older than other workers, acted 
as a confounder in the analysis. After adjustment for 
birth cohort, there was no relation between cumulative 
beryllium exposure (in both the lagged and the unlagged 
analysis), and the association with average exposure 
was weakened and in most cases no longer statistically 
significant. These results are consistent with those from 
the simulated analyses by Rothman and Mosquin (2011) 
that provided evidence of confounding by year at first 
employment and year of birth in lagged analyses.

US beryllium disease registry studies

Following reports of cases of lung cancer among patients 
with beryllium disease (Hardy et al., 1967; Stoeckle et al., 
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1969; Hasan and Kazemi, 1974), Infante and colleagues 
(1980) studied a cohort of 421 white male patients with 
chronic beryllium disease or acute beryllium-related 
pneumonitis included in the Beryllium Case Registry 
during 1952–1975. These patients were mainly employed 
in beryllium extraction and smelting, metal produc-
tion and fluorescent tube production. The mortality 
follow-up was conducted until 1975; seven deaths from 
lung cancer were observed (SMR = 2.12, 95% CI 0.85, 
4.37). As in the early studies in the Lorain and Reading 
plants, national mortality rates from 1965 to 1967 were 
used for the period 1968–1975, resulting in a likely 
underestimate of the expected deaths of about 10%. Six 
of the lung cancer deaths occurred among patients with 
beryllium-related acute pneumonitis (SMR 3.14; 95% CI 
1.15, 6.84); the remaining lung cancer deaths occurred 
among patients with chronic beryllium disease (SMR 
0.72; 95% CI 0.02, 4.04).

Steenland and Ward (1991) enlarged the study to 
comprise 689 beryllium disease patients of both genders 
and all ethnic groups, who were registered between 1952 
and 1980, and extended the mortality follow-up to 1988. 
The SMRs for lung cancer (based on national reference 
rates) were 2.00 (95% CI 1.33, 2.89, based on 28 deaths); 
1.76 (95% CI 1.02, 2.67, based on 22 deaths) for men and 
4.04 (95% CI 1.47, 8.81, based on 6 deaths) for women. 
After stratification by type of beryllium disease, the SMRs 
were 2.32 (95% CI 1.35, 3.72; 17 deaths) among patients 
with acute disease and 1.57 (95% CI 0.75, 2.89; 10 deaths) 
among patients with chronic disease. No trends were 
observed for time since first exposure to beryllium or 
duration of exposure. The SMRs were 2.69 (95% CI 1.61, 
4.20, 19 deaths) for patients who were employed in beryl-
lium manufacturing and 0.85 (95% CI 0.18, 2.49, 3 deaths) 
for patients who were employed in the fluorescent light 
industry (p value of test of heterogeneity 0.05). The SMR 
for non-malignant respiratory diseases was 34.23 (95% 
CI 29.1, 40.0, based on 158 deaths), that from poisoning, 
including beryllium poisoning, was 35.93 (95% CI 19.1, 
61.4, 13 deaths). The SMR for non-malignant respiratory 
diseases were 68.64 (95% CI 57.8, 81.0) among chronic 
disease patients and 6.55 (95% CI 3.74, 10.6) among acute 
disease patients. All deaths from poisoning occurred in the 
chronic disease group. A comparison of smoking habits 
assessed in 1965 in 141 male and 82 female patients with 
a national survey conducted in the same year showed a 
similar proportion of ever smokers in men (59 vs. 61%), 
and a lower proportion in women (38 vs. 47%). Based on 
this limited series of patients, tobacco smoking does not 
appear to act as confounder.

Other studies of lung cancer among  
workers exposed to beryllium

Study of beryllium disease patients from the United 
Kingdom
An analysis of the United Kingdom Beryllium Registry 
identified 30 deaths, of which 25 were from respiratory 

failure, among 69 patients diagnosed with chronic beryl-
lium disease during 1945–1993 (Williams, 1996). There 
was no death from lung cancer. In the US Registry study 
(Steenland and Ward, 1991), the proportion of lung can-
cer deaths over total deaths among chronic beryllium dis-
ease patients was 10/249, or 4.0%. A similar proportion in 
the UK study would correspond to 1.2 expected deaths.

Case-control study in Oahu, Hawaii
Hinds and colleagues (1985) conducted a study of 261 
male cases of lung cancer newly diagnosed during 
1979–1982 among residents in Oahu, Hawaii, and 444 
age (5-year groups) and sex matched controls selected 
through random digit dialing. A job-exposure matrix was 
applied to the primary and secondary occupations of 
study subjects to assess occupational exposure to seven 
agents. The smoking-adjusted odds ratio for low-level 
exposure to beryllium was 1.62 (95% CI 1.04, 2.51), and 
for high-level exposure was 1.57 (95% CI 0.81, 3.01). No 
adjustment was made for other occupational exposures 
to other occupational exposures.

Case-control study in Montreal, Canada
A population-based case-control study with 900 cases 
and 1000 controls, conducted during 1979–1986 in 
Montreal, Canada, was designed to assess the effects 
from exposures to known and suspected occupational 
carcinogens (Siemiatycki, 1991). Beryllium was one of 
over 300 agents whose workplace exposure was assessed 
retrospectively by a team of experts based on detailed 
questionnaires. The prevalence of beryllium exposure 
was 0.6%. Results were reported for all associations with 
p-value smaller than 0.1; results for beryllium exposure 
were not reported. We conducted a power calculation 
based on crude odds ratios, which suggested that the 
minimal OR detectable as significant at α = 0.1 was in the 
order of 2.

Study of plutonium workers in Rocky Flats, Colorado
Brown and colleagues conducted a study of 180 decedents 
from lung cancer and 720 controls matched on age, sex 
and year of birth, nested in a cohort of workers employed 
at the Rocky Flats Plant in Colorado during 1951–1989 
(Brown et al., 2004). Exposure to several agents, includ-
ing beryllium, was also estimated. No association was 
found between lung cancer mortality and cumulative 
exposures to beryllium.

Results on cancers other than lung cancer

Results on all cancer mortality were reported in two 
studies of manufacturing workers (Wagoner et  al., 
1980; Ward et  al., 1992) and two studies of Beryllium 
Registry patients (Infante et  al., 1980; Steenland and 
Ward, 1991). Table 2 summarizes the results for lung 
cancer and for all cancer minus lung cancer, obtained 
by subtracting the number of observed and expected 
lung cancer deaths from the totals. No excess of cancer 
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other than lung cancer was observed in the studies 
of manufacturing workers. Patients in the Beryllium 
Disease Registries experienced a non-significant 30% 
increase in mortality from cancers other than lung 
cancer.

In the most recent update of the multi-plant cohort 
of manufacturing workers, no results for all cancer mor-
tality were reported (Schubauer-Berigan et al., 2011a). 
Results however were reported for cancers of the ner-
vous system and the urinary tract, the latter based on 
an analysis of multiple causes of deaths. Although no 
overall increase in mortality was observed for these 
two cancers, a significantly increased trend in risk was 
observed for cumulative beryllium exposure and ner-
vous system cancer and for maximum exposure and 
urinary tract cancer.

Results on risk of all cancers and of cancers other 
than lung have been reported among workers at the 
Oak Ridge National Laboratory, Tennessee. Wing and 
colleagues (1993) studied a cohort of 8318 white male 
workers employed during 1943–1972 and followed to 
1985. A total of 609 workers were included on lists of 
workers monitored for potential exposure to beryllium. 
Most of them were non-monthly workers, implying a 
lower socio-economic status. The relative risk of cancer 
in this group of workers compared to all other workers 
in the cohort was 1.38 (95% CI 0.95, 2.00), after adjust-
ment for sociodemographic factors (but not radiation). 
Carpenter and colleagues (1988) conducted a study of 
89 workers in the same facilities who died from cancer 
of the central nervous system and 356 controls matched 
on race, sex, facility at which initially employed 
(cohort), year of birth, and year of hire. Based on job 
titles and departments, subjects were classified accord-
ing to exposure to 26 agents, including beryllium. The 
OR for exposure to beryllium was 1.5 (95% CI 0.6, 3.9). 
Analyses by probability and duration of exposure 
yielded inconsistent results.

A case-control study of prostate cancer was conducted 
in a cohort of workers of the United Kingdom Atomic 
Energy Authority (Rooney et al., 1993). A total of 136 cases 
and 404 matched controls were included in the study. 
Exposure to several agents, including beryllium, was 
assessed based on the occupational history of subjects. 
Seven cases and 23 controls were classified as exposed to 
beryllium (OR 0.87; 95% CI 0.30, 2.17).

Discussion

In 1992, IARC classified beryllium as a human car-
cinogen (IARC, 1993). Subsequent evaluations by EPA 
(USEPA, 1998a; USEPA, 1998b) classified beryllium as a 
probable human carcinogen and by NTP (US Dept HHS, 
2011) as known to be carcinogenic to humans. Reviews 
of the epidemiologic literature available at that time of 
these evaluations concluded that the evidence did not 
support a causal association between beryllium expo-
sure and cancer (and specifically lung cancer) in humans 
(NRC,2007; Beryllium Industry Scientific Advisory 
Committee, 1997).

A unique aspect regarding the evidence of carcinoge-
nicity of beryllium in humans is that most of the avail-
able data refer to the population of workers employed 
in the seven plants in Ohio and Pennsylvania, and in 
particular, those in Lorain and Reading. This popula-
tion from the seven plants has formed the basis for 
repeated cohort and nested case-control analyses, with 
slightly different selection criteria and approaches for 
exposure assessment. Although the studies of patients 
in the U.S. Beryllium Disease Registry (Infante et  al., 
1980; Steenland and Ward, 1991) have been presented 
as providing independent evidence, a substantial (albeit 
undefined) degree of overlap in subjects exists with the 
studies of manufacturing workers. Consistency of results 
among different populations, an important component 
of the guidelines to assess causality in human observa-
tional studies (Hill, 1965), has not been met in the case 
of beryllium.

The evidence supporting the hypothesis of carcino-
genicity of beryllium comes mainly from the results of 
the analyses of workers employed in the early phase of 
the manufacturing industry, essentially before occu-
pational exposure standards were recommended in 
1949. These are the workers who suffered most from 
acute and chronic beryllium disease. In a report of 224 
cases of acute disease included during 1952–1981 in 
the U.S. Beryllium Disease Registry, only 15 (6.7%) were 
first employed after 1949 (Eisenbud and Lisson, 1983). 
Workers employed in the early technological phase of 
the industry also experienced an increased risk of lung 
cancer, as shown in several studies since the late 1970s 
and early 1980s (Wagoner et  al., 1980; Mancuso, 1979; 
Mancuso, 1980). They were exposed to very high levels of 
beryllium, and they had a short duration of employment 
in beryllium manufacturing plants mostly due to adverse 

Table 2.  SMR of all cancers and all cancers minus lung in selected studies of beryllium workers.

Study
All cancers All cancers minus lung

Obs SMR 95% CI Obs SMR 95% CI
Manufacturing workers       
Wagoner et al., 1980 143 1.05 0.89, 1.24 96 0.94 0.76,1.15
Ward et al., 1992 703 1.06 0.99, 1.14 423 0.96 0.87, 1.06
Beryllium disease registry       
Infante et al., 1980 19 1.53 0.92, 2.39 12 1.32 0.68, 2.30
Steenland and Ward, 1991 70 1.51 1.17, 1.91 42 1.30 0.93, 1.75
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reactions from exposure to soluble salts of beryllium. 
These two factors may explain the results on lung cancer 
risk by average and maximum estimated beryllium expo-
sure, which were shown in various analyses of beryllium 
manufacturing workers. However, there are other factors 
that may be more valid explanations for the increased 
risk of lung cancer in these workers (MacMahon, 1994; 
Beryllium Industry Scientific Advisory Committee, 1997). 
Short-term workers tend to have an increased mortality, 
even in the absence of exposure to specific hazards. For 
example, in a study of styrene-exposed workers from 
seven European countries, workers employed for less 
than 1 month had a RR for overall mortality of 1.24 (95% 
CI 1.09, 1.42), compared to workers employed for more 
than 1 year (Boffetta et al., 1998). This difference might 
be due to lifestyle factors, including tobacco smoking, 
but also to employment in other jobs and industries 
entailing exposure to carcinogens and other hazards. 
This is particularly of concern because the plants with 
elevated lung cancer deaths were located in highly 
industrialized areas. None of these potential sources of 
confounding has been directly addressed in the studies 
of workers employed in the early technological phase of 
the beryllium industry. No information was available on 
employment in other jobs and industries, and the indi-
rect adjustment for tobacco was based on data collected 
in the mid- and late-1960s. Although beryllium exposure 
remains a plausible explanation for the increased lung 
cancer mortality experienced by these workers, alter-
native explanations cannot be excluded. As mentioned 
above, the majority of patients included in the U.S. 
Beryllium Disease Registry are likely to include these 
same workers. The fact that no excess risk of lung cancer 
was reported in Registry patients employed in fluores-
cent light manufacture support a non-causal interpre-
tation of the association between beryllium exposure 
and lung cancer risk in similar patients employed in the 
beryllium industry.

Results for workers employed after 1949 have been 
reported separately by Ward and colleagues (1992), and 
Sanderson and colleagues (2001b), and no significant 
increase in lung cancer mortality was detected in these 
workers. Consistent with these results, there was no 
significantly increased risk among workers employed 
in the plants other than Reading and Lorain, who did 
not experience the high pre-1949 exposure levels (only 
one of the two Cleveland plants operated before 1949). 
In the restricted cohort of manufacturing workers from 
the plants in Cleveland, Lucky, Elmore and Hazelton the 
SMR at the 1988 follow-up was 1.06 (95% CI 0.84, 1.32, 
based on 81 deaths) (Ward et al., 1992); that at the 2005 
update was 1.04 (95% CI 0.90, 1.19, based on 196 deaths) 
(Schubauer-Berigan et al., 2011a).

The results of the recent updated mortality follow-up 
(Schubauer-Berigan et  al., 2011a, Schubauer-Berigan 
et  al., 2011b) add little evidence in favor of, or against, 
the hypothesis of a carcinogenic risk entailed by expo-
sure to beryllium. The statistical significance of some of 

the results depends on the increased risk of lung cancer 
experienced by workers (especially those with short-
term employment) employed in the plant in Lorain 
(which was closed in 1948) and—to a lesser extent—by 
workers employed in the plants at Reading and Hazelton 
before 1960. These excesses have been documented in 
previous reports, and are sufficient to generate a num-
ber of the findings including: (i) the apparent trends by 
time since first employment and maximum exposure, (ii) 
the fact that results become more ‘positive’ when a lag 
is applied to the exposure history, and (iii) the lack of a 
trend according to duration of employment and cumu-
lative employment. In addition, it appears that a large 
number of analyses were conducted in this study, and it 
is unclear whether the results reported in the published 
manuscript were selected a priori or were chosen after 
having generated a large set of results.

The lack of an association between lung cancer mor-
tality and duration of employment and cumulative beryl-
lium exposure reduces the credibility of a causal relation 
between beryllium exposure and lung cancer risk. For 
all known occupational lung carcinogens, such relation-
ships are evident in the primary analyses of the relevant 
epidemiologic studies, although for some agents further 
modeling and the application of lags or time windows 
of exposure reinforce the results. In this respect, it is 
worth noting the strong dose-response relation observed 
between unlagged duration of employment and mortal-
ity from pneumoconiosis and other respiratory diseases, 
a category which includes beryllium disease (Schubauer-
Berigan et al., 2011a).

Residual confounding by smoking is a central con-
cern. The indirect adjustment performed in the studies 
of manufacturing workers, including the recent report 
by Schubauer-Berigan and colleagues (2011b), as well 
as Beryllium Disease Registry patients (Infante et  al., 
1980), was based on surveys conducted in the 1960s in 
a small proportion of workers and on the comparison 
with national surveys. Arguments against an impor-
tant role of this type of confounding include the small 
confounding odds ratio calculated in some of these 
adjustments and the lack of correlation between smok-
ing status and beryllium exposure indices in the nested 
case-control study (Sanderson et al., 2001b). Counter-
arguments include the comparability of smoking data 
among the different surveys and the low relative risks 
for smoking used in the adjustment (Haenszel et  al., 
1962; Hammond, 1966; Kahn, 1966). In our view, a key 
issue is the fact that it is unclear whether the available 
smoking data used for the adjustments were relevant 
to workers employed before 1949, among whom an 
excess lung cancer risk has been detected (see below). 
We conclude therefore that the possibility of residual 
confounding by smoking in this group of workers has 
not been adequately addressed. The problem of resid-
ual confounding by smoking is particularly acute in the 
most recent analysis of the multi-plant cohort study 
(Schubauer-Berigan et al., 2011a) since the assumptions 
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used in that analysis are questionable. The relative 
risks used for tobacco smoking were lower than those 
typically found in epidemiological studies conducted 
in the US (Gandini et  al., 2008; IARC, 2004). The data 
on smoking for the US population were derived from 
the 1966 National Health Interview Survey (National 
Center for Health Statistics, 1970): the authors, how-
ever, excluded the majority of participants on the basis 
that their information was provided by proxies and 
therefore likely biased toward lower smoking rates. 
The effect of the first choice is an underestimate of the 
actual confounding effect of smoking; the effect of the 
second choice is more difficult to evaluate but if indeed 
non-smokers were selectively excluded from rates used 
for the US population, the results would again have 
been toward an underestimate of the confounding 
effect. The conclusion of the authors was that there was 
essentially no confounding exerted by smoking (bias 
factor 0.0997). This conclusion is surprising in light of 
the previous estimate made by Ward and colleagues 
(Ward et al., 1992) and in general of the results of simi-
lar adjustments for smoking in other populations of 
US blue collar workers employed in the 1950s–1970s 
(Stellman et al., 1988).

Residual confounding by exposure to other occupa-
tional agents is an additional concern. As mentioned 
above, many workers at increased risk of lung cancer 
had limited occupational skills and a short duration 
of employment in this industry. This raises the issue 
of potential employment in other high-risk industries 
during the remainder of their occupational history. 
Although adjustment for sociodemographic factors 
was performed in the nested case-control study in 
Reading (Sanderson et  al., 2001b), no direct informa-
tion on exposure to agents in other jobs and industries 
is available. The job exposure matrix (JEM) used in the 
recent analysis of the US multi-plant cohort included 
information on exposure to other agents in the beryl-
lium industry. In particular, asbestos was reported in 
14.8% of JEM entries (no results on mesothelioma risk 
were reported in any of the publications of this cohort), 
acid mists in 0.9%, welding fumes in 1.0%, nickel in 
4.3%, chromium in 1.0% and silica in 1.7% (Couch 
et  al., 2011). No information is provided however on 
exposure prevalence for individual cohort members 
or on the presence or absence of confounding by these 
agents.

It has been suggested that the secular trend in lung 
cancer mortality among US men due to the maturation 
of the smoking epidemics, the use of a lag in a nested 
case-control study might result in positive confounding 
for employment-related variables (Deubner and Roth, 
2009). This would explain the positive association shown 
in lagged analyses that did not adjust for date of birth and 
age at hire (Sanderson et al., 2001b), and the lack of such 
association when date of birth and age at hire were con-
trolled for (Levy and Roth, 2007; Schubauer-Berigan et al., 
2008). Indeed, confounding by time-related variables in 

nested case-control analyses using lagged exposure vari-
ables has been demonstrated by Rothman and Mosquin 
(2011).

Although no single mechanism has been identified 
to support the hypothesis of beryllium carcinogenicity 
in humans (Hollins et  al., 2009), the association with 
beryllium disease suggests a possible mechanistic role 
of chronic inflammation for interpreting epidemiologic 
results as supporting the carcinogenicity of beryllium 
in humans. Chronic inflammation is indeed a mecha-
nism of lung carcinogenesis in humans, and several 
clinical inflammatory conditions, including chronic 
obstructive pulmonary disease, tuberculosis, silicosis 
and asbestosis are associated with increased lung can-
cer risk (Engels, 2008; Brenner et  al., 2011), although 
mechanisms other than chronic inflammation may 
also play a role. The association between granuloma-
type conditions, such as sarcoidosis, and lung cancer 
risk, however, is less convincing (Le Jeune et al., 2007). 
If indeed beryllium exerts a carcinogenic effect by sus-
tained inflammation of the lung, the results of studies 
of Beryllium Disease Registry patients should show a 
stronger risk for chronic vs. acute disease, since dura-
tion of the disease is a critical factor in other chronic 
inflammatory conditions, yet the opposite pattern is 
observed. Similarly, duration of exposure would be 
an important dimension of exposure in occupational 
studies; yet, this variable was not associated with risk in 
most analyses. Furthermore, if inflammation is indeed 
the mechanism of beryllium carcinogenicity, the use of 
a time lag in the epidemiologic analysis is not justified, 
as inflammation acts on late stages of the carcinogenic 
process, and lagging provides more weight to early 
exposures, i.e. those relevant for mutagenic agents; yet, 
results of most analyses become stronger when a lag 
was applied.

Previous reviews and evaluations of epidemiologic 
results on beryllium and cancer have focused on 
the studies among U.S. manufacturing workers and 
patients in the Beryllium Disease Registry. These stud-
ies certainly represent the majority of the evidence. 
Our review however has identified a few additional 
investigations which provide relevant information. 
Despite the limitations due to low statistical power and 
the rather crude assessment of exposure to beryllium in 
most of these additional studies, they provide no sup-
portive evidence to the hypothesis of a causal associa-
tion between beryllium exposure and lung cancer risk 
in humans. Results for other cancers, albeit sparse, are 
inconsistent and do not suggest a carcinogenic effect 
on other organs. Stressing ‘positive’ associations with 
low prior probability, such as those with cancers of the 
nervous system and the urinary tract in the most recent 
update of the multicenter study of manufacturing work-
ers (Schubauer-Berigan et al., 2011a) raises the issues 
of selective reporting of positive results, which are not 
likely to be confirmed in subsequent studies (Boffetta 
et al., 2008).
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In conclusion, there is little doubt that excess lung 
cancer mortality occurred in (mainly short-term) workers 
employed before 1949 in the Lorain and Reading plants 
with no excess risk in workers employed after 1949. Such 
excess mortality contributed to positive associations with 
estimates of maximum and average beryllium exposure 
in various studies within this industry and the strengthen-
ing of results when a lag period is included in the analysis. 
It is debatable whether this finding should be interpreted 
as demonstrating that beryllium is a human carcinogen, 
since confounding by tobacco smoking and other occu-
pational and lifestyle factors is not adequately excluded. 
Little supportive evidence comes from other popula-
tions. It is unclear whether the results based on patients 
in the Beryllium Disease Registry provide independent 
evidence, and the results of studies in other manufactur-
ing plants provide no clear evidence of increased lung 
cancer risk. Several criticisms raised in previous reviews 
of this body of evidence are still valid, and probably will 
never be adequately addressed, because of the difficulty 
in gathering valid information on exposure circum-
stances prevalent more than 60 years ago. The overall 
epidemiologic evidence, therefore, does not support the 
conclusion that a causal association between exposure to 
beryllium and cancer in humans has been established. 
Future research should aim at identifying populations 
of workers exposed to beryllium which have not been 
already studied.
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