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Cohort mortality study of workers at seven beryllium
processing plants: update and associations with
cumulative and maximum exposure

Mary K Schubauer-Berigan, James R Couch, Martin R Petersen, Tania Carreon,

Yan Jin, James A Deddens

ABSTRACT

Objectives To extend follow-up of cause-specific
mortality in workers at seven beryllium processing plants
and to estimate associations between mortality risk and
beryllium exposure.

Methods 9199 workers were followed for mortality from
1940 through 2005. Standardised mortality ratios
(SMRs) were estimated based on US population
comparisons for lung, nervous system and urinary tract
cancers, chronic obstructive pulmonary disease (COPD),
chronic kidney disease, and categories containing chronic
beryllium disease (CBD) and cor pulmonale. Associations
with maximum and cumulative exposure were calculated
for a subset of the warkers.

Results Overall mortality in the cohort compared with
the US population was elevated for lung cancer (SMR
1.17; 95% Cl 1.08 to 1.28), COPD (SMR 1.23; 95% Cl
1.13 to 1.32), and the categories containing CBD (SMR
7.80; 95% Cl 6.26 to 9.60) and cor pulmonale (SMR
1.17; 95% CI 1.08 to 1.26). Mortality rates for most
diseases of interest increased with time-since-hire. For
the category including CBD, rates were substantially
elevated compared to the US population across all
exposure groups. Workers whose maximum beryllium
exposure was =10 pg/m> had higher rates of lung
cancer, urinary tract cancer, COPD and the category
containing cor pulmonale than workers with lower
exposure. Significant positive trends with cumulative
exposure were observed for nervous system cancers
(p=0.0006) and, when short-term workers were
excluded, lung cancer (p=~0.01), urinary tract cancer
(p=0.003) and COPD (p<0.0001).

Conclusion These findings reaffirm that lung cancer and
CBD, and suggest that COPD and nervous system and
urinary tract cancers, are related to beryllium exposure.
Cigarette smoking and exposure to other lung
carcinogens are unlikely to explain these elevations.

Beryllium, a metal with unique properties, has been
associated with adverse health effects. In the 1940s,
beryllium exposure at high levels was observed to
cause acute pneumonitis in US workers,! ? and
lower level exposure caused an immunologically
mediated, granulomatous lung disorder termed
chronic beryllium disease (CBD).? * These effects
may be manifestations of the same disease.”
Beryllium has also been found to cause bone and
lung cancer in several species of laboratory animals®”
and has shown possible associations with nervous
system cancer’ and kidney disease in humans.® *
The International Agency for Research on Cancer

What this paper adds

» Beryllium has been designated a known human
carcinogen by the International Agency for
Research on Cancer, based upon human and
animal studies of lung cancer.

» This cohort of workers from seven US beryllium
processing facilities provides much of the
human evidence regarding lung cancer risk
from beryllium exposure; however, quantitative
associations were available at only a single
beryllium facility.

» In this update of mortality at the seven plants
(including three with quantitative beryllium
exposure estimates), we observed an associa-
tion between maximum annual and cumulative
beryllium exposure and lung cancer.

» For the first time, associations are reported
between berylium and other outcomes,
including  chronic  obstructive  pulmonary
disease and cancers of the nervous system
and urinary tract.

has designated beryllium a group 1 human carcin-
ogen,” '% based on toxicological studies and findings
of increased lung cancer risk among individuals
enrolled in a beryllium case registry’" or employed
in the US beryllium processing industry.” '

The largest study of beryllium-exposed workers
is a pooled cohort study of 9225 workers at seven
beryllium processing plants.” This study found
a 26% elevation in risk of lung cancer (compared to
the US population), which was not completely
explained by differences in smoking patterns. The
elevations were greatest for workers at the earliest-
operating plants, which had the highest worker
exposures to beryllium, and over periods associated
with longer latency. Significant elevations were
observed in mortality from ischaemic heart disease,
chronic renal disease, and a combined category of
‘pneumoconiosis and other respiratory disease’.
Since the publication of this study, beryllium
exposure estimates have been developed through
the creation of job—exposure matrices (JEMs) at
three plants in the study. A lung cancer nested
case—control study at one of these plants found
elevations associated with average and maximum
exposure.’? '* With quantitative exposure estimates
available at two additional plants, we extended
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follow-up of the cohort of workers in all seven facilities, focus-
sing on the three plants with quantitative exposure estimates.
Exposure—response associations were evaluated between two
metrics of exposure (maximum and cumulative ‘daily weighted
average’ (DWA) exposure) and several outcomes. These exposure
metrics were selected because their calculation using grouped
(person-years) analysis methods is straightforward, and
maximum exposure was found to be associated with lung cancer
in the previous nested case—control study.

The outcome of primary interest was lung cancer, given the
clear evidence of lung carcinogenicity in animal studies and the
focus on this outcome in previous analyses of beryllium
workers.” 712 Other outcomes were also of substantial a priori
interest. CBD and causes related to cor pulmonale (as sequelae of
CBD) have long been studied among beryllium workers.”
Chronic obstructive pulmonary disease (COPD) was of interest
because obstructive lung disease has been found or suggested to
be related to beryllium exposure.!’~** Malignant and non-
malignant renal disease were of interest because chronic renal
disease elevation was found previously in this cohort,” and
kidney calcifications were observed among members of the
Beryllium Case Registry.?® Lastly, we included nervous system
cancer because elevations were observed among beryllium-
exposed workers at a US nuclear facility.”

For lung cancer, a Bayesian adjustment was made for differ-
ences in smoking behaviour between the US population and the
cohort?! and between a sample of low- and high-exposed
workers within the cohort? for whom smoking data were
collected in 1968.°

METHODS

This study was reviewed and approved by the Human Subjects
Review Board of the National Institute for Occupational Safety
and Health.

Cohort assembly and follow-up
The cohort, assembled for the previous study,” included male
workers employed for at least 2 days after 1 January 1940 and
before 1 January 1970. This cohort and all associated data,
modified as described below, were used for the current study
(online appendix table 1). Five plants (in Lorain, Lucky, Cleve-
land and Elmore, Ohio) are owned by company A, and two
plants (in Reading and Hazleton, Pennsylvania) are owned by
company B. For the Elmore, Reading and Hazleton facilities,
employment records obtained from the plants were used to code
complete work history information to link to the JEM. Correc-
tions to the cohort database are described in the online appendix.
Mortality follow-up through 1988 and (for the Reading plant)
through 1992 is described elsewhere.” '3 Additional follow-up
and cause-of-death ascertainment through 31 December 2005
were conducted for all cohort members using linkage to the US
Social Security Administration and the National Death Index.
Likely but inexact matches were manually reviewed. Both
underlying and multiple causes of death were considered, as
described below.

Exposure assessment

Area- and breathing zone-based air concentrations of beryllium
were measured for many jobs by plant personnel on a quarterly
basis from the 1950s (Elmore and Hazleton) or the 1970s
(Reading) to the 1990s at three of the beryllium plants, using
similar methods. From these measurements, plant personnel
developed DWA values for specific operations within depart-
ments: for each task, the measured beryllium concentration was

multiplied by the time spent in that task. These exposure—time
products were summed for all tasks during the work day or shift,
and the sum was divided by total time (normally 8 h) for the
DWA. These DWAs were used by researchers to create JEMs for
the facilities using similar methods. Developing JEMs was not
feasible at four plants (Lorain, Lucky, and the two in Cleveland)
due to the unavailability of individual work history or exposure
measurement data. JEMs that permitted linkage to work history
data were available for the Reading®®, Hazleton?® and Elmore
facilities.”” JEMs for the two former facilities were adapted as
follows for use in the present study: annual department—job
combinations coded from workers’ employment records were
linked to the appropriate combinations in the JEM. For combi-
nations missing in the JEM, new values were assigned based on
available monitoring data or were imputed from similarly
exposed jobs or time periods.?” Where multiple quarterly expo-
sure values were given for an annual department—job combi-
nation, geometric mean estimates were used to obtain a single
estimate for the year. To account for potential confounding by
other carcinogenic exposures, the JEM identified jobs involving
exposure to known human lung carcinogens (acid mist, asbestos,
cadmium, chromium, nickel, silica).?®> We accounted for poten-
tial confounding by cigarette smoking using indirect external
and within-cohort adjustments (described further below).

Statistical analysis

The cohort was analysed using a modified person-years analysis
program, LTAS.NET,* ¥ to calculate standardised mortality
ratios (SMRs) indirectly standardised to the US population and
directly standardised rate ratios (SRRs) for internal comparisons.
Person-years at risk began on the third day of employment for
each worker (to account for a minimum employment duration of
2 days) or when the rate file began, whichever was later, and
ended on the earliest of (1) the date of death, (2) the end of follow-
up (31 December 2005) or the date the worker was last employed
for workers not found to be deceased who left employment before
1979, when the National Death Index began.

In LTAS.NET, outcomes are grouped into one of 92 or 119
cause-of-death categories for rates beginning in 1940 or 1960,
respectively.® Analyses through 2005 based on multiple causes of
death (which considers all contributing causes of death
mentioned on the death certificate) were preferred for outcomes
with long survival times, and were used for urinary diseases,
COPD, and the categories related to CBD (pneumoconiosis other
than asbestosis or silicosis) and cor pulmonale (diseases of the
arteries, veins and pulmonary circulation)?’; however, the
comparison rates for such analyses do not begin until 1960. Thus,
for rapidly fatal outcomes (ie, lung cancer and brain and other
nervous system cancers) and for the large group of pneumoconi-
osis and ‘other’ respiratory diseases, underlying-cause rates from
1940 to 2005 were used. All analyses were adjusted for race (white
versus all other races), and age and calendar year in 5-year inter-
vals. SMR and SRR analyses were also conducted by duration of
employment and time since first employment (TSFE) among all
workers in the analysis.

Exposure—response analyses

SMRs and SRRs related to quantitative beryllium exposure were
calculated for just the subcohort of workers (n=5436) employed
at the three plants with beryllium JEMs. Cumulative exposure
was estimated for each worker at each time point by summing the
DWA assigned from the JEM for that job and all previous jobs for
each day employed in the job. In calculating cumulative exposure,
the DWA was multiplied by 5/7, so that accumulated exposure
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would represent the exposure received in a 5-day work week. A 10-
year lag was employed for cumulative exposure, and lagged-out
person-time and events were included in the lowest exposure
group.®® Person-time and events were also categorised into groups
based on maximum DWA exposure, which represents the highest
mean DWA exposure received to that point in time. Cutpoints
were selected a priori based on approximate quartiles of exposure
among workers at the Reading plant.’® Maximum exposure was
treated as a time-dependent categorical variable, in which
a subject’s person-time accrued to the lowest maximum exposure
category (0—10 pg/m®) until he experienced a higher exposure,
when all subsequent person-time accrued to the higher
exposure category(s). This exposure metric was unlagged, because
lagging is not supported in LTAS.NETwith such variables. Average
exposure was not used in this analysis, as its computation is not
straightforward in grouped data methods. Cutpoints selected to
represent approximate cumulative exposure quartiles of lung
cancer case distribution were used for all outcomes of a priori
interest. In sensitivity analyses, professionals, workers exposed to
another lung carcinogen for more than 1 year, or short-term
workers (those employed for <1 year) were excluded. Some
epidemiological studies completely exclude short-term workers to
account for possible lifestyle differences that may affect cancer
risk and because these workers generally have little exposure.
However, we (as have previous authors) included all workers in
primary analyses, as short-term beryllium workers often had
high-intensity exposure: workers who received heavy beryllium
exposure and showed evidence of dermatological or pulmonary
sensitivity were frequently removed from the workforce.®!

Confidence intervals on SMRs and SRRs were calculated by
LTAS.NET, assuming a Poisson distribution of the number of
observed events. A trend slope and SE for the change in stand-
ardised rate with increasing duration, TSFE and cumulative
exposure were calculated as described elsewhere,?® and Wald-
type tests were used to calculate the two-sided p value for trend.
No trend test could be calculated for maximum exposure; hence,
an additional analysis grouping across all categories above the
baseline was conducted for this metric.

Smoking comparability assessment

The previous cohort study® used an indirect adjustment® to
evaluate the impact of smoking differences in the cohort (esti-
mated from a smoking questionnaire completed by 76% of then-
current employees in 1968) compared to the US population on
the estimated SMR. We made several corrections to this
approach, as described in the online appendix. In summary, we
improved the data source used for US smoking rates.? Also, for
analyses based upon external comparisons we allocated pipe and
cigar smokers (who were known not to be current cigarette
smokers) to the category of either never or former cigarette
smokers, based on the distribution of never/former smokers
among those of known status in the same age/birth cohort. For
new analyses based on within-cohort comparisons we treated
them as current pipe or cigar smokers.

To evaluate bias in the SMR by differences in smoking status,
the ratio of the incidence of lung cancer in the US population to
that among never smokers was estimated by summing the
product of the percentage in each smoking group (age-adjusted to
the cohort) and the rate ratios (compared to never smokers),
obtained from data in table 21 of Hammond.** These rate ratios
and the estimated 95% Cls were 1.0 for never smokers, 5.94 for
former smokers (95% CI 4.00 to 8.83), 6.11 (95% CI 4.05 to 9.20)
for current =1 pack/day smokers and 10.8 (95% CI 7.48 to 15.4)
for current >1 pack/day smokers. These estimates are comparable

to those reported in a recent meta-analysis of cigarette smoking
and lung cancer.®® The ratio of the incidence of lung cancer in the
overall cohort to that among never smokers was estimated
similarly. The quotient of this ratio in the cohort and that in the
US population was the estimated bias in the SMR for the cohort
overall and (separately) for the plants represented in the survey
(the Reading, Cleveland, Elmore and Hazleton plants). A Bayesian
analysis®! was conducted to adjust the observed SMR for this
bias, including 95% credible intervals incorporating uncertainty in
smoking quantities and rate ratios. Prior distributions for effect of
smoking on lung cancer were specified as normal distributions
with means and variances based on the log of the rate ratios and
95% Cls. The priors for smoking prevalence were specified as
multivariate normal distributions based on the proportions in the
smoking sample and in the US population. A non-informative
prior distribution (a normal distribution with mean 0 and vari-
ance 10 000) was used for the smoking-adjusted SMR.

Two techniques were used to evaluate potential within-cohort
confounding by smoking. First, the association between cross-
classified smoking categories and cumulative and maximum
exposure categories among the survey respondents was assessed
using a yx? distribution in SAS (v 9.2). Second, a Bayesian
method® was used to adjust the rate ratio for high-exposed
workers compared to low-exposed, obtained from a Poisson
regression model (adjusting for race, age and calendar year
categories), and assuming the lowest exposure group was the
‘unexposed’ group for whom the age standardisation was
conducted. Non-informative prior distributions (normal with
mean 0 and variance 10 000) were used for the coefficients of the
Poisson model. Prior distributions for effect of smoking on lung
cancer were specified as normal distributions as described above.
For current pipe and cigar smokers, a rate ratio of 5.0 (95% CI
4.16 to 6.01)* was used. The priors for smoking prevalence in
the high-exposed and low-exposed groups were specified as
multivariate normal distributions based on the smoking
proportions in the two exposure groups, respectively. WinBUGS
software was used for the Bayesian analyses and Monte Carlo
simulations; further information and the code for these simu-
lations are provided in the online appendix.

RESULTS

Overall SMRs

Among the 9199 cohort members, 63% were deceased (online
appendix table 1) and 170 (1.8%) were lost to follow-up. With
852497 person-years and 5810 underlying-cause deaths since
1940, the all-cause SMR was 1.04 (95% CI 1.02 to 1.07). Among
the causes of death of a priori interest, lung cancer, pneumoco-
niosis and other respiratory diseases (especially pneumoconiosis
other than asbestosis and silicosis), COPD, and the category
containing cor pulmonale were elevated (table 1). Urinary tract
cancer and chronic renal disease SMRs were slightly, although
not significantly, elevated.

Lung cancer SMRs varied substantially by plant: workers at
the Lorain plant, the Reading plant, and more than one plant
owned by company A showed 45%, 20% and 64% higher
mortality rates, respectively, than the US population (table 1).
Workers at the Reading, Elmore and Hazleton plants and those
whose plant was unknown exhibited the highest SMRs for the
category containing CBD (table 1).

Associations with employment duration and time since first
employment

SMRs did not vary substantially by 10-year lagged employment
duration category for lung cancer, urinary tract cancer, COPD,
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Table 1
multiple causes of death 1960—2005

Standardised mortality ratios by plant*, for causes of death of a priori interest, based on (A) underlying cause of death 1940—2005 and (B)

(A) Underlying cause-of-death analysis, 1940—2005 (ICD-10 codes)

Cause of death, SMR (95% CI), N

Pneumoconiosis and other respiratory
disease (J30—J33, J34.1-J34.8,

Nervous system cancer J35—J39, J47, J60—J64, J66—J95,

(C417, C70—C72)

J98, R09.1)

Plant owner Plant Lung cancer (C33—C34)
Company A and B All plants 1.17 (1.08 to 1.28), 545
Company A 1. Lorain, OH 1.45 (1.17 to 1.78), 90
Company B 2. Reading, PA 1.20 (1.04 to 1.37), 218
Company A 3. Lucky, OH 0.92 (0.59 to 1.37), 24
Company A 4, 5. Cleveland, OH 1.09 (0.88 to 1.33), 97
Company A 6. Elmore, OH 1.01 (0.74 to 1.36), 45
Company B 7. Hazleton, PA 1.03 (0.70 to 1.47), 30
Company A >1 Plant of company A 1.64 (1.06 to 2.43), 25

Unknown

1.05 (0.60 to 1.70), 16

0.87 (0.58 to 1.24), 29
0.23 (0.01 to 1.28), 1
1.01 (0.54 to 1.73), 13
1.08 (0.13 to 3.91), 2
0.81 (0.26 to 1.89), 5
1.05 (0.29 to 2.69), 4
0 (0 to 1.66), 0

1.84 (0.22 to 6.66), 2
1.85 (0.22 to 6.68), 2

1.99 (1.67 to 2.35), 136
1.83 (1.08 to 2.89), 18
1.80 (1.34 to 2.37), 51
1.31 (0.42 to 3.05), 5
1.19 (0.67 to 1.96), 15
2.00 (1.00 to 3.58), 11
5.12 (3.08 to 7.99), 19
2.28 (0.74 10 5.33), 5
4.36 (2.09 to 8.02), 10

(B) Multiple causes of death, 1960—2005 (ICD-10 codes)

Cause of death, SMR (95% CI), N

Urinary tract cancer

Chronic obstructive
pulmonary disease

Pneumoconiosis
excluding asbestosis
and silicosis

(J60, J63—J64)

Diseases of arteries,
veins and pulmonary
circulation (126—128,
170—187, 189195,

197.2, 199, M30—M31, R58)

Chronic and unspecified

renal disease (N01.9, NO3,
NO5, N07, N14.0—N14.3,

N15.0, N16.1—N16.8,
N18—N19, N26)

Plant (C64—C68) (J40—J44)

All plants 1.07 (0.86 to 1.31), 92 1.23 (1.13 to 1.32), 670
1. Lorain, OH 1.19 (0.65 to 1.99), 14 1.68 (1.41 to 2.00), 130
2. Reading, PA 1.22 (0.88 to 1.65), 42 1.24 (1.09 to 1.39), 273
3. Lucky, OH 0.82 (0.22 to 2.09), 4 1.07 (0.74 to 1.50), 34
4, 5. Cleveland, OH 0.87 (0.48 to 1.46), 14 1.04 (0.85 to 1.26), 107
6. Elmore, OH 0.77 (0.28 to 1.68), 6 0.93 (0.67 to 1.26), 42

7. Hazleton, PA
>1 Plant of company A
Unknown

0.79 (0.22 to 2.03), 4
1.78 (0.58 to 4.16), 5
0.68 (0.08 to 2.45), 2

1.13 (0.79 to 1.57), 35
1.37 (0.89 to 2.03), 25
1.18 (0.74 to 1.78), 22

7.80 (6.26 to 9.60), 89
1.14 (0.14 to 4.13), 2
6.03 (4.07 to 8.61), 30
3.22 (0.39 to 11.6), 2
3.42 (1.38 to 7.06), 7
12.3 (5.62 to 23.4), 9
58.0 (38.9 to 83.4), 29
2.57 (0.07 to 14.3), 1
18.2 (7.31 to 37.5), 7

1.17 (1.08 to 1.26), 656
1.14 (0.92 to 1.39), 95
1.29 (1.15 to 1.44), 317
0.98 (0.66 to 1.41), 29
1.12 (0.92 to 1.35), 111
0.71 (0.48 to 1.02), 29
1.22 (0.83 to 1.72), 32
1.13 (0.69 to 1.75), 20
1.17 (0.73 to 1.77), 22

1.11 (0.97 to 1.27), 231
1.30 (0.91 to 1.79), 36
1.17 (0.94 to 1.43), 94
0.91 (0.45 to 1.62), 11
0.98 (0.70 to 1.34), 40
0.93 (0.55 to 1.48), 18
1.64 (1.01 to 2.50), 21
0.75 (0.24 to 1.76), 5
0.82 (0.30 to 1.79), 6

*Data for workers employed at both company A and B are not included because the total number of deaths from these causes was very small (n=6); however, these workers are included in

‘All plants’.

ICD-10, International Classification of Diseases, 10th Revision; SMR, standardised mortality ratio.

diseases of circulation, or chronic and unspecified renal disease
for all plants combined (table 2). SRRs relating longer to shorter
durations of employment for these outcomes were not signifi-
cantly different from unity, and no significant trend with
increasing employment duration was observed. The categories
containing CBD starting in 1940 and 1960 each showed sharply
increasing SMRs with increased employment duration, and
a highly significant trend in standardised rates with increasing
employment duration was observed (table 2).

SMRs for lung cancer, pneumoconiosis and other respiratory
diseases (1940—2005), urinary tract cancer, COPD and circula-
tory diseases tended to increase with increasing TSFE (table 3).
For example, lung cancer and COPD 35 years or more since first
employment showed significant 28% and 33% elevations
(respectively) compared to the US population but were not
significantly elevated at shorter times. Highly significant posi-
tive trends in standardised rates with increasing TSFE were
observed for all evaluated outcomes except nervous system
cancers and the category containing CBD (table 3).

Associations with beryllium exposure

Lung cancer

For the subcohort of 5436 workers employed at the Reading,
Elmore and Hazleton plants, lung cancer rates were significantly
higher than for the US population only for cumulative beryllium
exposure of 10300 ug/m-days or greater; however, no signifi-
cant increase in trend with cumulative exposure was observed in
the standardised rate (p=0.34; table 4A). Excluding workers

exposed for at least 1 year to another potential lung carcinogen
or excluding professional workers gave very similar results.
However, when short-term workers were excluded, the SMR in
the lowest exposure group decreased substantially, and a signifi-
cant positive trend (4.28X107° lung cancer deaths per pg/m®-
day-person-year) was observed in the standardised rate with
increasing cumulative exposure (p=0.012). These trends were
even stronger when stratified by plant: the corresponding slopes
and p values were 6.99%X10~% (p<0.0001) at the Reading plant,
3.54x1077 (p<0.0001) at the Elmore plant and 1.10x10~7
(p=0.13) at the Hazleton plant.

Lung cancer SMRs were not elevated for the group with
<10 pg/m® maximum exposure, but were significantly and
similarly elevated for higher exposure groups (table 4B). All
exposure groups combined with 10 pg/m® or higher maximum
exposure showed a 40% increased risk of lung cancer compared
to the general population (95% CI 21% to 61%). Standardised
rates were significantly higher within each maximum exposure
category above 10 ug/m® compared to the lowest category, and
as a group maximum DWA exposure at 10 pg/m® or higher was
associated with a 72% increased lung cancer rate (95% CI 32% to
124%) compared to the group receiving <10 pg/m® maximum
exposure. These results varied little when excluding short-term
workers, those who were exposed for 1 year or more to another
lung carcinogen, or professional workers (table 4B).

Other outcomes
The categories containing CBD showed significantly elevated
SMRs across nearly all cumulative exposure categories (online
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Table 2 Standardised mortality ratios compared to the US population and internally standardised rate ratios for diseases of a priori interest by

duration employed (lagged 10 years)

Employment duration (years), 10-year lag

0 to <1 1to <5 5 to <10 210
SMR 95% CI SMR 95% CI SMR 95% CI SMR 95% CI Trend slope*,
N SRR N SRR N SRR N SRR p value
Underlying cause of death, 1940—20051

Lung cancer 293 122 1.09t0 137 120 1.09 091t 131 39 114 081to156 93 1.15 0.93to0 1.41

1.0 Referent 092 0.75t01.15 091 0.64 to 1.28 1.03 0.76to 1.40 2.70x1077, 0.98
Nervous system cancer 14 076 0.42to 1.28 7 092 0.37t01.90 1 041 0.01to 227 7 138 0.55t0284

1.0 Referent 1.20 0.47 to 3.05 0.58 0.08 to 4.47 6.99 13810353 —1.63x107° 0.77
Pneumoconiosis and other 54 151 113t 196 24 148 095t 220 10 215 1.03t03.96 48 4.14 3.05to 5.48
respiratory disease 1.0 Referent 1.01 0.62 to 1.65 1.49 0.71 to 3.14 2.82 1.86t04.29 3.16x1075, <0.0001

Multiple cause of death, 1960—2005t

Urinary tract cancer 49 113 083to149 27 130 086t189 3 047 0.10to 1.38 13 085 0.451t0 1.46

1.0 Referent 119  0.74t0 1.91 034 0.11to 1.1 0.81 040to1.64 —1.11x1075 0.39
Chronic obstructive 382 138 1.25t0153 137 1.04 087t01.23 38 097 069t01.34 113 1.14 0.941t01.36
pulmonary disease 1.0 Referent 0.73  0.60 to 0.89 0.67 0.48 to 0.95 0.81 065t01.01 —3.16Xx1075 0.44
Pneumoconiosis other 20 333 2.03t0514 13 475 2531813 11 127 633t0227 45 250 18310335
than asbestosis and silicosis 1.0 Referent 1.31 0.64 to 2.67 399 1.80to 8.86 6.44 37410 11.1 4.67x10°° <0.0001
Diseases of arteries, veins, 362 121 1.09t01.34 148 110 093t 129 42 096 069to1.30 104 1.21 0.99 to 1.46
pulmonary circulation 1.0 Referent 089 0.73to 1.08 0.72 0.51 to 1.01 1.06 0.82t01.38 —6.56x107° 0.87
Chronic and unspecified 131 1.28 107t 152 47 092 067t 122 7 049 020to1.02 46 115 0.84t01.53
renal disease 1.0 Referent 0.83 0.53t01.29 042 0.19 to 0.91 0.82 058to1.15 —1.46x1075 0.45

*Cause-specific deaths per year of employment - person-year.
tCause-of-death categories as defined in table 1.
SMR, standardised mortality ratio; SRR, standardised rate ratio.

appendix table 2). COPD, urinary tract cancer and circulatory
diseases showed significantly elevated SMRs in the highest
cumulative exposure group. Among these other outcomes, only
nervous system cancers showed a significant positive trend in
standardised rates with 10-year lagged cumulative exposure
(p=0.0006; online appendix table 2). When excluding those
employed for less than 1 year, categories containing CBD still
displayed elevated SMRs across the exposure categories (table 5).
For all other outcomes, SMRs associated with the lowest
exposure category were below unity. SMRs in the highest

exposure category remained significantly elevated for urinary
tract cancer and COPD; highly significant positive trends with
increasing cumulative exposure were observed for these two
outcomes (table 9).

In analyses by stratified maximum exposure, the categories
containing CBD showed significantly elevated SMRs across
nearly all exposure groups (table 6). SMRs and SRRs for COPD
and circulatory diseases tended to increase with increasing
maximum exposure categories. For all exposure groups above
10 ug/m® combined, significantly elevated SMRs were observed

Table 3 Standardised mortality ratios compared to the US population and internally standardised rate ratios for diseases of a priori interest by time

since first employment

Time since first employment (years)

0 to <15 15 to <25 25 to <35 235
SMR 95% CI SMR 95% CI SMR 95% CI SMR 95% CI Trend slope*,
N SRR N SRR N SRR N SRR p value
Underlying causes of death, 1940-2005t

Lung cancer 27 089 059t01.29 71 112 088to1.42 123 1.06 0.88t0o1.26 324 1.28 1.141t0 1.42

1.0 Referent 224 0.78 t0 6.45 2.83 1.03t07.78 368 1.36t09.95 2.12x107%, <0.0001
Nervous system 4 077 0.211to1.96 9 150 0.69to2.85 5 061 020to1.42 11 078 0.39to 1.40
cancers 1.0 Referent 1.53  0.26 to 8.89 0.77 0.12 to 5.04 127 0.22t07.35 1.08x1077,0.87
Pneumoconiosis and 9 167 076t0317 21 285 176t0436 25 208 1.34t0307 81 186 1.481to 2.31
other respiratory disease 1.0 Referent 273 097 to 7.71 529 1.93to 145 446 1.8210109 4.75X10°° 0.0002

Multiple causes of death, 1960-20051

Urinary tract cancer 3 097 0.20to 2.83 8 072 0.31to1.42 17 086 050t01.37 64 1.24 0.95to 1.58

1.0 Referent 0.36  0.07 to 1.93 0.55 0.14 to 2.16 1.04 0.29t03.75 4.91x1075 0.002
Chronic obstructive 6 043 0.16t0094 58 099 075t01.28 130 1.11 09310132 476 1.33 1.21to 1.46
pulmonary disease 1.0 Referent 11.0 4.26 to 28.1 21.8 8.76 to 54.0 241 10.2t0 57.4 4.88x107%, <0.0001
Pneumoconiosis other 4 750 2.041t019.2 15 7.27 407t0120 25 7.39 478t 109 45 8.28 6.04to011.1
than asbestosis and silicosis 1.0 Referent 1.94 0.53to 7.09 440 1.28to 15.2 2.14 0.66 to 6.88 1.74><10’6, 0.77
Diseases of arteries, 29 085 057t0122 134 115 096t0 136 182 1.21 1.04t01.40 311 1.19 1.06 to 1.33
veins, pulmonary circulation 1.0 Referent 191 1.12t0 3.24 425 232t07.78 265 1.621t04.34 2.03x1075, 0.02
Chronic and unspecified 4 127 0.35t03.24 12 095 049to166 43 126 091t01.69 172 1.09 0.94 to 1.27
renal disease 1.0 Referent 1.02 0.15t0 7.13 422 0.68 to 26.2 454 0.77t026.9 1.57x107% <0.0001

*Cause-specific deaths per year since first employment- person-year.
tCause-of-death categories as defined as in table 1.
SMR, standardised mortality ratio; SRR, standardised rate ratio.
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Table 4 Lung cancer standardised mortality ratios compared to the US population (based on underlying cause of death analysis, 1940-2005) and
internally standardised rate ratios, plants 2, 6 and 7 combined: including all workers; excluding short-term workers (employed <1 year); excluding
workers exposed for 1 year or more to another occupational lung carcinogen; excluding professional workers, by (A) cumulative (lagged 10 years) and
(B) maximum (unlagged) beryllium exposure

Cumulative* beryllium exposure (pg/m>-days)

(A)
0 to <550 550 to <2500 2500 to <10300 >10300
SMR  95% CI SMR  95% CI SMR  95% CI SMR  95% CI Trend slopet,
N SRR N SRR N SRR N SRR p value
All workers 73 108 081t136 73 112 088to1.41 73 110 086to1.38 74 1.31 1.03 to 1.65
1.0 Referent 096  0.69 to 1.34 0.91 0.66 to 1.27 112 0.79t0 1.60 1.08x107% 0.34
Excluding short-term 1 0.63 03210113 27 091 060to1.32 44 1.04 075t0 1.39 64 1.26 0.97 to 1.61
workers 1.0 Referent 1.56 0.73 to 3.34 1.66 0.83 to 3.32 1.97 0.99t0 3.97 4.28x1078, 0.012
Excluding workers exposed 72 1.13 088to1.42 68 1.16 090to1.48 55 1.10 0.83t01.43 38 1.48 1.05 to 2.03
for =1 year to another 1.0 Referent 0.99 0.71 to 1.39 0.89 0.62 to 1.27 1.1 0.73t0 1.66 5.48x107° 0.38
occupational carcinogen
Excluding professional 62 1.1 085t0 1.43 66 1.25 097t0 159 68 1.13 0.88t0 1.43 71 1.30 1.02 to 1.64
workers Referent 1.03 0.72 to 1.47 0.91 0.64 to 1.30 1.08 0.73t0 1.31  4.74x107°, 0.69
(B) Maximum beryllium exposure (1g/m°)
<10 10 to <25 25 to <70 270 All 210
SMR  95% CI SMR  95% CI SMR  95% CI SMR  95% CI SMR 95% CI
N SRR N SRR N SRR N SRR SRR#

All workers 95 083 067t01.02 45 145 1.06 to 1.94 88 1.49 119t0 183 65 127 098to1.62 140 1.21 to 1.61

1.0 Referent 1.83 1.26 to 2.65 1.89 1.34 to 2.66 1.50 1.08 to 2.09 1.72 1.32t0 2.24
Excluding short-term 70 085 0.66t01.07 22 1.80 11310273 21 0.96 060to1.47 33 140 097t 197 132 1.04 to 1.65
workers 1.0 Referent 1.90 1.15 to 3.16 1.32 0.76 to 2.29 1.60 1.04 to 2.45 1.64 1.15 to 2.32
Excluding workers 73 082 0.65t01.04 38 147 1.04t0 202 80 1.61 127t02.00 42 124 090to1.68 1.46 1.24 to 1.71
exposed for =1 year 1.0 Referent 1.96 1.29 to 2.97 1.86 1.33 to 2.60 1.54 1.04t0 229 1.77 1.32 to 2.37
to another occupational
carcinogen
Excluding professional 72 087 06810 1.09 44 1.46 1.06 to 1.97 86 117t01.80 65 0.98 to 1.62 1.20 to 1.60
workers 1.0 Referent 1.79 1.20 to 2.65 1.24 to 2.61 1.00 to 2.03 1.23 to 2.20

*Cumulative exposure adjusted to a 5-day exposure period per week.
tLung cancer deaths per pg/m>-day - person-year.

+Compared to <10 pg/m® maximum daily weighted average exposure.
SMR, standardised mortality ratio; SRR, standardised rate ratio.

for urinary tract cancer, COPD, outcomes related to CBD, and
circulatory diseases, while only the former two outcomes
showed significant SRRs compared to the lowest exposure group
(table 6). These results were affected little by the exclusion of
short-term workers (online appendix table 3).

Smoking adjustments for lung cancer

External comparison

The bias factor for the lung cancer SMR expected from smoking-
related differences between the cohort and the US population
was 0.997 (95% credible interval 0.948 to 1.05). Applying this
bias factor to the observed SMR for all plants combined (table 1)
led to a bias-adjusted SMR of 1.18 (95% credible interval 1.06 to
1.29). Applying the bias factor to the SMR for just the plants
included in the smoking survey led to an adjusted SMR of 1.13
(95% credible interval 1.01 to 1.26).

Internal cohort comparison

Little association was found between either cumulative
(%*12=6.65; p=0.88) or maximum beryllium (y3*,=11.9;
p=0.46) exposure and smoking status within the cohort. For
cumulative exposure, a bias-unadjusted lung cancer rate ratio
obtained from a Poisson regression model for the high-exposed
(=10300 pg/m>-days) compared to the low-exposed group
(including short-term workers) was 1.07 (95% credible interval
0.81 to 1.39). The bias factor from smoking calculated for this
rate ratio was 0.96 (95% credible interval 0.88 to 1.05).
Accounting for this bias and its uncertainty gave a bias-adjusted
rate ratio of 1.11 (95% credible interval 0.83 to 1.47) for high
compared to low cumulative exposures. Using maximum
exposure as the metric, a bias-unadjusted lung cancer rate ratio

6of9

for high-exposed (=10 pg/m®) compared to low-exposed
(<10 ug/m®) groups was 1.70 (95% credible interval 1.31 to
2.20). The bias factor from smoking calculated for this rate ratio
was 1.04 (95% credible interval 0.97 to 1.13), and the bias-
adjusted rate ratio for maximum exposure was 1.64 (95% cred-
ible interval 1.24 to 2.13).

DISCUSSION

In this cohort mortality study, we observed strong evidence of
an association between lung cancer and both employment at
a beryllium plant and quantitative metrics of beryllium expo-
sure. Lung cancer was elevated by 17% (95% CI 8% to 28%)
overall in the combined cohort compared to the US population
(a decrease from the SMRs observed previously”). The plants
with earliest operation and the highest beryllium exposures, in
Lorain, Ohio and Reading, Pennsylvania, exhibited significant
lung cancer elevations, as did the group of workers employed at
multiple plants, who tended to have lengthy employment
duration (online appendix table 1). Other evidence for the lung
carcinogenicity of beryllium includes the elevated SMRs
observed with long TSFE (table 3), and the strong trend in
internally standardised rates with increasing TSFE. More
compelling is the evidence from the subcohort of 5436 workers
with quantitative beryllium exposure estimates. Among these
workers, lung cancer SMRs were significantly elevated for
workers in the highest cumulative exposure group (=10300 pg/
m-days) and for workers having an annual maximum DWA of
10 ug/m® or higher, whose lung cancer mortality rates were
significantly higher than those of workers with lower maximum
exposures. We note that these analyses were adjusted for birth
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Table 5 Standardised mortality ratios compared to the US population and internally standardised rate ratios for causes of death of a priori interest
other than lung cancer among workers employed for 1 year or more, by cumulative beryllium exposure level (lagged 10 years), assuming 5 days

worked per week, for plants 2, 6 and 7 combined

Cumulative beryllium exposure (1g/m*-days)

0 to <550 550 to <2500 2500 to <10300 >10300
SMR 95% CI SMR  95% CI SMR  95% CI SMR  95% CI Trend slopet,
N SRR N SRR N SRR N SRR p value
Underlying causes of death, 1940-2005*
Nervous system cancers 00 0to 1.97 2 090 0.11t326 4 132 036t339 4 1.21 0.331t03.10
0 - 1.0 Referent 195 0.35t011.0 192 0.34t010.8 Not calculable
Pneumoconiosis and other 4 151 04110387 1 024 001t01.36 26 458 299t06.71 20 259 1.58t03.99
respiratory disease 1.0 Referent 0.17  0.02 to 1.59 3.00 0.91t09.91 2.05 0.61t06.89 3.67x107% 0.10
Multiple causes of death, 1960-2005*
Urinary tract cancer 2 070 0.09to254 1 0.18 0.00t01.03 4 053 0.14t01.35 18 1.80 1.07t02.85
1.0 Referent 0.14  0.01to 1.59 0.63 0.11to0 3.50 247 05610109 2.62x107% 0.003
Chronic obstructive pulmonary 7 042 0.17t00.87 18 053 0.32t0085 48 1.02 0.75t01.35 83 1.29 1.03to 1.60
disease 1.0 Referent 1.23  0.50 to 3.02 243  1.07 to 5.51 337 150t07.59 1.13x1077, <0.0001
Pneumoconiosis other than 3 878 181t0257 3 498 1.03t0146 31 37.8 25.7t053.6 18 125 7.38t019.7
asbestosis and silicosis 1.0 Referent 065 0.13t03.34 480 1.44t015.9 247 0.71t0855 2.76x107% 0.28
Diseases of arteries, veins, 12 0.64 0.33t01.12 23 0.75 0471t01.12 59 1.38 1.05t01.79 89 1.24 0.99to 1.52
pulmonary circulation 1.0 Referent 092 0.39t02.21 1.80 0.80to 4.03 157 070t03.51 5.73x107% 0.17
Chronic and unspecified 6 092 034t02.00 14 1.01 055t01.70 25 131 0.85t01.94 22 0.96 0.60to1.45
renal disease 1.0 Referent 116  0.421t03.18 2.21 0.73 to 6.66 124 0.47t03.25 455X10°° 0.74

*Cause-of-death categories as defined in table 1.
+Cause-specific deaths per pg/m-day-person-year.
SMR, standardised mortality ratio; SRR, standardised rate ratio.

cohort, a potentially important confounder,'? through adjust-
ment on 5-year age and calendar-year periods.

A significant positive trend for lung cancer with increasing
cumulative exposure was observed when excluding workers
employed for less than 1 year. Such short-term workers, many of
whom left the workforce due to adverse dermatological and
respiratory reactions when exposed to high levels of beryllium,”
had high maximum exposures but relatively low cumulative
exposures. Although they comprised a majority of the lowest
cumulative exposure group, they were an inappropriate ‘base-
line’ group against which to compare workers with lower

exposure intensity of longer duration (hence higher cumulative
exposure). When short-term workers were removed from the
cumulative exposure analysis, the SMR in the baseline group
decreased to below unity, and a clear association was observed
between both maximum and cumulative beryllium exposure
and lung cancer. The low COPD and lung cancer SMRs in the
low exposure group may reflect a strong healthy worker effect
related to a robust pre-employment screening program at the
plants, which apparently excluded workers with evidence of
prior chronic respiratory disease or lung function decrement
(online appendix®").

Table 6 Standardised mortality ratios compared to the US population and internally standardised rate ratios for other causes of death of a priori
interest by maximum beryllium exposure level (unlagged), for plants 2, 6 and 7 combined

Maximum exposure (jg/m°)

<10 10 to <25 25 to <70 270 All 210
SMR 95% CI SMR 95% CI SMR 95% CI SMR 95% CI SMR  95% CI
N SRR N SRR N SRR N SRR SRRt
Underlying causes of death, 1940—2005*
Nervous system 6 067 025t01.46 4 1.80 0.49 to 4.61 5 120 0.39to2.79 2 056 0.07to202 1.10 0.55 to 2.01
cancers 1.0 Referent 264 0.71t09.75 1.92 055 to 6.72 129 0.25t0 6.64 1.90 0.67 to 5.37
Pneumoconiosis and 39 251 1.78t0343 3 061 013t0179 21 220 136t0336 18 241 142t 3.80 1.91 1.38 to 2.59
other respiratory disease 1.0 Referent 0.33 0.10to 1.10 1.00 0.56 to 1.81 098 054t 1.78 0.87 0.54 to 1.40
Multiple causes of death, 1960—2005*
Urinary tract cancer 13 063 034t0108 9 153 0.70t02.90 14 123 0.67 to 2.06 16 173 099 to 2.81 1.47 1.04 to 2.01
1.0 Referent 3.14 1.30to 7.58 210 0.96 to 4.58 364 15110877 2.79 1.44 to 5.40
Chronic obstructive 101 080 065t0097 43 1.14 0.83to1.54 105 143 117t 1.73 101 170 1.38t0 2.06 1.46 1.28 to 1.65
pulmonary disease 1.0 Referent 1.51 1.03 to 2.21 1.75  1.30 to 2.36 250 1.641t03.79 1.79 1.39 to 2.31
Pneumoconiosis other 43 191 138t0257 3 337 0.70to09.85 10 554 2.65t010.2 12 953 4.92t016.7 6.32 4.09 to 9.39
than asbestosis and silicosis 1.0 Referent 0.34 0.10to 1.1 0.51 0.25to 1.04 0.68 0.36 to 1.32 0.51 0.31 to 0.85
Diseases of arteries, veins, 113 096 079to1.16 51 1.19 0.88to1.56 117 131 1.09t0 158 97 152 1.23t01.85 1.35 1.20 to 1.53
pulmonary circulation 1.0 Referent 1.20 0.81to0 1.78 1.11  0.80 to 1.54 173 1.09t0 275 1.24 0.92 to 1.66
Chronic and unspecified 58 1.12 085to 145 17 124 072t0199 26 1.04 068to153 32 1.44 098t0203 1.23 0.97 to 1.55
renal disease 1.0 Referent 1.10  0.62 to 1.96 113  0.68 to 1.88 147 0.88t0243 1.21 0.84 to 1.75

*Cause-of-death categories as defined in table 1.
tCompared to <10 ug/m3 maximum daily weighted average exposure.

SMR, standardised mortality ratio; SRR, standardised rate ratio.
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The cause-of-death category containing CBD showed large
excesses compared to the US population. Risk was strongly
related to duration of employment and was highest 25—35 years
since first employment. However, this category was not posi-
tively associated with cumulative or maximum exposure, find-
ings also observed in other studies.’” *° Several outcomes in
addition to lung cancer were associated with beryllium in this
study. Urinary tract cancer, COPD, and the category related to
cor pulmonale were elevated compared to the US population
among higher exposed workers and showed strong associations
with cumulative (when short-term workers were excluded)
exposure, maximum exposure or both. Obstructive lung disease
was reported in a case series of workers with CBD'” and in early
descriptions of the US Beryllium Case Registry.*’ Obstructive
pulmonary effects were also found in a cross-sectional study to
be related to cumulative beryllium exposure among workers at
another beryllium plant,'® and chronic bronchitis was elevated
in a group of beryllium-exposed dental technicians in Israel.*°
COPD among beryllium workers may represent misdiagnosed
CBD; however, this is unlikely to fully explain our findings,
because: (1) a clear exposure—response association (for both
cumulative and maximum beryllium) was observed for COPD,
but not for CBD. If COPD represented misdiagnosed CBD,
similar exposure—response patterns would be expected for the
two diseases, unless heavy beryllium exposure is likely to lead to
greater misdiagnosis; (2) COPD is much more common, even for
a Dberyllium-exposed population. A very large association
between CBD and beryllium exposure would need to be
observed to create the magnitude of exposure—response that we
observed if COPD were unrelated to beryllium, and we saw little
evidence of such an association.

Bladder and renal cancer have not been previously linked to
beryllium exposure, but renal toxicity is expected from high
beryllium exposure.*! Nervous system cancers, which showed
a positive trend with cumulative exposure, have been found to
be associated with duration of employment in high-exposed jobs
among beryllium workers at a US nuclear facility.

It is unlikely that confounding by smoking explains the
elevated lung cancer and COPD rates compared to the general
population or the higher lung cancer and COPD rates observed
among those with higher beryllium exposure compared to the
lower exposed group. There was no evidence that the cohort
smoked more than the US population, and very little evidence of
differential smoking patterns by beryllium exposure. Incorpo-
rating the uncertainty from source terms for the lung cancer bias
adjustment addresses a criticism®® that the smoking adjustment
in the previous analysis did not consider such variability, but
does not change the interpretation of the results. Removing
professional workers and those exposed for at least 1 year to
another lung carcinogen had little effect on the results, providing
further evidence that confounding was unlikely to account for
the observed excess lung cancer rates within the cohort.

Strengths of this study include the lengthy follow-up period,
large cohort, increased number of plants with quantitative
exposure information, and the cohort design, which permitted
consideration of multiple outcomes. Some limitations of this
study include the unavailability of multiple-cause-of-death
population rates before 1960 (which limited the ability to eval-
uate associations for some outcomes during early follow-up), the
lack of quantitative exposure data for the Lorain, Lucky and
Cleveland plants, and the reliance on high-volume general area
and breathing zone samples to estimate personal exposures. For
jobs having few or no exposure estimates, exposures were
extrapolated from other jobs in the same work area or with

similar job duties. These limitations are unlikely to have resulted
in spurious associations with the cancers and chronic diseases
studied here. For CBD and cor pulmonale, the categories avail-
able in LTAS.NET were broad and included many other causes of
death.?® Within the cohort, most of the deaths in these cate-
gories were from CBD and cor pulmonale. In the ‘pneumoco-
niosis other than asbestosis or silicosis’ category, 87% of cohort
deaths were from acute and chronic beryllium disease. The
comparable percentage among males in the US population is
1.3% from 1999 to 2006 and even lower before then.* This
limitation caused substantial underestimation of the true SMR;
however, within-cohort comparisons were unlikely to be
affected.

Because of software requirements, the unlagged maximum
exposure categories were established in advance based on an
expectation that they would give approximately equivalent lung
cancer case distribution. This limited the ability to explore
alternative lags and to evaluate risks at lower exposures. The
lowest maximum exposure cutpoint we evaluated was 10 pg/
m?® however, this level should not be assumed to provide
a ‘threshold’” below which no excess risk is observed. Lastly,
exposure—response models adjusting for several factors simul-
taneously could not be explored in detail in this analysis. We
have conducted regression models on lung cancer risk sets with
cumulative, average and maximum exposure, to address these
limitations (Schubauer-Berigan et al. submitted).
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