
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by: [Madl, Amy K.]
On: 25 April 2009
Access details: Access Details: [subscription number 910607536]
Publisher Informa Healthcare
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Critical Reviews in Toxicology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713401167

Beryllium and lung cancer: A weight of evidence evaluation of the toxicological
and epidemiological literature
D. M. Hollins a; M. A. McKinley a; C. Williams b; A. Wiman b; D. Fillos a; P. S. Chapman a; A. K. Madl a

a ChemRisk Inc., San Francisco, California b ChemRisk Inc., Tallahassee, Florida, USA

Online Publication Date: 01 April 2009

To cite this Article Hollins, D. M., McKinley, M. A., Williams, C., Wiman, A., Fillos, D., Chapman, P. S. and Madl, A. K.(2009)'Beryllium
and lung cancer: A weight of evidence evaluation of the toxicological and epidemiological literature',Critical Reviews in
Toxicology,39:1,1 — 32

To link to this Article: DOI: 10.1080/10408440902837967

URL: http://dx.doi.org/10.1080/10408440902837967

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713401167
http://dx.doi.org/10.1080/10408440902837967
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Critical Reviews in Toxicology, 2009; 39(S1): 1–32

R E v i e w  A R T I C L E

Beryllium and lung cancer: A weight of evidence 
evaluation of the toxicological and epidemiological 
literature

D. M. Hollins1, M. A. McKinley1, C. Williams2, A. Wiman2, D. Fillos1, P. S. Chapman1, and A. K. Madl1

1ChemRisk Inc., San Francisco, California, and 2ChemRisk Inc., Tallahassee, Florida, USA

Address for Correspondence:  A. K. Madl, ChemRisk Inc., 25 Jessie Street, Suite 1800, San Francisco, CA 94105, USA. E_mail: amadl@chemrisk.com 

(Received 10 November 2008; revised 19 February 2009; accepted 20 February 2009)

ISSN 1040-8444 print/ISSN 1547-6898 online © 2009 Informa UK Ltd
DOI: 10.1080/10408440902837967

Abstract
The potential carcinogenicity of beryllium has been a topic of study since the mid-1940s. Since then, numerous 
scientific and regulatory bodies have assigned beryllium to various categories with respect to its carcinogenicity. 
Past epidemiologic and animal studies, however, have been marked with notable methodological shortcom-
ings. Because it has been about 16 yr since IARC evaluated beryllium and approximately 50 relevant papers on 
the topic have been published since that time, we conducted a weight-of-evidence analysis of the historical 
as well as recent animal and human literature. We also assessed whether recently published studies improved 
upon methodological shortcomings or shed light upon uncertainties in prior studies. Thirty-three animal studies, 
principally designed to evaluate the cancer hazard or related mechanisms, and seventeen epidemiologic studies 
were considered in this assessment. Based on this analysis, the evidence for carcinogenicity of beryllium is not as 
clear as suggested by previous evaluations, because of the inadequacy of the available smoking history informa-
tion, the lack of well-characterized historical occupational exposures and shortcomings in the animal studies. 
We concluded that the increase in potential risk of lung cancer was observed among those exposed to very high 
levels of beryllium and that beryllium’s carcinogenic potential in humans at exposure levels that exist in modern 
industrial settings should be considered either inadequate or marginally suggestive.
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2    D. M. Hollins et al.

1.  Introduction

Beryllium is a ubiquitous, naturally occurring element 
present in numerous environmental media, household 
products, foodstuffs, and drinking water (WHO 2001; ATSDR 
2002). Because of its unique combination of thermal, chem-
ical, nuclear, and mechanical properties, beryllium is an 
essential material in numerous industries, including aero-
space, medical, electrical, energy, and automotive (IARC 
1993; U.S. EPA 1998). Beryl ore is extracted, processed, and 
converted into different forms used in these industries: 
metal, ranging from 100% beryllium through low-beryl-
lium-content alloys, and ceramics. Beryllium-containing 
particles are generated during processing and manufactur-
ing activities such as melting and casting, machining, mold-
ing, grinding, and cutting of beryllium materials. Changes 
in production processes, ventilation controls, work practice 
controls, and production levels have resulted in generally 
decreasing airborne beryllium concentrations since levels 
in excess of 1000 µg/m3 in some operations in the 1940s 
(Rossman et al. 1991; Kolanz 2001).

Inhalation exposure to beryllium can result in acute and 
chronic forms of disease (Eisenbud and Lisson 1983; ATSDR 
2002). In the 1940s, cases of acute beryllium disease in the 
United States that occurred following exposure to beryllium 
oxide and salts prompted researchers to explore the inhala-
tion hazards of beryllium in experimental animal studies 
(Eisenbud 1982; Borak 2006). In 1946, scientists reported 
that intravenous administration of certain beryllium silicate 
powders to rabbits resulted in the development of osteo-
genic sarcoma (bone cancer) (Gardener and Heslington 
1946). Subsequently, numerous animal studies were con-
ducted between the late 1940s and 1970s wherein soluble 

and insoluble forms of beryllium were administered by sev-
eral different exposure routes. Unfortunately, much of this 
research involved questionable methodologies even by the 
research standards at that time (Rossman et al. 1991).

The first epidemiologic study to evaluate the possible 
relationship between beryllium exposure and lung cancer 
was published in 1969 (Mancuso and El-Attar 1969). Since 
that time, nearly 20 epidemiological studies have evalu-
ated beryllium’s potential carcinogenicity, and has been 
a topic of evaluation by various organizations, including 
the International Agency for Research on Cancer (IARC), 
the U.S. Environmental Protection Agency (U.S. EPA), the 
Agency for Toxic Substances and Disease Registry (ATSDR), 
the American Conference of Governmental Industrial 
Hygienists (ACGIH), the World Health Organization (WHO), 
and the National Toxicology Program (NTP), as well as 
health agencies of several countries. As has been noted 
by others, the quality of the epidemiology literature varies 
considerably with respect to sample size, reference popu-
lation, exposure metric, and adjustment for smoking (U.S. 
EPA 1987; MacMahon 1994; Deubner, Lockey et  al. 2001; 
Levy et al. 2002; Deubner et al. 2007; Garabrant 2007; Levy 
et al. 2007). Moreover, as has been noted in past evaluations 
by IARC (1993) and U.S. EPA (1998), the animal literature 
is characterized by notable shortcomings with respect to 
assessing dose-response and temporality, demonstrating 
consistency, and showing statistical significance of tumor 
incidence in beryllium-treated animals.

Since the last evaluation conducted by the IARC 
Working Group in 1993, several mechanistic studies and 
five epidemiological assessments of historical beryllium 
cohorts and only one new in vivo animal study, have 
been conducted and published. In light of these recently 
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published studies, the newly published U.S. EPA criteria 
for the classification of carcinogens, and the IARC deci-
sion to reevaluate the listed chemicals under their carci-
nogenicity classification schemes, we have conducted a 
weight-of-evidence analysis of the potential carcinogenic-
ity of beryllium. The purposes of this review are to revisit 
the historical animal and human literature, to assess 
whether recently published studies improved upon prior 
methodological shortcomings, and to shed light upon 
the potential causal relationship between beryllium and 
lung cancer. The following sections present and review (1) 
the experimental animal literature, (2) the epidemiology 
literature, and (3) the key findings and limitations of this 
literature. As a part of this analysis, standard criteria for 
causality (i.e., Hill’s “criteria”) were considered in evalu-
ating the supporting evidence for classifying beryllium as 
a lung carcinogen.

2.  Background

2.1  Agency evaluations of beryllium carcinogenicity
The potential for carcinogenicity of beryllium and beryl-
lium compounds was considered by IARC Working Groups 
in 1972, 1980, 1987, and 1993, and additionally by the U.S. 
EPA in 1987, 1991, 1998 and 2008 (IARC 1980, 1987, 1993, 
2006; U.S. EPA 1987, 1991, 1998, 2008). Most recently, 
this topic has been reviewed by the ACGIH, the German 
Research Foundation (DFG), and the United Kingdom’s 
Health and Safety Executive (HSE) (Greim 2005; HSE 2006; 
ACGIH 2008). Each is worthy of discussion so that the 
evolution of views on beryllium’s carcinogenicity can be 
understood.

In IARC’s first evaluation in 1972, after assessing four 
epidemiology studies and one publication of case reports 
conducted between 1967 and 1970, the Working Group con-
cluded that these studies have “not provided evidence” of the 
existence of a relationship between exposure to beryllium 
compounds and the occurrence of cancer in humans (IARC 
1972, p. 25). IARC noted several limitations of these studies, 
including lack of information on workers’ occupational his-
tories and personal habits, and limited lengths of follow-up. 
IARC also noted that evidence for the carcinogenicity of 
beryllium, beryllium salts, or beryl existed for three animal 
species, including lung tumors in rats following inhalation 
exposure (Schepers et al. 1957; Reeves et al. 1967; Wagner 
et  al. 1969), tumors in monkeys following intrabronchial 
implantation (Vorwald 1966) or inhalation exposure, and 
bone tumors in rabbits following intravenous administra-
tion of beryllium metal and beryllium phosphate (Gardener 
and Heslington 1946; Cloudman et  al. 1949; Barnes 1950; 
Barnes and Denz 1950; Dutra and Largent 1950; Hoagland 
et  al. 1950; Araki et  al. 1954; Janes et  al. 1954; Kelly et  al. 
1961; Schepers 1961; Komitowski 1968; IARC 1972).

Noting that new data had become available, a second 
IARC Working Group (1980) reevaluated beryllium. Four 
additional cohort studies were reviewed: Mancuso (1979 and 
1980), Infante et  al. (1980), and Wagoner et  al. (1980). This 

Working Group noted that although the previously reviewed 
epidemiological studies did not provide evidence of a rela-
tionship between beryllium exposure and human cancer, the 
four subsequent studies of the same population all showed a 
small excess risk of lung cancer in cohort members occupa-
tionally exposed to beryllium. With regard to the animal stud-
ies, the IARC Working Group concluded that there was “suf-
ficient evidence” that beryllium metal and several beryllium 
compounds were carcinogenic based on three experimental 
animal species, and that the epidemiological evidence sug-
gesting that beryllium exposure may lead to increased risk for 
lung cancer in humans was “limited.” After assessing both the 
animal and human data, the Working Group concluded that 
beryllium’s carcinogenicity in humans should be considered 
“suspect” (IARC 1980, p. 190).

In 1987, IARC published a supplemental update of the 
beryllium monograph, although no new epidemiology 
studies were available at the time of this third review (IARC 
1987). An additional toxicological study was added to the 
assessment, in which inhalation exposures to various beryl-
lium compounds were found to produce lung tumors in 
rats (Litvinov et al. 1983). This Working Group again cited 
“limited” evidence of carcinogenicity in humans and “suffi-
cient” evidence of carcinogenicity to animals, and therefore 
classified beryllium and beryllium-containing compounds 
as a Group 2A carcinogen (IARC 1987, p. 87).

In 1993, a fourth Working Group reviewed the previously 
evaluated epidemiology literature and added two recently 
published cohort studies and three case-control studies 
to their analysis (Hinds et  al. 1985; Carpenter et  al. 1988; 
Steenland and Ward 1991; Feingold et al. 1992; Ward et al. 
1992). This Working Group stated that smoking had been 
adequately addressed and that the recent cohort studies 
were limited by the absence of discussion regarding expo-
sures to other lung carcinogens; however, it was noted that 
evidence of exposures to other carcinogens was not appar-
ent. In addition, the Working Group noted that lung tumors 
were produced in rats via inhalation and intratracheal instil-
lation, and that osteosarcoma was observed in rabbits after 
injection with various beryllium compounds. The Working 
Group concluded that there was sufficient evidence in both 
humans and experimental animals of the carcinogenicity of 
beryllium and beryllium-containing compounds, and thus 
classified as a Group 1 carcinogen (IARC 1993).

In 1998, the U.S. EPA performed a toxicological review 
of beryllium and beryllium compounds with regards to 
lung cancer, reviewing most of the studies included in the 
previous four IARC assessments (U.S. EPA 1998). In the 
preceding 1987 and 1991 U.S. EPA assessments, epidemi-
ology studies conducted prior to 1987 were considered to 
be insufficient in assessing the carcinogenic potential of 
beryllium in humans. Contrary to IARC’s conclusion about 
the adequacy of controlling for confounders in the most 
recent epidemiology studies, the U.S. EPA stated that “the 
issues of incomplete smoking data and exposure to other 
potential lung carcinogens are not completely resolvable 
with the data currently available, and therefore concludes 
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4    D. M. Hollins et al.

that the evidence of carcinogenicity of beryllium and com-
pounds is limited in humans” (IARC 1993; U.S. EPA 1998, p. 
53). The U.S. EPA concluded that there was sufficient evi-
dence for carcinogenicity in animals, based on lung tumors 
and osteosarcoma observed in rats and rabbits following 
various routes of exposure to beryllium. Thus, after placing 
weight on the animal studies, using the 1986 Guidelines 
for Carcinogen Risk Assessment, the U.S. EPA reclassified 
beryllium from a B2 carcinogen (inadequate human data) 
to a B1 (limited human data). Using the 1996 proposed 
Guidelines for Carcinogen Risk Assessment, however, 
the U.S. EPA concluded that inhaled beryllium would be 
characterized as “likely” carcinogenic in humans (U.S. 
EPA 1998, p. 53). In light of recent studies, the U.S. EPA has 
updated the cancer assessment in the draft Toxicological 
Review of Beryllium and Compounds1 (U.S. EPA 2008). 
An external peer review of the draft 2008 updated cancer 
assessment has recently occurred, in which peer review-
ers were charged to comment on the weight of evidence to 
classify beryllium “along a continuum between likely to be 
carcinogenic to humans and carcinogenic to humans” (U.S. 
EPA 2005; 2008, p. 80; Peer Review Summary Report 2008). 
In addition to other available studies, the primary studies 
that both IARC and U.S. EPA relied upon when classifying 
this metal are discussed in greater detail in later sections of 
this paper.

A number of additional agencies have evaluated beryl-
lium’s carcinogenic potential, both in the United States 
and internationally. There is general agreement among 
these organizations that beryllium should be classified 
as a  potential or known human carcinogen. In the United 
States, the National Toxicology Program (NTP) has catego-
rized beryllium as “known to be a human carcinogen” based 
on both animal and human data (NTP 2005). The National 
Institute for Occupational Safety and Health (NIOSH) con-
siders beryllium compounds to be potential occupational 
carcinogens (NIOSH 2005). The European Commission (EC) 
currently has beryllium listed as a Category 2 carcinogen 
(ESIS 2008). Additionally, the German Research Foundation 
(DFG) has classified beryllium and its organic compounds 
as a Category 1 carcinogen, primarily based on the results 
of the Sanderson et al. (2001b) study. In the German evalu-
ation, it was noted that “the data as a whole indicate that the 
carcinogenic effects described occurred mainly at high con-
centrations, which, as a rule, are no longer to be expected in 
workplaces today” (Greim 2005, p. 152).

The ACGIH similarly has listed beryllium compounds 
as an A1—Confirmed Human Carcinogen, primarily based 
on the observations in the Ward et al. (1992) study and to 
be consistent with the 1993 IARC evaluation (ACGIH 1996, 
2001). In the 2001 documentation of the Threshold Limit 

Value (TLV), ACGIH cited that the carcinogenic potency 
of beryllium was “quite low” and in 2008 the “controversy 
over interpretation of the epidemiologic evaluations of the 
carcinogenicity of beryllium” was noted2 (ACGIH 2001, 
p. 5; 2008, p. 11). The classification is based upon the evi-
dence that “high exposure among workers before the 1950s 
was associated” with increased risk of lung cancer (ACGIH 
2008, p. 11); the majority of these persons had suffered 
from acute beryllium disease (ABD), which has not been 
reported in nearly 30 yr in the United States (Eisenbud and 
Lisson 1983; ATSDR 2002).

Potency of beryllium was also recently evaluated by the 
Health and Safety Executive (HSE) of the United Kingdom. 
Based on both animal and human data, beryllium has been 
assigned a provisional potency estimate of Level A due to 
the “relatively short exposure periods [that] have been 
associated with increased lung cancer risk (mean tenure 
of occupation among lung cancer cases in epidemiologi-
cal study was < 1 year; lung tumors in rats after 1 hour/day, 
4 months exposure to beryllium oxide dust)” seen in some 
studies (HSE 2006, p. 6).

Further, the ATSDR published a review and assessment of 
the available animal and human literature in 2002 (ATSDR 
2002). In a summary of animal studies whereby beryllium 
was administered via inhalation, the ATSDR cited that 
many of these studies “have been criticized because of poor 
documentation, being conducted at single dose levels, or 
failure to include controls” and concluded that “collectively, 
the animal data indicate that beryllium is carcinogenic in 
animals”(ATSDR 2002, p. 73). Regarding the human lit-
erature, the ATSDR believed that the recent studies by Ward 
et  al. (1992) and Sanderson et  al. (2001b) “provide strong 
data on the carcinogenic potential of beryllium in humans,” 
but limitations with the existing cancer database, such as 
“poor exposure characterization, relatively low excess can-
cer risk and the lack of discussion of exposure to other lung 
carcinogens,” are also noted (ATSDR 2002, p. 72).

In order to elucidate the relationship between beryllium 
and lung cancer further, the body of literature reviewed by 
the agencies just described as well as the recently published 
studies are critically evaluated in this analysis, with particu-
lar attention to whether the historical literature supports 
the current classifications of beryllium carcinogenicity.

3.  Evaluation of the literature

3.1  Studies of cancer in animals
We identified 149 toxicology studies that examined the 
effects of chronic exposure to various beryllium com-
pounds. Many of these studies were not of sufficient dura-
tion to explore a possible association between beryllium 
exposure and tumor formation (carcinogenicity), and/or 
examined endpoints other than carcinogenicity, and/or 1 The U.S. EPA announced the release of the updated cancer assessment 

in the Toxicological Review of Beryllium and notice of the External Peer 
Review Panel Meeting in the May 12, 2008, Federal Register notice. The 
draft document that was available for external peer review and the Peer 
Review Summary Report were reviewed in this analysis (U.S. EPA 2008; 
Peer Review Summary Report 2008).

2 The 2008 ACGIH draft documentation for beryllium was reviewed for 
this publication. The ACGIH has adopted the draft documentation and 
it will be available March 13, 2009. (http://www.acgih.org/resources/
press/TLV2009list.htm).
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were conducted in species other than mammals (62 stud-
ies); some were in vitro studies that were not relevant to the 
mechanism of beryllium carcinogenicity (39 studies), and 
some were articles with insufficient information, including 
non-English language abstracts/journal articles (15 studies). 
Because of these factors, such studies were not considered 
in our analysis. The remaining 33 studies that were princi-
pally designed for the observation of tumor formation from 
beryllium treatment or supporting mechanistic data were 
considered in this assessment. These studies are grouped 
and summarized according to the route of administration 
(Table 1). Other than the mechanistic studies described 
in this article, no new animal cancer bioassays have been 
reported since IARC’s 1993 Working Group evaluation.

In our review of the animal data, we placed the greatest 
emphasis on chronic inhalation studies involving beryl-
lium metal and beryllium metal alloys, since inhalation 
is the primary occupational route of exposure to beryl-
lium, and these particular forms of beryllium (pure metal 
and the alloys) are the most commonly used in industrial 
applications. It is important to note, however, that most of 
the studies reviewed herein examined soluble beryllium 
compounds, which are rarely used in industrial settings 
and are not utilized in any consumer applications. Because 
early cases of acute beryllium disease in the United States 
occurred following exposure to soluble beryllium salts, a 
large number of animal studies were designed to include 
exposure to these compounds.

When considering the quality of the animal studies, we 
evaluated various aspects of the study design and meth-
odology based on criteria described by the IARC Working 
Group (IARC 2006). As outlined in the IARC Preamble, 
qualitative aspects of the toxicological study were assessed, 
including experimental conditions, consistency of results, 
range of neoplastic responses, and any potential modifying 
factors. Further, the qualitative aspects of the studies were 
evaluated, including route and duration of exposure, dosing 
regimen, and the characteristics of the animals being stud-
ied. Regarding long-term animal experiments, the number 
of animals in each treatment group, the number and types 
of tumors observed, and length of survival were consid-
ered. Lastly, we considered whether the statistical methods 
and techniques employed to analyze the data relied upon 
generally accepted methods and were transparently pre-
sented. Other factors that we evaluated in both human and 
animal studies included kinetic factors, acute or chronic 
toxic effects, genetic effects, and structure–activity patterns 
(IARC 1993).

3.1.1  Inhalation studies
Eight chronic animal inhalation studies involving beryllium 
compounds were identified (Dutra et  al. 1951; Schepers 
et al. 1957; Schepers 1961; Vorwald 1966; Reeves et al. 1967; 
Wagner et  al. 1969; Litvinov et  al. 1984). The most recent 
study (Finch et al. 1996) is a comprehensive review of beryl-
lium metal inhalation studies conducted at the Inhalation 
Toxicology Research Institute (ITRI) and published (usually 

in the Institute's annual reports) between 1990 and 1994. The 
experimental design of many of the ITRI studies involved 
co-exposures of beryllium and 239PuO2 but the focus of 
the studies reviewed herein are those for which animals 
(rats and mice) were exposed to beryllium metal only.  In 
addition, some of the ITRI studies were designed to exam-
ine DNA mutations and not tumor formation; this work is 
reviewed in this paper separately (Nickell-Brady et al. 1994; 
see below).

A number of ITRI studies exposed F344 or F344/N rats to 
a single dose of beryllium metal by inhalation at concentra-
tions of up to 1,200 mg/m3 to produce initial lung burdens 
ranging from 0.32 to 450 µg/g lung tissue beryllium.  At the 
lowest initial lung burdens (0.32 to 17 µg), only chronic 
inflammation, fibrosis, and Type II cell hyperplasia were 
observed at 8 to 365 days post exposure.  In the range of 17 to 
50 µg beryllium initial lung burden, crude tumor incidence 
(the combined incidence of benign and malignant tumors) 
was generally around 50%–60% (2% incidence in controls).  
At higher initial lung burdens (50 to 450 µg beryllium), crude 
tumor incidence was in the range of 81% to 93%.  The most 
common type of tumor observed was papillary adenocarci-
noma; also observed were tubular carcinoma, squamous cell 
carcinoma, bronchioloalveolar carcinoma, adenosquamous 
carcinoma, and solid adenocarcinoma.

Similar studies (single exposures to beryllium metal at 
concentrations up to 1,000 mg/m3) were conducted in mice.  
In lung tumor-resistant mice (C3H or C3H/HeJ strains) 
exposed to beryllium to produce an initial lung burden of  
60270 µg, no tumors were reported but some histopatho-
logical changes (enlarged bronchial lymph nodes, free 
particles, and particle-laden macrophages, hyperplasia of 
alveolar macrophages, neutrophilic alveolitis, and intersti-
tial mononuclear infiltrates) were observed.  At an initial 
lung burden of 60 µg in lung tumor-sensitive mice (A/J 
strain), the incidence of pulmonary adenomas was 30% 
and that for adenocarcinomas was 46%, although the cor-
responding tumor incidence in control animals was 26% 
and 37%, respectively.  It was concluded in these studies 
that there was no difference in incidence, multiplicity, or 
latency of pulmonary neoplasia in beryllium exposed C3H/
HeJ mice compared to controls, whereas the incidence and 
multiplicity of pulmonary neoplasia were slightly increased 
in beryllium exposed A/J mice.  Although statistical analyses 
of tumor incidence rates in beryllium-exposed compared to 
controls were not reported, it was noted that the results of 
two strains of mice sharply contrasted those observed with 
F344/N rats.

It is noteworthy that the majority of beryllium inhala-
tion  studies were conducted 40 yr ago, long before rigorous 
standardized bioassay criteria were established. With the 
exception of the ITRI studies, none of the studies would meet 
current expectations regarding design, statistical power, 
histopathology, or quality control. These studies were con-
ducted in a variety of species (rabbits, rats, monkeys, ham-
sters, and guinea pigs), using many beryllium forms. Tumor 
types reported were osteosarcoma and adenocarcinoma 
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in mostly rabbits and rats, respectively (Schepers et  al. 
1957; Vorwald 1966; Reeves et al. 1967; Wagner et al. 1969; 
Litvinov et al. 1984). However, not all studies reported tumor 
type. For example, Schepers (1961) simply noted a positive 
carcinogenic response in rats exposed to magnesium beryl-
lium silicate, beryllium fluoride, beryllium phosphate, and 
beryllium sulfate, and in monkeys exposed to beryllium 
phosphate. Of these eight studies, four focused on insolu-
ble beryllium forms (Dutra et  al. 1951; Wagner et  al. 1969; 
Litvinov et al. 1984; Finch et al. 1996), while the remaining 
studies evaluated beryllium salts or ores.

Collectively, the four studies that exposed animals to 
insoluble beryllium are remarkable in that the tumorigenic 
response varied widely between species despite the com-
mon route of exposure—i.e., osteosarcoma in rabbits with 
beryllium oxide (Dutra et al. 1951), epithelial lung tumors 
in rats with beryllium oxide (Litvinov et  al. 1984), and a 
variety of benign and malignant changes in lung tissue of 
rats and hamsters with beryllium-containing ores (Wagner 
et  al. 1969; Finch et al. 1996). The relevance of the beryl-
lium forms (insoluble) and the lack of consistency with 
respect to tumor type and target organ significantly reduce 
the power of these studies to be reliable predictors of the 
tumorigenic response in humans. Similarly, studies in pri-
mates are generally considered to be excellent predictors 
of the possible carcinogenicity of substances in humans; 
however, the three inhalation studies describing beryllium 
exposure in monkeys do not report a consistent tumor 
response (unspecified tumors in Schepers 1961; anaplastic 
pulmonary tumors in Vorwald 1966; aggregates of dust-
laden macrophages in Wagner et  al. 1969). Despite the 
report of tumors in many of these inhalation studies, study 
design shortcomings and incomplete reporting limit inter-
pretation of their results. For example, several studies failed 
to include a control group of animals (Dutra et  al. 1951; 
Schepers 1961; Vorwald 1966). Incomplete reporting (e.g., 
exposure frequency, exposure duration, number of exposed 
animals, tumor type) was characteristic of several studies 
(Schepers 1961; Vorwald 1966; Litvinov et  al. 1984). High 
mortality in treated animals was reported in two studies 
(Dutra et al. 1951; Litvinov et al. 1984). Excessive exposure 
(greater than 300 times the current occupational exposure 
limit) and use of rats with a high incidence of spontane-
ous lung disease were reported in one study (Wagner et al. 
1969). Further, only three studies employed more than one 
exposure concentration (Dutra et  al. 1951; Litvinov et  al. 
1984; Finch et al. 1996) yet no dose-response relationship 
was observed in one of these (Dutra et al. 1951). In sum-
mary, while the animal data suggest that chronic inhala-
tion exposures to different forms of beryllium can lead to 
the appearance of tumors in different organs in more than 
one species, the utility of these data for assessing carcino-
genic potential in animals, and further in humans, is lim-
ited because of shortcomings in study design, lack of detail 
in the description of methods and results, and utilization of 
beryllium forms not commonly encountered in the work-
place (i.e., soluble beryllium).

3.1.2  Intratracheal instillation studies
Four studies reported on the effects of beryllium com-
pounds administered as a single dose to animals using 
intratracheal instillation of low solubility beryllium forms 
(Schepers 1961; Groth et  al. 1980; Ishinishi et  al. 1980; 
Litvinov et  al. 1983). While intratracheal instillation may 
have some advantages relative to inhalation studies (more 
accurate delivery of a known amount of material, less 
cost), the obvious disadvantage is the lack of relevancy to 
actual human exposures. Specifically, intratracheal instil-
lation bypasses the normal scrubbing mechanisms of the 
nasal turbinate, and therefore particles administered in 
this manner are delivered to a region of the lungs that may 
not otherwise be accessible. In addition, bolus application 
results in unavoidably high local concentrations of the 
delivered material in the lower lobes of the lung (Vorwald 
1966). Caution should therefore be taken when interpret-
ing patterns of particle translocation and retention and 
pulmonary histopathology, since particle clumping, local 
inflammation, and irregular particle retention may be a 
reflection of the administration method, and not of the 
inherent nature of the administered materials (Madl and 
Pinkerton 2008).

Intratracheal instillation has produced different tumors 
in different studies. For example, adenomas and adenocar-
cinomas have been observed in rats exposed to beryllium 
metal, passivated beryllium, and beryllium oxide (Groth 
et  al. 1980); a squamous-cell carcinoma, an adenocarci-
noma, and adenomas were reported in rats exposed to 
beryllium hydroxide (Ishinishi et  al. 1980), and malignant 
epithelial lung tumors were reported in rats exposed to 
high-temperature- and low-temperature-fired beryllium 
oxide (Litvinov et  al. 1983). In Schepers (1961), none of 
the treatments (with beryllium metal and zinc magnesium 
beryllium silicate) resulted in tumors in guinea pigs or rats. 
Of the four intratracheal instillation studies, two studies 
exposed animals to multiple concentrations of beryllium to 
allow for assessing tumor incidence dose-response (dose 
response was reported in both studies) (Groth et  al. 1980; 
Litvinov et al. 1983). In addition, the incidence of adenoma 
or adenocarcinoma was statistically significant only in Groth 
et  al. (1980). However, high mortality was observed in the 
exposed groups: 40% at the low dose and 54% at the high 
dose of beryllium metal, and 43% at the low dose and 26% at 
the high dose of passivated beryllium metal.

Of note is the fact that some tumor types (i.e., adenoma, 
adenocarcinoma and malignant epithelial lung tumors—
were reported in both the inhalation studies and these 
intratracheal instillation studies. In particular, studies by 
Litvinov et al. (1983; 1984) reported epithelial lung tumors 
in rats exposed to beryllium oxide by inhalation and via 
intratracheal instillation. Consistency in response between 
inhalation and intratracheal exposures gives added weight 
to relevance and importance of the tumor types reported in 
these studies.

General shortcomings of the majority of the intratracheal 
studies included incomplete reporting (e.g., number of 
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exposed animals), small group sizes, and use of only a single 
dose.

3.1.3  Intrabronchial intubation/bronchomural  
injection studies
A single study exposed 20 Rhesus monkeys to beryllium 
oxide and reported a bronchogenic tumor 4.5 yr after treat-
ment; two additional tumors (described as highly anaplastic 
with adenomatous and epidermoid patterns) were detected 
in the following year (Vorwald 1966). Even though monkeys 
are often the most relevant model for assessing the carcino-
genic potential of chemicals in humans, this study suffers 
from a number of methodological weaknesses: (1) No control 
animals were used, (2) little to no information was provided 
concerning the dose of beryllium oxide used or the number 
or frequency of dosing (if more than once), and (3) infor-
mation concerning specific tumor types was not provided. 
Because it is not possible to determine whether more than 
one dose was employed in the study, the study results are not 
useful for assessing a dose response relationship. It should 
also be noted that the intention of the study was not to assess 
the carcinogenicity of beryllium, but to demonstrate that the 
monkey in general was a plausible model for assessing carci-
nogenicity. Animals were exposed not only to beryllium, but 
to cigarette smoke and other “exposures concurrently that 
were expected to be co-carcinogenic” (OSHA 1977). Thus, 
the results of this study are of limited usefulness to character-
ize the carcinogenic potential of beryllium alone.

3.1.4  Intraosseal injection studies
Seven studies examined the possible carcinogenicity of 
various beryllium compounds in animals treated via injec-
tion or implantation into bone (Yamaguchi 1963; Tapp 
1966, 1969; Komitowski 1974; Matsuura 1974; Mazabraud 
1975; Hiruma 1991). All of these studies were conducted in 
rabbits. Tumors observed included a chondroma, osteoma, 
chondrosarcoma, and osteochondrosarcoma following 
exposure to beryllium oxides and silicates (Yamaguchi 
1963; Tapp 1966, 1969; Komitowski 1974; Matsuura 1974; 
Mazabraud 1975; Hiruma 1991).

Even though osteosarcomas were consistently observed 
in these studies, study limitations are common and, as 
discussed later, osteosarcoma is a tumor type that is only 
seen with rabbits after exposure to beryllium. In each 
study, either no control animals were used at all, or the 
controls consisted of injections of substances into other 
bones of treated animals (Yamaguchi 1963; Tapp 1966, 
1969; Komitowski 1974; Matsuura 1974; Mazabraud 1975; 
Hiruma 1991). Incomplete reporting (e.g., the total number 
of injections per animal; dosing regimen) was a character-
istic of some studies (Yamaguchi 1963; Komitowski 1974; 
Matsuura 1974). High (> 30%) mortality was reported in 
treated animals in one study (Tapp 1966); small group sizes 
were used in four studies (Tapp 1966, 1969; Matsuura 1974; 
Hiruma 1991). Only single doses were tested in these seven 
intraosseal injection studies (Yamaguchi 1963; Tapp 1966, 
1969; Komitowski 1974; Matsuura 1974; Mazabraud 1975; 

Hiruma 1991). These studies are of limited usefulness in 
the sense that one might expect tumors in bones injected 
even with inert substances, simply as a consequence of a 
reaction to substances that cause chronic irritation. Such 
studies may be useful for addressing kinetic or mecha-
nistic questions even though they have little bearing on 
assessing carcinogenic potential as a result of workplace 
exposures. The consistency of the bone tumor response 
in rabbits is noteworthy nonetheless. The strength of this 
species-specific response is reinforced by the observation 
of osteosarcoma formation in rabbits exposed to beryllium 
via inhalation (Dutra et al. 1951).

3.1.5  Intravenous injection studies
Some of the earliest studies of beryllium in experimental 
animals were those involving intravenous injection 
(Gardener and Heslington 1946; Cloudman et  al. 1949; 
Barnes 1950; Barnes and Denz 1950; Dutra and Largent 
1950; Hoagland et  al. 1950; Araki et  al. 1954; Janes et  al. 
1954; Kelly et  al. 1961; Schepers 1961; Komitowski 1968; 
Fodor 1977). Rabbits were the principal species used in 
these studies, but some studies were also conducted with 
mice, rats, and dogs; beryllium compounds used in these 
studies included zinc beryllium silicate, beryllium oxide, 
beryllium metal, beryllium silicate, beryllium phosphate, 
beryllium hydroxide, beryllium sulfate, and zinc magnesium 
beryllium silicate; and tumor types reported were principally 
osteosarcomas (Table 1).

Although tumors were observed in a number of intra-
venous injection studies, the lack of an appropriate con-
trol group was characteristic of a number of studies, such 
that it was not possible to determine if tumors reported in 
these studies were increased compared to controls. Similar 
to the studies in which rabbits were exposed to beryllium 
via inhalation and intraosseal implantation, intravenous 
injection studies consistently demonstrated osteosarcoma 
in rabbits, which may be a further indication of the poten-
tial susceptibility of the rabbit to beryllium as a tumor-
causing agent.

Limitations of these studies included incomplete report-
ing of the number of treated animals and/or amount and 
number of treatments, no control animals, single-dose only 
testing, high mortality in treated animals, and small group 
sizes (Table 1).

3.1.6  Intraperitoneal, intracardial, subcutaneous, and 
oral studies
Several studies were conducted by administering beryllium 
compounds via intraperitoneal, intracardial, and subcu-
taneous injection or via drinking water or food (Schepers 
1961; Schroeder and Mitchener 1975; Morgareidge et  al. 
1976; Nesnow et al. 1985; Ashby et al. 1990).3 These studies 
were either negative for carcinogenicity (Schepers 1961; 

3 Although not published as a peer-reviewed paper, Morgareidge (1976) 
was reviewed by the U.S. EPA for the 2001 Toxicology Review of Beryllium 
in support of summary information on the Integrated Risk Information 
System (IRIS) (U.S. EPA 1998).
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10    D. M. Hollins et al.

Morgareidge et  al. 1976), or if tumors were observed, the 
incidence was not statistically significant (Schroeder and 
Mitchener 1975; Nesnow et  al. 1985; Ashby et  al. 1990). 
With the exception of Morgareidge et al. (1976), these stud-
ies generally suffer from many of the same design, execu-
tion, and reporting flaws of the studies summarized to this 
point, and thus interpretation of study results is likewise 
problematic.

3.1.7  Consideration of species-specific responses
Osteosarcoma in rabbits was observed when animals were 
exposed intravenously to different beryllium compounds. 
Curiously, Dutra et  al. (1951) also reported one osteosa-
rcoma in rabbits exposed to beryllium via inhalation. 
Intravenous injection exposes many of an animal’s organs 
to beryllium, including bone; whether there is bone-
specific uptake or sequestration mechanisms (similar to 
lead) particular to rabbits has not been demonstrated. 
However, in rats receiving a single intravenous injection of 
radiolabeled beryllium sulfate, circulating beryllium was 
found almost exclusively in the plasma (Vacher and Stoner 
1968). Two fractions of plasma beryllium were identified. 
The smaller fraction was bound to plasma organic acids. In 
the larger fraction, the beryllium sulfate was converted to 
beryllium phosphate, which formed aggregates associated 
with plasma globulins. The facts that beryllium phosphate 
forms preferentially upon intravenous injection and that 
phosphate distributes preferentially to bone upon uptake 
may explain why intravenous injection of beryllium forms 
osteosarcoma in rabbits (HSDB 1997). This is also sup-
ported by the observation that beryllium oxide granules 
accumulate in skeletal marrow after intravenous adminis-
tration of beryllium oxide to rabbits (Fodor 1977).

That inhalation exposure may serve as a route for oste-
osarcoma development in rabbits may be explained by 
Dutra et al. (1951), who noted that in experimental animals 
exposed to dusts of beryllium oxide, lung macrophages 
travel via pulmonary lymphatics and mediastinal lymph 
nodes to the blood and provide a ready route by which beryl-
lium distributes systematically and ultimately to bone. Dutra 
et al. (1951) further stated that beryllium particles may pass 
directly through the walls of alveolar capillaries, from which 
it would be distributed in the blood and to other organs of 
the body. Beryllium is widely distributed to the organs of 
animals as a result of pulmonary absorption. Immediately 
after rats were exposed to radioactive beryllium salts (beryl-
lium sulfate and beryllium chloride) for 3 h, the majority of 
total body radioactivity in tissues was in the lungs (60%) and 
skeleton (13.5%) (Zorn et al. 1977). Given these mechanistic 
characteristics of injected beryllium as described in rats, it 
might be expected that this species would develop osteosa-
rcoma when treated in this manner. However, the available 
data do not support this hypothesis, suggesting that rabbits 
have some extraordinary susceptibility to the development 
of osteosarcoma.

The development of osteosarcoma has been noted by 
other researchers as a common occurrence in rabbits. Kondo 

et al. (2007) reported a case of a forelimb osteosarcoma in 
a male cross-breed rabbit, and several additional studies of 
spontaneous osteosarcoma formation in domestic and lab-
oratory rabbits have been reported in the literature (Salm 
and Field 1965; Weisbroth and Hurvits 1969; Amand et al. 
1973; Walberg 1981; Hoover et  al. 1986; Renfrew and Rest 
2001; Mazzullo et al. 2004). Such findings raise the possibil-
ity that osteosarcoma in beryllium-exposed rabbits (either 
via bone implantation or inhalation) may not be the direct 
result of the exposure but rather may be the manifestation 
of spontaneous bone tumor formation in this species. In 
support of this, Renfrew et al. (2001) published a report of 
a rabbit that presented with a mass from which tissue sam-
ples were taken at three different stages of the disease proc-
ess and diagnosed sequentially as an osteogenic sarcoma, 
a fibroblastic tumor with rudimentary osteoid formation, 
and, finally, as a fibrosarcoma. The final diagnosis, however, 
was a fibroblastic osteosarcoma. The authors concluded 
that without the first two tissue samples, an incorrect diag-
nosis would have been reached, and incorrect diagnoses 
could indicate that osteosarcoma in rabbits may be under-
represented in the literature.

Several studies provided evidence of beryllium carci-
nogenicity in rats via inhalation and intratracheal instilla-
tion, but not by other routes of exposure. Principal tumor 
types were lung adenoma and adenocarcinoma. Groth 
et  al. (1980) was the only study that reported statistically 
significant increases in tumors compared to controls. In 
all other inhalation/intratracheal studies in rats in which 
tumors were reported, the statistical significance of tumor 
incidence was either not assessed or not reported (Schepers 
et al. 1957; Schepers 1961; Reeves et al. 1967; Wagner et al. 
1969; Ishinishi et al. 1980; Litvinov et al. 1983, 1984; Nickell-
Brady et al. 1994), although in these studies, where discern-
able, tumors were generally present in greater numbers in 
treated animals compared to controls. Relative differences 
in cancer defense mechanisms, however, may make rats 
a poor model for human cancer concerns. Humans have 
evolved many types of defenses that collectively ensure that 
they are orders of magnitude more resistant to spontaneous 
tumors than rats (Ames and Gold 1990). In addition, rats 
appear to be susceptible to tumors when fibrosis develops; 
this progression from fibrosis to tumor formation is often 
associated with doses that overwhelm clearance mecha-
nisms and are unrealistic compared to human exposure 
conditions (Hext 1994; Mauderly et al. 1994; Mauderly 1996; 
ILSI 2000).

A report by Sivulka (2006) of historical control data for 
respiratory lesions in rodents supports the view that rats 
may be poor human models for beryllium carcinogenicity 
assessment. The authors examined 24 chronic inhalation 
studies conducted by the National Toxicology Program 
between 1990 and 2000 and found that chronic active 
inflammation in historical control animals ranged from 0 to 
54% in male rats and from 0 to 62% in female rats. If other 
effects, such as granulomatous inflammation, suppurative 
inflammation, hemorrhage, and fibrosis, are taken into 
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Beryllium and lung cancer    11

account, the rat’s predisposition to spontaneous inflamma-
tory effects becomes more pronounced. As a consequence, 
Sivulka speculates that these lesions could be exacerbated 
when rats are exposed to any particulate aerosol, regard-
less of chemical composition. In addition, Turnton and 
Hooson (1998) have shown that fibrotic reactions occur 
readily in rats but not in humans, for whom pulmonary 
fibrosis is mainly a sequel to extensive lung damage. Nikula 
et al. (1997) reported markedly less epithelial responses to 
inhaled particles in nonhuman primates than in rats.

3.1.8  Mechanistic studies of beryllium carcinogenicity
Numerous test methods have been developed over the 
years to examine mechanisms of chemical carcinogen-
esis. The Organization for Economic Cooperation and 
Development (OECD) lists more than 15 different stand-
ardized protocols for assessing the potential for genetic 
toxicity, including both in vitro and in vivo methods, 
in its Series on Testing and Assessment (OECD 1997). 
Many of these methods, such as bacterial mutation tests, 

mammalian chromosome aberration tests, sister chroma-
tid exchange tests, and DNA damage, repair, and unsched-
uled synthesis tests, have been employed to elucidate 
possible mechanisms of beryllium carcinogenesis. In 
addition, standard protocols for identifying specific muta-
tions in cancer genes (proto-oncogenes) and disregulation 
of tumor suppressor genes have existed for more than two 
decades, and have been used in mechanistic studies of 
beryllium. Table 2 provides a summary of available studies 
and reviews designed to examine possible mechanisms of 
beryllium carcinogenesis.

A number of reviews have discussed the mutagenicity 
and genotoxicity of various forms for beryllium (Leonard 
and Lauwerys 1987; Kuroda et al. 1991; Gordon and Bowser 
2003). Short-term in vitro tests with soluble beryllium com-
pounds (e.g., beryllium chloride and beryllium sulfate) 
have demonstrated infidelity of DNA synthesis and gene 
mutations in bacteria and mammalian cells (Leonard and 
Lauwerys 1987). Neither beryllium chloride nor beryllium 
nitrate was mutagenic in Salmonella, but they did produce 

Table 2.  Summary of beryllium genotoxicity and mutagenicity studies.

Study Review? Be Form Test Resulta Standard Test?b

In vitro studies

  Léonard and Lauwerys 1987 Y Be chloride/Be sulfate DNA synthesis infidelity +/+ N

  DNA synthesis enzyme inhibition +/+ N

  Forward gene mutations +/+ Y

  Cell transformation +/+ Y

  Nucleoprotein binding +/+ N

  Nucleic acid binding +/+ N

  Kuroda et al. 1991 Y Be chloride/ Be nitrate/ Salmonella mutagenicity assay -/-/+ Y

 Be oxide Sister chromatid exchange +/+/- Y

  Joseph et al. 2001 N Be sulfate Cancer gene mutations/activation + N

  DNA synthesis, repair, and recombination genes + (inhibition) N

  Lavastre et al. 2002 N Be sulfate Superoxide (ROS) production - N

  Chemotaxis - N

  Apoptosis - N

  Gordon and Bowser 2003 Y Multiple Non-mammalian mutagenicity tests + (weak) Y

  Mammalian mutagenicity tests + (weak) Y

  Mammalian chromosomal aberrations + and - Y

  Mammalian transformation assays + Y

  Cancer gene activation + and - N

  Rana 2008 Y Not specified Mammalian cell transformation + Y

  Superoxide (ROS) production + N

  Apoptosis + N

In vivo studies

  Haley et al. 1990 N Be metal Histologic changes in bronchiolar lavage fluid + N

  Nickel-Brady et al. 1994 N Be metal Cancer gene mutations/activation - N

  Keshava et al. 2001 N Be sulfate Cancer gene mutations/activation + N

  Genomic instability + N

  Gordon and Bowser 2003 Y  Cancer gene mutations/activation + and - N
a Results key: 
  + = positive result. 
  - = negative result. 
  +/+/etc. = results if more than one beryllium form was used in a study. 
  + (weak) = weakly positive result. 
  + (inhibition) = positive result for inhibition. 
  + and - = some positive and some negative results, depending on beryllium form used (for review studies). 
b Based on OEDC guidelines for Testing and Assessment.
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12    D. M. Hollins et al.

a significant increase in sister chromatid exchange in V79 
cells compared to controls (Kuroda et al. 1991).

A recent review by Gordon and Bowser (2003) noted 
that mutation and chromosomal aberration assays with 
beryllium have produced contradictory results—bacterial 
mutagenicity tests are generally negative, but tests with 
beryllium in mammalian cells have produced mutations, 
chromosomal aberrations, and cell transformation (Gordon 
and Bowser 2003). The analysis concluded that results in 
genotoxicity assays are highly dependent on the chemical 
form of beryllium used in the assay, and results from tests 
using forms encountered in the workplace (e.g., airborne 
particles of beryllium metal, alloys, or ceramics) are absent 
from the literature. There is a report in the review by Kuroda 
et al. (1991), however, of genotoxicity of beryllium oxide (an 
occupationally relevant form of beryllium) in bacteria, but 
not in mammalian cells (see Table 2).

Nickell-Brady et  al. (1994) used in vivo methods to 
examine the molecular mechanisms underlying the carci-
nogenicity of beryllium metal. The study attempted to relate 
genetic changes in adenocarcinoma in rats to changes 
observed in human lung tumors, particularly human small-
cell lung tumors. This analysis related genetic changes in rat 
adenocarcinoma to non-small cell lung cancer in humans 
is based on the assumption by the authors that non-small 
cell lung cancer is the type usually associated with epide-
miology studies of beryllium-exposed workers. Non-small 
cell lung tumors, or, more correctly, non-smal cell lung car-
cinoma (NSCLC), has three main subtypes: squamous-cell 
lung carcinoma, large-cell lung carcinoma, and adenocarci-
noma. Since adenocarcinoma was the histological cell type 
observed in rats in their study, the authors attempted to 
relate these findings in these tumors to the corresponding 
tumor type in humans (adenocarcinoma being a subtype of 
NSCLC).

More specifically, gene dysfunctions including muta-
tions, amplifications, rearrangements, and overexpression 
of proto-oncogenes and their protein products such as K-ras 
and c-raf have been found in human respiratory-tract can-
cers (Pfeifer et al. 1989; Gazdar 1990). Inactivation of tumor 
suppressor genes, such as p53, has also been detected in 
human lung cancer (Chiba et al. 1990). With these specific 
genetic targets in mind, Nickell-Brady et  al. (1994) exam-
ined potential changes involving these loci in F344/N rats 
receiving a single, nose-only exposure to beryllium metal 
(up to 980 mg/m3). The authors reported in their study that 
(1) no K-ras codon 12, 13, or 61 mutations were detected by 
direct sequencing techniques in all of 24 beryllium-induced 
lung adenocarcinomas in the rats and K-ras codon 12 GGT-
GTT transversions were detected in only two of 12 adeno-
carcinomas; (2) no mutant p53 nuclear immunoreactivity 
was observed in any Be-induced tumor, nor were muta-
tions detected in p53 by direct sequencing; and (3) no rear-
rangement of the c-raf-l proto-oncogene was detected by 
Southern blot analysis. The study concluded that some gene 
mutations commonly associated with human non-small-
cell lung cancer may be found as beryllium associated in 

rat adenocarcinoma, but these mutations are not obligatory 
nor necessarily causative in rats.

More recent studies have provided indirect evidence 
that cancer gene alterations and other genetic mechanisms 
may be responsible at least in part for cell transformation 
and tumor formation in animal models using beryllium. 
One study showed that cancer-related genes such as R-ras, 
c-myc, and c-fos were expressed at a rate two to five times 
greater in cells developed from tumors grown in nude mice 
injected subcutaneously with BALB/c-3T3 cells morpho-
logically transformed with beryllium sulfate compared to 
control (i.e., non-transformed BALB/c-3T3) cells. It was 
additionally noted that expression of genes involved in 
DNA synthesis, repair, and recombination was downregu-
lated in the tumor cells compared with the control cells 
(Joseph et al. 2001). It is noteworthy that this experimental 
method, although not necessarily a standard genotoxicity 
assay, has the advantages of an in vitro short-term test, with 
the additional benefit of studying the sequential processes 
that occur during tumor formation in the nude mouse 
assay. These results suggest that gene alterations, as well 
as changes in control of DNA replication and repair, may 
be acting in concert in beryllium carcinogenesis. Another 
recent study demonstrated amplification of the cancer 
genes K-ras and c-jun, but not the p53 tumor suppressor 
gene, in BALB/c-3T3 (mammalian) cells treated with beryl-
lium sulfate (Keshava et  al. 2001). No change in protein 
products of these cancer genes was observed, suggesting a 
discrepancy between genetic changes and the products of 
these genes that may carry out cell transformation. In addi-
tion, genetic instability, defined as band shifts and changes 
in banding intensity using DNA fingerprinting techniques, 
was indicated in beryllium-treated BALB/c-3T3 cells, but 
the role of this instability in cell transformation is unclear.

These recent studies, although demonstrating the acti-
vation of specific oncogenes possibly related to beryllium, 
failed to directly evaluate genetic changes that might be 
found in tumors (pathologically similar to those found in 
humans) of animals treated in vivo with beryllium. This fact, 
combined with the general lack of evidence of remarkable 
alterations in human lung cancer genes from the earlier 
study of Nickell-Brady et al. (1994), raises questions about 
the role of proto-oncogenes and tumor suppressor genes in 
the development of beryllium induced tumors.

Other studies suggest epigenetic mechanisms for beryl-
lium carcinogenicity. For example, it has been shown in rats 
that beryllium metal induces inflammatory lesions in the 
lung that progress to interstitial and intra-alveolar fibrosis 
and alveolar macrophage and epithelial hyperplasia (Haley 
et  al. 1990). The deposition of beryllium particles in the 
lung thus elicits a chronic inflammatory response involv-
ing the recruitment of neutrophils and macrophages with 
cytokine release and oxygen radical production, leading 
to cellular damage and cell proliferation. Another recent 
review suggests that beryllium sulfate stimulates the forma-
tion of reactive oxygen species (ROS) and that ROS may be 
responsible for beryllium-induced macrophage apoptosis, 
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inflammation, and malignancy (Rana 2008). In contrast, 
Lavastre et  al. (2002) suggested that beryllium does not 
cause ROS-mediated apoptosis in human neutrophils 
treated with beryllium sulfate. Recently, ROS was also not 
implicated in tumors from nude mice injected subcutane-
ously with BALB/c-3T3 cells morphologically transformed 
with beryllium sulfate (Joseph et al. 2001). ROS may or may 
not be dependent on the beryllium form used in the test 
system, in contrast to evidence in studies of beryllium muta-
genicity and genotoxicity, where these attributes clearly are 
dependent on chemical form.

In summary, beryllium mutagenicity and genotoxic-
ity appear to be highly dependent on the chemical form 
of beryllium (e.g., metal, alloy, or salt) and the test system 
used. Unfortunately, very few studies have examined occu-
pationally relevant beryllium forms such as beryllium metal 
or beryllium alloys. Data from studies seeking to elucidate 
possible epigenetic mechanisms of carcinogenesis such as 
chronic inflammation and the possible involvement of ROS 
likewise are conflicting and incomplete. The available in 
vitro and in vivo studies do not allow for any clear determi-
nation of the mechanism of beryllium carcinogenicity, or at 
least fail to point to a predominant mechanism.

3.1.9  Animal studies and implications for the assessment 
of beryllium carcinogenicity
From the 33 chronic animal studies reviewed, beryllium 
exposure did not cause tumors via several routes of exposure 
in several animal models. No evidence for carcinogenicity 
was indicated in studies in which beryllium compounds were 
administered via the intraperitoneal, intracardial, subcuta-
neous, or oral (i.e., drinking water) routes, with the exception 
of the study by Ashby et al. (1990) in which the occurrence 
of tumors was not statistically significant. Animals for which 
there was no or extremely limited evidence of carcinogenic-
ity included monkeys, pigs, dogs, hamsters, guinea pigs, and 
mice. Rabbits and rats exposed to beryllium compounds 
via inhalation, intratracheal instillation, implantation, and 
intravenous injection provided the only evidence of beryl-
lium carcinogenicity in animals, although study design 
shortcomings limit the conclusions that can be drawn from 
these studies.

Of the 33 studies reviewed herein, only seven were con-
ducted using reasonably sound methods, reflected by study 
designs that included sufficient controls and sample sizes, 
and complete reporting (Schepers et  al. 1957; Reeves et  al. 
1967; Wagner et  al. 1969; Schroeder and Mitchener 1975; 
Morgareidge et al. 1976; Groth et al. 1980; Finch et al. 1996). 
In five of these six studies, dose response was either not tested 
or not found (Schepers et al. 1957; Reeves et al. 1967; Wagner 
et al. 1969; Schroeder and Mitchener 1975; Morgareidge et al. 
1976). In these five studies, the statistical significance of any 
increase in tumor incidence compared to controls was either 
absent or not reported. Only Groth et al. (1980) observed sta-
tistically significant increases in tumors (i.e., adenomas and 
adenocarcinomas) compared to controls. However, in this 
study, high mortality was reported in the treated animals, only 

female animals were used, and, in one subset of experiments, 
only one dose was used. Studies conducted more recently 
(early 1990s) by ITRI suggest carcinogenicity in rats and in 
lung tumor-sensitive mice (but not in other mice); however, 
rat lung tumors were produced in animals exposed to very 
high (up to 1,200 mg/m3) beryllium concentrations, resulting 
in high (up to 450 µg/g lung) initial beryllium lung burdens. 
Thus, taken as a whole, these 33 studies offer little to resolve 
the issue of whether carcinogenic responses to beryllium in 
experimental animals support the designation of beryllium 
as carcinogenic to humans.

Although adenocarcinoma in rats and osterosarcoma 
in rabbits are common outcomes reported in many of the 
chronic animal studies and may suggest a carcinogenic 
potential of beryllium in animals, such a correlation is sig-
nificantly undermined by questions regarding the propensity 
of certain animal models or dosing regimens to elicit tum-
origenic responses irrespective of the material administered. 
Additionally, the vast majority of studies reviewed for beryl-
lium, including the studies that reported a positive tumor 
response in rats, suffered from incomplete reporting and 
serious methodological flaws. In addition, several studies did 
not report the age, strain, sex, or numbers of animals used in 
the study. Very few of the studies employed an adequate con-
trol group or any control group at all. Many studies reported 
high mortality in exposed animals; in some instances mor-
tality was greater than 50%. Many failed to use sufficient 
numbers of animals in either the exposed or control groups. 
Most were not designed to assess dose response, the tempo-
ral relationship between exposure and tumor development, 
or the statistical significance of the results. Shortcomings of 
some studies may be due to the era in which they were con-
ducted (i.e., in the 1940s and 1950s before the general advent 
of Good Laboratory Practices). Whatever the reason for these 
reporting and design flaws, interpreting results in studies 
both positive and negative for carcinogenicity is difficult 
such that a clear determination concerning beryllium’s carci-
nogenicity in animals may not be possible without additional 
animal studies utilizing current standardized chronic toxicity 
testing methods. Notwithstanding the methodological weak-
nesses observed with the historical animal literature, more 
recent investigations do not present any additional insights 
as to possible mechanisms (e.g., mutations, ROS) for tumor 
development in animals.

3.2  Studies of cancer in humans
In light of the shortcomings in the various animal studies, it 
was recognized that significant weight needs to be placed on 
the epidemiologic literature when deciding how to classify the 
carcinogenic hazard of beryllium for occupationally exposed 
cohorts. These studies can be divided into four groups: (1) 
studies of workers in the manufacturing setting (eight stud-
ies), (2) studies that evaluate registrants of the beryllium 
case registry (BCR) (two studies), (3) reanalyses of the data 
of workers in the manufacturing setting (three studies), and 
(4) case-control studies of cancer patients (four studies). We 
have given greater weight to studies in the first three groups 
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with particular attention given to the various methods used 
in the reanalyses to address confounding in earlier studies.

When considering the quality of the human cancer stud-
ies, we evaluated aspects of the study design and methodol-
ogy based on criteria set forth by the IARC Working Group. 
As outlined in the IARC Preamble, the study population, dis-
ease, and exposure should be clearly outlined and exposures 
should be ascertained independent of disease status (IARC 
2006). Second, the study should properly address potential 
confounding by variables and the most appropriate com-
parisons should be made between the control and exposed 
populations (e.g., using local disease rates rather than 
national rates, if applicable). Third, the study should clearly 
report the data on which the conclusions are derived, such 
as observed and expected cases in cohort studies. Further, 
issues dealing with temporality need to be addressed, such 
as latency or duration of employment. Fourth, statistical 
methods employed should be clearly defined and the means 
for adjustment of confounding should be addressed. Then, 
after the quality of the study has been evaluated, the crite-
ria for causality are evaluated on the strength of association 
(i.e., size of relative risk), consistency of results across study 
designs using different epidemiological approaches, and 
mode of action on target organs. If inconsistent results are 
observed among studies, reasons for this are investigated 
and those studies deemed of higher quality are given more 
weight. In addition, the Working Group does note that a 
dose-response relationship is strong evidence for causality; 
however, the lack of dose response is not evidence against a 
causal relationship (IARC 1993).

3.2.1  Historical background on beryllium plants and 
cohort sources
Seven beryllium production facilities in the United States 
have been in operation since the mid-1930s. The Brush 
Beryllium Company employed workers at five plants in Ohio 
(Lorain, Luckey, Elmore, Perkins, and St. Clair), and the 
Kawecki Berylco Company employed workers at two plants 
in Pennsylvania (Reading and Hazelton). The Perkins and 
St. Clair plants are collectively referred to as “Cleveland” in 
some epidemiology studies. These plants have been involved 
in various phases of extraction of beryllium hydroxide from 
beryl ore, ore refining, beryllium processing, including the 
production of beryllium oxide, pure beryllium metal, and 
beryllium copper alloy, and machining of beryllium-con-
taining materials. Each plant was involved in aspects of these 
major beryllium processes during various time periods, 
ranging from the mid 1930s until the late 1970s (Ward et al. 
1992). While all seven plants were integral in major beryl-
lium production, the two oldest plants, Lorain and Reading, 
have been studied extensively because of reported increased 
rates of lung cancer; 70% of the observed lung cancer cases 
and more than 50% of the person-years at risk (PYAR) were 
reported at these two plants.

The Lorain plant was in operation from 1936 until 1948 
when it was destroyed by a fire. During this period of large-
scale beryllium production, Lorain was the only commercial 

beryllium plant that used a sulfuric acid-dependent process. 
While Lorain was operational, the occupational health risks 
associated with airborne sulfuric acid were not fully appreci-
ated and processes involving these chemicals were not ven-
tilated properly (BISAC 1997). Sulfuric acid and other strong 
inorganic acids have been classified by IARC as carcinogenic 
to humans, although the U.S. EPA has determined that the 
evidence for carcinogenicity in humans is limited (IARC 1992; 
U.S. EPA 1998). Beryllium exposure standards were mandated 
by Atomic Energy Commission (AEC) contracts, and control 
measures were introduced throughout the United States in 
1949, markedly reducing exposures in beryllium facilities 
and beryllium disease incidence in AEC-associated facilities 
(IARC 1980; Ward et al. 1992; Sanderson et al. 2001a). While 
acute cases of beryllium disease were generally associated 
with airborne concentrations of beryllium salts in excess of 
100 µg/m3, beryllium exposures were reported to frequently 
exceed 1000 µg/m3 at Lorain, as compared to today’s standard 
of 2 µg/m3 (Laskin et al. 1950; Eisenbud 1982; Eisenbud and 
Lisson 1983; OSHA 1989; Rossman et al. 1991; Borak 2006).

The Reading plant opened in 1935 and primarily pro-
duced copper beryllium alloy products in addition to beryl-
lium aluminum, nickel and chromium alloys (Sanderson 
et  al. 2001a). During the beryl ore extraction process, this 
facility used a fluoride process, and many other facilities 
used either fluoride or sulfate processes. The implementa-
tion of local exhaust ventilation in 1959 and cessation of 
beryl ore extraction in 1964 were some of the many changes 
undertaken at the Reading facility (Ward et al. 1992; BISAC 
1997). Information on the operations of the five other plants, 
however, is limited, and is not presented here.

Controversies regarding the interpretation of carcino-
genesis bioassay studies in the late 1940s and the contin-
ued appearance of beryllium-related respiratory illnesses 
eventually led to numerous field studies of beryllium work-
ers aimed at resolving the ambiguities regarding beryllium 
toxicity (Rossman et  al. 1991). The newly formed AEC, the 
largest consumer of beryllium in the late 1940s, appointed 
a committee to review a proposed occupational exposure 
limit (OEL) for beryllium. As a corollary to recommending an 
OEL, the committee formed a beryllium case registry (BCR) 
at Columbia University to collect data on reported chronic 
beryllium disease cases. The registry was transferred to the 
Massachusetts General Hospital in 1952, to the U.S. Public 
Health Service in the late 1960s, and ultimately to NIOSH 
(Rossman et  al. 1991). The main goals of the BCR were to 
collect medical information and exposure data from patients 
with beryllium disease, to study the course of the diseases, 
and to establish criteria for diagnosis of beryllium-related 
illness (Sprince 1986). Thus, the aggregation of clinical data 
from multiple collaborating physicians was an important 
step in moving from case summaries and anecdotal reports 
to a standardized system of reporting. Rossman et al. (1991) 
noted, however, that the registry has been heavily criticized 
as being deficient in acquiring sufficient data on individual 
exposures, on populations at risk, and in maintaining fol-
low-up of questionable cases.
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Numerous studies have been conducted on workers at 
one or more of the seven beryllium-producing plants in 
Ohio and Pennsylvania. These studies evaluate overlapping 
subsets of the same cohort of workers, and differ primarily 
in the methodologies used to evaluate latency, confounding 
by smoking, or exposure-response relationships. These stud-
ies are discussed next in chronological order and grouped 
by cohort definition: plant population-based versus BCR 
population-based study. Following the description of these 
studies, four case-control studies conducted in popula-
tions outside the manufacturing facility environment are 
discussed. If a risk estimate (e.g., odds ratio) or confidence 
limit was not presented in the original publication, the risk 
estimate and the 95% Fisher exact confidence interval were 
calculated when possible based on the available data using 
OpenEpi software (Dean et al. 2008). Further, p values are 
reported when the confidence limits were not presented 
and sufficient information to calculate them was not pro-
vided. The epidemiologic studies included in this analysis 
are summarized in Table 3.

3.2.2  Epidemiologic plant-based studies
Mancuso studies (1969, 1970, 1979, 1980): The earliest inves-
tigations of the health effects of beryllium on workers at the 
Lorain and Reading plants were performed by Mancuso 
and colleagues during the 1960s and 1970s. The initial study 
reported deaths in beryllium workers at two plants and com-
pared the mortality experience with that of workers in the 
rubber industry (Mancuso and El-Attar 1969). No risk esti-
mates were presented, nonexposed workers were included 
in the analysis, and information on exposure classification 
was lacking (ATSDR 2002). The authors concluded that the 
beryllium-exposed cohort showed a “slightly higher” rate of 
lung cancer for each of the two plants when compared to the 
cohort of rubber workers (Mancuso and El-Attar 1969, p. 428). 
The authors noted the uniqueness of the beryllium workers 
tenure of employment, and reported that almost 78% had 
worked in the plants of study for less than 2 yr, a significant 
limitation that is also apparent in subsequent studies.

In the 1970 update, virtually all of the lung cancers were 
observed in workers who had been employed less than 18 mo 
and in those with prior respiratory illness (Mancuso 1970). 
Therefore, the authors cited that “factors inherent among 
the short-term employees were contributing to the higher 
rates” of lung cancer for the workers of 5 quarters or less 
(Mancuso 1970, p. 270). The authors further concluded that 
the lack of a dose-response relationship “lessen[s] to some 
extent the association of beryllium as a carcinogenic agent” 
(Mancuso 1970, p. 270). ATSDR (2002) noted that based on 
the small number of deaths in each exposure category and 
the limitations of the 1969 analysis, conclusions could not be 
drawn from this study.

In a subsequent analysis in 1979, the cohort was limited 
to workers employed at Lorain and Reading (Mancuso 
1979). Standardized mortality ratios (SMRs) were calcu-
lated using expected deaths based on 5-yr mortality rates 
for the general U.S. white male population. The authors 

reported that published vital statistics were not available for 
the period 1968–1975, and thus applied U.S. national mor-
tality rates for 1965–1967 to expected lung cancer deaths 
for the period 1968–1975. The extrapolation of the mortal-
ity rates from 1965–1967 has been criticized as underesti-
mating the expected lung cancer deaths by approximately 
10%.4 The SMR for lung cancer was 2.00 (SMR = 1.8, 95% 
CI 1.2–2.7, using Saracci’s adjustment) among workers at 
the Lorain plant and was 1.37 (SMR = 1.25, 95% CI 0.9–1.7, 
using Saracci’s adjustment) among workers at the Reading 
plant. The analysis by interval since first employment and 
for those workers who were followed for more than 15 yr 
since first employment resulted in an SMR for Lorain and 
Reading (using Saracci’s adjustment) of 2.0 (95% CI 1.3–3.1) 
and 1.5 (95% CI 1.0–2.1), respectively. Of the 65 combined 
bronchogenic cancers observed, about 90% occurred in 
workers with duration of employment less than 5 yr.

A reanalysis of the 1979 study used as a comparison 
group viscose rayon industry workers employed at one 
company during comparable time periods (Mancuso 1980). 
Eighty lung cancer deaths were observed at Lorain and 
Reading. The SMR for lung cancer was 1.4 (p < .01). Using an 
expected number of deaths based on viscose rayon workers 
employed in a single department, a lung cancer SMR of 1.58 
(p < .01) was also reported. The IARC Working Group noted 
that “using the latter reference cohort may introduce selec-
tion bias since the mortality experience of workers who 
never change departments while employed in the industry 
may differ from that of the total workforce of the industry, 
for non-occupational reasons” (IARC 1993, p. 67). An analy-
sis for effect of latency was not conducted.

The Mancuso studies are significant for the unbiased 
identification of beryllium workers through the use of U.S. 
Social Security Administration records; however, limita-
tions noted by IARC include the lack of analysis of risk by 
job title or exposure category (IARC 1993). Also, the U.S. 
EPA 1998 document criticized these studies for issues such 
as the inadequacy of age adjustment and lack of discus-
sion about confounding by smoking. It was noted by U.S. 
EPA that NIOSH re-analyzed the Mancuso data and found 
“serious problems” with the analysis (U.S. EPA 1987, pp. 
7–50). U.S. EPA concluded that “it would appear that the 
study is at best only suggestive of an increased risk of lung 
cancer due to exposure to beryllium” (U.S. EPA 1987, pp. 
7–51). Although not necessarily informative for drawing 
conclusions regarding beryllium carcinogenicity, the study 
was informative in generating hypotheses and in identify-
ing methodological limitations that could be addressed in 
future analyses.

4 The U.S. EPA noted that this methodology likely resulted in an underesti-
mation of expected lung cancer deaths, and a subsequent overestimation 
of the SMR (U.S. EPA 1998). A correction factor of 10% (referred to as the 
Saracci adjustment by IARC), has been utilized to correct for differences 
in the mortality experience of the U.S. population during these two time 
frames; however, it has also been reported that the expected lung cancer 
deaths were underestimated by as much as 11% (Saracci 1985; IARC 1993; 
MacMahon 1994).

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
M
a
d
l
,
 
A
m
y
 
K
.
]
 
A
t
:
 
1
8
:
5
4
 
2
5
 
A
p
r
i
l
 
2
0
0
9



16    D. M. Hollins et al.
Ta

bl
e 

3.
 S

u
m

m
ar

y 
of

 e
p

id
em

io
lo

gy
 s

tu
d

ie
s 

ev
al

u
at

ed
 w

it
h

 r
es

p
ec

t t
o 

b
er

yl
liu

m
 c

ar
ci

n
og

en
ic

it
ya .

R
ef

er
en

ce
St

u
d

y 
d

es
ig

n
P

op
u

la
ti

on
 

So
u

rc
e

Ti
m

e 
p

er
io

d
 

of
 e

xp
os

u
re

P
op

u
la

ti
on

 
si

ze
E

xp
os

u
re

 m
et

ri
c

La
te

n
cy

  
(y

r)
Fo

llo
w

-u
p

A
sc

er
ta

in
m

en
t

A
d

ju
st

m
en

t

E
xp

os
u

re
b

D
ea

th
c

Sm
ok

in
g

O
th

er

M
an

cu
so

 a
n

d
 E

l-
 

 A
tt

ar
 (

19
69

)
C

oh
or

t
L

or
ai

n
, R

ea
d

in
g 

 P
la

n
ts

19
37

-1
94

8
3,

68
5

Ye
ar

 o
f fi

rs
t e

m
p

lo
ym

en
t

–
19

66
SS

R
D

C
, B

C
R

N
N

M
an

cu
so

 (
19

70
)

U
p

d
at

e 
of

  
 �M

an
cu

so
 a

n
d

  
E

l-
A

tt
ar

 (
19

69
)

L
or

ai
n

, R
ea

d
in

g 
 P

la
n

ts
19

37
-1

94
8

3,
68

5
D

u
ra

ti
on

 o
f e

m
p

lo
ym

en
t  

(d
iv

id
ed

 in
to

 q
u

ar
te

rs
)

–
19

67
SS

R
D

C
, B

C
R

N
N

B
ay

lis
s 

et
 a

l. 
 

(1
97

1)
d

C
oh

or
t

N
A

d
19

42
-1

96
7

6,
81

8
D

u
ra

ti
on

 o
f e

m
p

lo
ym

en
t  

O
n

se
t o

f e
m

p
lo

ym
en

t  
T

yp
e 

of
 in

d
u

st
ry

  
em

p
lo

ym
en

t

–
19

67
C

om
p

an
y 

p
er

so
n

n
el

 fi
le

s
D

C
N

N

M
an

cu
so

 (
19

79
)

U
p

d
at

e 
of

  
 M

an
cu

so
 (

19
69

,  
 1

97
0)

L
or

ai
n

, R
ea

d
in

g 
 

 P
la

n
ts

19
42

-1
94

8
3,

26
6

D
u

ra
ti

on
 o

f e
m

p
lo

ym
en

t
15

19
74

 (
L

or
ai

n
) 

19
75

 (
R

ea
d

in
g)

SS
R

D
C

, B
C

R
N

N

M
an

cu
so

 (
19

80
)

U
p

d
at

e 
of

  
 M

an
cu

so
 (

19
69

,  
 1

97
0,

 1
97

9)

L
or

ai
n

, R
ea

d
in

g 
 

 P
la

n
ts

19
37

-1
94

8
3,

68
5

D
u

ra
ti

on
 o

f e
m

p
lo

ym
en

t
–

19
76

SS
R

D
C

, B
C

R
N

N

In
fa

n
te

 e
t a

l. 
 

 (
19

80
)

C
oh

or
t

N
A

e
N

A
e

42
1

Ti
m

e 
si

n
ce

 o
n

se
t o

f  
 e

xp
os

u
re

15
19

75
B

C
R

D
C

N
N

W
ag

on
er

 e
t a

l. 
 

 (
19

80
)

C
oh

or
t

R
ea

d
in

g 
P

la
n

t
19

42
-1

96
8

3,
05

5
D

u
ra

ti
on

 o
f e

m
p

lo
ym

en
t  

O
n

se
t o

f e
m

p
lo

ym
en

t
15

-2
4 

 
> 

25
19

76
C

om
p

an
y 

p
er

so
n

n
el

 fi
le

s
D

C
N

N

H
in

d
s 

et
 a

l. 
 

 (
19

85
)

C
as

e-
co

n
tr

ol
Lu

n
g 

ca
n

ce
r 

 
 c

as
es

 in
 H

aw
ai

i  
 (

19
79

-1
98

2)

N
A

26
1 

ca
se

s 
 

44
4 

co
n

tr
ol

s
N

on
e 

 
L

ow
  

M
ed

iu
m

  
H

ig
h

f

–
N

A
In

te
rv

ie
w

, J
E

M
R

eg
is

tr
y 

an
d

 
H

os
p

it
al

 
R

ec
or

d
s

Y
  

(p
ac

k-
ye

ar
s)

Y
  

(a
ge

, 
et

h
n

ic
it

y)

C
ar

p
en

te
r 

et
 a

l. 
 

 (
19

88
)

C
as

e-
co

n
tr

ol
C

N
S 

ca
n

ce
rs

 in
  

 O
ak

 R
id

ge
, T

N
19

43
-1

97
7

89
 c

as
es

  
35

6 
co

n
tr

ol
s

D
u

ra
ti

on
 o

f e
m

p
lo

ym
en

t  
D

u
ra

ti
on

 o
f e

xp
os

u
re

  
Ev

er
 e

xp
os

ed
/u

n
 e

xp
os

ed
  

E
xp

os
u

re
 r

an
kg

10
N

A
D

at
ab

as
e 

fo
r 

D
O

E
 

em
p

lo
ye

es
h

D
C

N
Y

  
(d

u
ra

ti
on

 o
f 

em
p

lo
ym

en
t,

 
SE

S,
 

ra
d

ia
ti

on
)

St
ee

n
la

n
d

 a
n

d
  

 W
ar

d
 (

19
91

)
U

p
d

at
e 

of
 In

fa
n

te
  

 (
19

80
)

N
A

i
N

A
i

68
9

D
u

ra
ti

on
 o

f e
xp

os
u

re
  

Ti
m

e 
si

n
ce

 fi
rs

t e
xp

os
u

re
20

19
88

B
C

R
D

C
N

N

Fe
in

go
ld

 e
t a

l. 
 (

19
92

)j

C
as

e-
co

n
tr

ol
C

h
ild

h
oo

d
  

 c
an

ce
rs

 in
  

 D
en

ve
r, 

C
O

  
 (

19
76

-1
98

3)

O
n

e 
ye

ar
 

p
ri

or
 to

  
b

ir
th

25
2 

ca
se

s 
 

22
2 

co
n

tr
ol

s
Ev

er
/N

ev
er

  
E

xp
os

u
re

 R
an

kk

–
N

A
In

te
rv

ie
w

 o
f 

p
ar

en
ts

, J
E

M
R

eg
is

tr
y 

an
d

 
H

os
p

it
al

 
R

ec
or

d
s

Y
l

Y
  

(f
at

h
er

’s
 

ed
u

ca
ti

on
)

W
ar

d
 e

t a
l. 

 
 (

19
92

)
C

oh
or

t
L

or
ai

n
, R

ea
d

in
g,

  
 L

u
ck

ey
, P

er
ki

n
s,

  
 S

t.
 C

la
ir

, E
lm

or
e 

 
 a

n
d

 H
az

el
to

n
  

 P
la

n
ts

19
40

-1
96

9
9,

22
5

D
u

ra
ti

on
 o

f E
m

p
lo

ym
en

t
<1

0 
 

10
–1

5 
 

15
–2

0 
 

20
–2

5 
 

25
–3

0 
 

> 
30

19
88

C
om

p
an

y 
p

er
so

n
n

el
 fi

le
s,

 
SS

R

D
C

Y
  

(c
or

re
ct

io
n

 
fa

ct
or

)

Y
  

(g
eo

gr
ap

h
ic

 
va

ri
at

io
n

)

Sa
n

d
er

so
n

 e
t a

l. 
 

 (
20

01
)

C
as

e-
co

n
tr

ol
R

ea
d

in
g 

P
la

n
t

19
40

-1
96

9
14

2 
ca

se
s 

 
71

0 
co

n
tr

ol
s

D
u

ra
ti

on
 (d

ay
s)

  
C

u
m

u
la

ti
ve

 e
xp

os
u

re
  

A
ve

ra
ge

 e
xp

os
u

re
  

M
ax

im
u

m
 e

xp
os

u
re

10
  

20
19

92
C

om
p

an
y 

p
er

so
n

n
el

 fi
le

s
D

C
Y

  
(e

xc
lu

si
on

 o
f 

p
ro

fe
ss

io
n

al
s)

N

Ta
bl

e 
3.

 C
on

ti
n

u
ed

 o
n

 n
ex

t p
ag

e

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
M
a
d
l
,
 
A
m
y
 
K
.
]
 
A
t
:
 
1
8
:
5
4
 
2
5
 
A
p
r
i
l
 
2
0
0
9



Beryllium and lung cancer    17

L
ev

y 
et

 a
l. 

(2
00

2)
R

ea
n

al
ys

is
 o

f  
 W

ar
d

 (
19

92
)

L
or

ai
n

, R
ea

d
in

g,
  

 L
u

ck
ey

, P
er

ki
n

s,
  

 S
t.

 C
la

ir
, E

lm
or

e 
 

 a
n

d
 H

az
el

to
n

  
 P

la
n

ts

19
40

-1
96

9
9,

22
5

D
u

ra
ti

on
 o

f e
m

p
lo

ym
en

t
-

19
88

C
om

p
an

y 
p

er
so

n
n

el
 fi

le
s

D
C

Y
  

(c
or

re
ct

io
n

 
fa

ct
or

)

Y
  

(g
eo

gr
ap

h
ic

 
va

ri
at

io
n

)

B
ro

w
n

 e
t a

l. 
(2

00
4)

C
as

e-
co

n
tr

ol
R

oc
ky

 F
la

ts
  

 P
la

n
t,

 C
O

19
52

–1
98

9
18

0 
ca

se
s 

 
72

0 
co

n
tr

ol
s

C
u

m
u

la
ti

ve
 e

xp
os

u
re

m
5 

 
10

  
15

19
96

C
om

p
an

y 
p

er
so

n
n

el
 fi

le
s

D
C

Y
  

(p
ac

k-
ye

ar
s)

N
A

L
ev

y 
et

 a
l. 

(2
00

7)
R

ea
n

al
ys

is
 o

f  
 S

an
d

er
so

n
 (

20
01

)R
ea

d
in

g 
P

la
n

t
19

40
-1

96
9

14
2 

ca
se

s 
 

71
0 

co
n

tr
ol

sn

D
u

ra
ti

on
 (d

ay
s)

 
C

u
m

u
la

ti
ve

 e
xp

os
u

re
 

A
ve

ra
ge

 e
xp

os
u

re
 

M
ax

im
u

m
 e

xp
os

u
re

10
19

92
C

om
p

an
y 

p
er

so
n

n
el

 fi
le

s
D

C
N

N

Sc
h

u
b

au
er

-B
er

ig
an

  
 e

t a
l. 

(2
00

7)
R

ea
n

al
ys

is
 o

f  
 S

an
d

er
so

n
 (

20
01

)R
ea

d
in

g 
P

la
n

t
19

40
-1

96
9

14
2 

ca
se

s 
 

71
0 

co
n

tr
ol

s
C

u
m

u
la

ti
ve

 e
xp

os
u

re
 

A
ve

ra
ge

 e
xp

os
u

re
10

  
20

19
92

C
om

p
an

y 
p

er
so

n
n

el
 fi

le
s

D
C

N
Y

  
(b

ir
th

 c
oh

or
t)

a  L
u

n
g 

ca
n

ce
r 

w
as

 th
e 

p
ri

m
ar

y 
en

d
p

oi
n

t f
or

 a
ll 

st
u

d
ie

s 
ex

ce
p

t f
or

 C
ar

p
en

te
r 

et
 a

l. 
(1

98
8)

 w
h

ic
h

 e
va

lu
at

ed
 c

en
tr

al
 n

er
vo

u
s 

sy
st

em
 c

an
ce

rs
. 

b
 A

sc
er

ta
in

m
en

t o
f o

cc
u

p
at

io
n

/e
xp

os
u

re
: S

SR
 =

 S
oc

ia
l S

ec
u

ri
ty

 r
ec

or
d

s,
 B

C
R

 =
 B

er
yl

liu
m

 C
as

e 
R

eg
is

tr
y,

 JE
M

 =
 Jo

b
-e

xp
os

u
re

 m
at

ri
x.

 
c  A

sc
er

ta
in

m
en

t o
f d

ea
th

: D
C

 =
 D

ea
th

 c
er

ti
fi

ca
te

s,
 B

C
R

 =
 B

er
yl

liu
m

 C
as

e 
R

eg
is

tr
y.

 
d
 B

ay
lis

s 
et

 a
l. 

(1
97

1)
 w

as
 a

 p
re

se
n

ta
ti

on
 a

t t
h

e 
A

C
G

IH
 c

on
fe

re
n

ce
 in

 1
97

1.
 Th

e 
6,

81
8 

st
u

d
y 

su
b

je
ct

s 
w

er
e 

fo
rm

er
 e

m
p

lo
ye

es
 o

f B
ru

sh
 W

el
lm

an
 a

n
d

 K
aw

ec
ki

 B
er

yl
co

; p
la

n
t l

oc
at

io
n

s 
n

ot
 s

p
ec

ifi
ed

. 
e  Th

e 
st

u
d

y 
su

b
je

ct
s 

in
 In

fa
n

te
 e

t a
l. 

(1
98

0)
 w

er
e 

m
em

b
er

s 
of

 th
e 

b
er

yl
liu

m
 c

as
e 

re
gi

st
ry

 (
B

C
R

),
 e

n
ro

lle
d

 w
h

ile
 a

liv
e 

b
et

w
ee

n
 1

95
2 

an
d

 1
97

5.
 Th

e 
ti

m
e 

of
 e

m
p

lo
ym

en
t i

n
 th

e 
b

er
yl

liu
m

 in
d

u
st

ry
 a

n
d

 th
e 

 
 l

oc
at

io
n

s 
w

er
e 

n
ot

 p
re

se
n

te
d

. 
f  E

xp
os

u
re

 in
 H

in
d

s 
et

 a
l. 

(1
98

5)
 w

as
 d

et
er

m
in

ed
 b

as
ed

 o
n

 r
ep

or
te

d
 o

cc
u

p
at

io
n

. O
cc

u
p

at
io

n
 w

as
 c

od
ed

 a
n

d
 li

n
ke

d
 to

 a
 jo

b
-e

xp
os

u
re

 m
at

ri
x 

id
en

ti
fy

in
g 

va
ri

ou
s 

ag
en

t e
xp

os
u

re
s 

at
 4

 le
ve

ls
. 

g  In
 C

ar
p

en
te

r 
et

 a
l. 

(1
98

8)
, e

ac
h

 jo
b

 ti
tl

e/
d

ep
ar

tm
en

t w
as

 g
iv

en
 a

 r
an

k 
fo

r 
p

ot
en

ti
al

 e
xp

os
u

re
 to

 e
ac

h
 o

f t
h

e 
26

 c
h

em
ic

al
s 

ev
al

u
at

ed
 fr

om
 0

 (
n

on
e 

lik
el

y)
 to

 3
 (

h
ig

h
 p

ot
en

ti
al

 fo
r 

ex
p

os
u

re
 to

 th
e 

 
 s

p
ec

ifi
ed

 c
h

em
ic

al
).

 
h
 D

ep
ar

tm
en

t o
f E

n
er

gy
. 

i  S
te

en
la

n
d

 a
n

d
 W

ar
d

 (
19

91
) 

w
as

 a
n

 e
xt

en
si

on
 o

f I
n

fa
n

te
 e

t a
l. 

(1
98

0)
. B

C
R

 m
em

b
er

s 
en

ro
lle

d
 w

h
ile

 a
liv

e 
b

et
w

ee
n

 1
95

2 
an

d
 1

98
0 

w
er

e 
in

cl
u

d
ed

. Th
e 

ti
m

e 
of

 e
m

p
lo

ym
en

t i
n

 th
e 

b
er

yl
liu

m
 in

d
u

st
ry

 a
n

d
  

 t
h

e 
lo

ca
ti

on
s 

ar
e 

n
ot

 p
re

se
n

te
d

. 
j  F

ei
n

go
ld

 e
t a

l. 
(1

99
2)

 w
as

 a
 s

tu
d

y 
of

 p
ar

en
ta

l o
cc

u
p

at
io

n
 a

n
d

 c
h

ild
h

oo
d

 c
an

ce
r. 

k  E
st

im
at

ed
 le

ve
l o

f e
xp

os
u

re
 in

 F
ei

n
go

ld
 e

t a
l. 

(1
99

2)
 w

as
 r

an
ke

d
 a

s 
h

ig
h

, m
ed

iu
m

, l
ow

, o
r 

u
n

kn
ow

n
. 

l  W
h

ile
 m

at
er

n
al

 s
m

ok
in

g 
w

as
 e

va
lu

at
ed

 in
 F

ei
n

go
ld

 e
t a

l. 
(1

99
2)

, i
t w

as
 fo

u
n

d
 n

ot
 to

 b
e 

a 
co

n
fo

u
n

d
er

 w
h

en
 a

d
ju

st
in

g 
fo

r 
fa

th
er

’s
 e

d
u

ca
ti

on
. 

m
 Th

e 
cu

m
u

la
ti

ve
 e

xp
os

u
re

s 
fo

r 
b

er
yl

liu
m

, a
n

al
yz

ed
 a

s 
co

n
ti

n
u

ou
s 

an
d

 d
es

ig
n

 v
ar

ia
b

le
s,

 w
er

e 
n

ot
 p

re
se

n
te

d
 in

 B
ro

w
n

 e
t a

l. 
(2

00
4)

. 
n
 Th

e 
L

ev
y 

et
 a

l. 
(2

00
7)

 s
tu

d
y 

re
-e

va
lu

at
ed

 th
e 

in
it

ia
l c

as
es

 a
n

d
 m

at
ch

ed
 c

on
tr

ol
s 

in
 S

an
d

er
so

n
 e

t a
l. 

(2
00

1)
, i

n
 a

d
d

it
io

n
 to

 p
er

fo
rm

in
g 

an
 a

n
al

ys
is

 fo
r 

th
e 

14
2 

ca
se

s 
an

d
 2

00
 c

on
tr

ol
s 

m
at

ch
ed

 w
it

h
in

 3
  

 y
ea

rs
 o

f a
ge

.

Ta
bl

e 
3.

 C
on

ti
n

u
ed

.

R
ef

er
en

ce
St

u
d

y 
d

es
ig

n
P

op
u

la
ti

on
 

So
u

rc
e

Ti
m

e 
p

er
io

d
 

of
 e

xp
os

u
re

P
op

u
la

ti
on

 
si

ze
E

xp
os

u
re

 m
et

ri
c

La
te

n
cy

  
(y

r)
Fo

llo
w

-u
p

A
sc

er
ta

in
m

en
t

A
d

ju
st

m
en

t

E
xp

os
u

re
b

D
ea

th
c

Sm
ok

in
g

O
th

er

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
M
a
d
l
,
 
A
m
y
 
K
.
]
 
A
t
:
 
1
8
:
5
4
 
2
5
 
A
p
r
i
l
 
2
0
0
9



18    D. M. Hollins et al.

Bayliss et al. (1971): One of the earliest investigators of the 
health effects of beryllium, David Bayliss, a NIOSH scientist, 
evaluated former male workers at the Brush Wellman and 
Kawecki Berylco facilities and found no statistical difference 
between observed and expected lung cancer cases based 
on duration of employment and date of first employment 
(Bayliss et  al. 1971). Of the 36 observed male lung cancer 
deaths, two-thirds were among workers who started prior 
to 1947, although Bayliss did not specify in which plants 
these workers may have worked. It was noted that “office 
workers tended to show slightly more lung cancer than did 
production workers” and that production workers exhibited 
higher mortality rates from respiratory disease than office 
workers; however, the analysis was not controlled for smok-
ing and an analysis by latency was not performed (Bayliss 
et al. 1971, p. 97). No statistically significant excess risks were 
reported when considering length of employment or date of 
first employment. In fact, there were no significant excess 
risks of any cancers in this cohort, which Bayliss indicated 
might be attributable to the healthy worker effect.
Wagoner et  al. (1980): In 1980, Wagoner et al. published 
an update of the Bayliss study evaluating workers from the 
Reading plant (Wagoner et al. 1980). Statistically significant 
increases in risk were reported for those with latency of greater 
than 25 yr since onset of employment and for the short-term 
workers. Analysis by latency showed that workers with 25 yr 
or more since start of employment had a lung cancer SMR 
of 1.85 (95% CI 1.13–2.86). The number of cases was small, 
and only 3 of the 20 lung cancers observed worked at the 
plant for greater than 5 yr. The reported lung cancer SMR for 
those who worked less than 5 yr was 1.4 (95% CI 1.00–1.91). 
Expected lung cancer deaths for the 1968 to 1975 period were 
calculated using 1965–1967 national lung cancer death rates 
for white males. IARC noted that because of this extrapola-
tion, the Saracci (1985) adjustment is appropriate to apply. 
This resulted in an overall SMR of 1.25 (95% CI 0.9–1.7).

This publication was criticized both by the senior author 
(David Bayliss) and by the U.S. EPA Health Assessment 
Document in 1987 for underestimating the expected lung 
cancer rates (which, when corrected using Saracci’s adjust-
ment, eliminates the statistically significant excess risk 
reported), lack of adjustment for confounding by smoking, 
lack of adjustment for latency, and the inclusion of one case 
who was interviewed but never worked at the plant (Bayliss 
1980; U.S. EPA 1987; ATSDR 2002). The U.S. EPA presented 
a re-analysis of this data controlling for these confound-
ers, and concluded that there was no significant difference 
between observed and expected cases (U.S. EPA 1987). They 
cited that the risk of lung cancer in the beryllium workers was 
“exaggerate[d]” and that the authors “underemphasized” the 
shortcomings of the study (U.S. EPA 1987, p. 7–39).
Ward et  al., 1992 and the Reanalysis (Levy et  al., 2002): A 
retrospective cohort mortality study was performed by 
researchers at NIOSH, evaluating workers employed at 
seven beryllium processing facilities (Ward et al. 1992). This 
analysis greatly improved upon methodologies previously 
used because of the longer follow-up period, indirect control 

for smoking, and latency analysis. The lung cancer SMR for 
the total cohort, not adjusted for smoking, was 1.26 (95% CI 
1.12–1.42) (Figure 1). Adjusting for smoking,5 the SMR of lung 
cancer decreased to 1.12 (95% CI 0.99–1.25). Unadjusted 
SMRs were also reported for the individual plants; the only 
significantly elevated SMRs were for Lorain (SMR = 1.69, 95% 
CI 1.28–2.19) and Reading (SMR = 1.24, 95% CI 1.03–1.48) 
(Figure 1). After adjusting for smoking, the SMR decreased 
for both the Lorain plant (SMR = 1.49, 95% CI 1.13–1.93) and 
Reading (SMR = 1.09, 95% CI 0.91–1.30).6 The authors con-
clude that “neither smoking nor geographic location fully 
explains the increased lung cancer risk,” a finding contrary 
to the 2002 reanalysis (Ward et al. 1992). According to data 
presented in Ward et al. (1992), there is evidence of increased 

5 The effect of smoking was analyzed using a procedure described by Axel-
son and Steenland (1988) based on information from a 1968 U.S. Public 
Health Survey of the beryllium workers. A smoking correction factor of 
1.13 was calculated to account for differences in smoking rates between 
the cohort and the U.S. population. The SMR is divided by the smoking 
correction factor to take into account the smoking habits of the cohort.

6Ward noted that smoking data were collected during a 1968 Public 
Health Service medical survey of four beryllium facilities (Reading, 
Hazelton, Elmore, and St. Clair) and that 94% of the lung cancer cases 
occurred among workers hired in the 1940s and 1950s. Thus, the validity 
of the adjustment for smoking depends on the assumption that the differ-
ence in smoking habits between the cohort and U.S. population was the 
same in the 1940s and 1950s as in the late 1960s, and that the distribution 
of smoking at the four facilities adequately represented the distribution 
of smoking at all plants. At the four facilities, 1466 subjects contributed 
data on smoking; this comprised 16% of the total cohort (9225). Levy et al. 
(2002) noted that these data did not adequately represent smoking habits 
of the entire cohort and most importantly did not characterize smoking 
habits at the Lorain plant, the only plant that showed significantly ele-
vated lung cancer rates in subsequent analyses after adjustment for this 
confounder.

0 1 2 3

Unadjusted

Unadjusted

Unadjusted

Unadjusted

U.S.National

U.S.National

U.S.National

U.S.National

U.S.Veterans

U.S.Veterans

U.S.Veterans

U.S.Veterans

Wagoner (1980)

Wagoner (1980)
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Perkins,
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Risk Estimate

Figure 1.  Unadjusted and smoking-adjusted risk estimates for lung can-
cer at U.S. beryllium production plants. Unadjusted and U.S. smoking-
adjusted estimates presented in Ward et al. (1992). Risk estimates adjusted 
using U.S. Veterans smoking rates and the Wagoner smoking correction 
factor presented in Levy et al. (2002).
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smoking-related illnesses in this cohort (SMR = 1.21, 95% CI 
1.06–1.38 for nonmalignant diseases of the respiratory sys-
tem for the total cohort). To address geographic variation in 
lung cancer rates, SMRs derived from county lung cancer 
rates were compared to those derived from U.S. rates. Ward 
concluded that lung cancer SMRs based on local county 
mortality rates differed only slightly from those based on 
U.S. rates.

In an analysis of employment duration, there was no 
observed trend of increased risk corresponding to duration 
of employment. The only reported significant increased 
risk was among workers employed for less than one year, 
at a latency of greater than 25 yr from employment for the 
total cohort. The latency analysis showed significantly 
elevated SMRs for the Lorain plant at 15–30 yr (2.09, p < .01) 
and > 30 yr latency (1.66, p < .05), and for Reading at > 30 yr 
latency (1.40, p < .05) (Figure 2). For the total cohort, sig-
nificant increased risk with increasing latency was observed 
for > 30 yr (SMR = 1.46, 95% CI 1.22–1.72).7 Decade of hire, 
specifically before 1950, was one of the strongest correlates 
of lung cancer mortality risk in the total cohort (SMR = 1.42, 
95% CI 1.22–1.65), and was noted to be heavily influenced 
by workers at the Lorain plant. For workers hired during the 
1960s, the SMR for lung cancer was significantly less than 
one (SMR = 0.62, 95% CI 0.37–0.98).

In a reanalysis of the data presented in Ward et al. (1992), 
Levy et al. (2002) focused primarily on the issues of smok-
ing and geographic variation in lung cancer rates in an 
attempt to further clarify their potential confounding effects. 
In an effort to provide a comparable referent population, 
Ward compared county-specific SMRs of lung cancer to 
SMRs based on the U.S. population and reported that the 

differences were negligible. However, using county-specific 
rates that incorporate large rural areas where lung cancer 
rates are generally lower may potentially underestimate the 
expected deaths, resulting in higher SMRs, and the majority 
of workers at Lorain and Reading were residents of the city 
where the plant was located (i.e., 89% and 68%, respectively) 
(Levy et al. 2002). To address this, the residency rates at the 
Lorain and Reading plants were applied proportionally to 
the city and county lung cancer death rates to create a com-
bined city/county rate.8 Based on U.S. rates, the lung cancer 
SMR presented in Ward et  al. (1992) for Lorain was 1.69 
(95% CI 1.28–2.19) and decreased to 1.14 (95% CI 0.86–1.48) 
using combined city/county rates. For Reading, the SMR for 
lung cancer based on U.S. rates was 1.24 (95% CI 1.03–1.48) 
and decreased to 1.07 (95% CI 0.89–1.28) using combined 
city/county rates. Using these mortality rates, the rates of 
lung cancer in these two plants were not higher than the 
rates of lung cancer in the areas in which the workers lived, 
potentially reflecting higher air pollution levels in these two 
industrialized areas (Levy et al. 2002).

In addition to adjusting for geographic variation in lung 
cancer mortality, the authors compare alternatives to the 
smoking correction factor used in the Ward analysis. As 
presented in Ward et al. (1992), the available smoking data 
indicate that smoking rates among the workers were higher 
than in the U.S. population, and as a result, the use of the cor-
rection factor based on the 1968 survey of beryllium workers 
and U.S. smoking data taken in 1965 and 1970 potentially 
underestimates confounding by smoking. In Levy et  al. 
(2002), the authors evaluated three alternative correction 
factors (applied to the U.S. unadjusted rates): (1) 1.13, the 
1968 estimate used in Ward et al. (1992); (2) 1.29, calculated 
from Mancuso (1980) and referred to as Wagoner-ACS; and 
(3) 1.21, derived from a major study of smoking and lung 
cancer in U.S. veterans (Kahn 1966; Levy et al. 2002). The 
adjusted-SMRs using the U.S. veterans correction factor 
and Wagoner factor are presented in comparison with the 
unadjusted and U.S. population-adjusted SMRs that were 
presented in Ward, for the total cohort, Lorain, Reading, 
and remaining plants in Figure 1. Compared to the unad-
justed risk estimate, these correction factors reduce the 
SMRs to approximately one for Reading (SMR

Ward
 = 1.10, 

95% CI 0.91–1.31; SMR
Wagoner

 = 0.96, 95% CI 0.80–1.15; SMR
U.S.

 

Veterans
 = 1.02, 95% CI 0.84–1.22). For Lorain, the SMRs also 

decreased using the various smoking correction factors 
(SMR

Ward
 = 1.49, 95% CI 1.13–1.93; SMR

Wagoner
 = 1.31, 95% CI 

0.99–1.70; SMR
U.S.

 
Veterans

 = 1.39, 95% CI 1.05–1.79). In addition, 
Levy et al. (2002) calculated attributable risk indicating that 
85% (237 of 280) of lung cancer deaths among the cohort 
may be attributable to smoking.

Overall, it is important to note that the methods used to 
adjust for smoking in both the Ward and Levy studies are 
indirect methods, and, as such, residual confounding is 
likely to exist. As the authors point out, “workers hired prior 
to 1960 (the group in which 93% of all lung cancer cases 

8 Based on personal communication with Dr. Neil Roth.

7 Statistically significant increased risk was reported for latency of 15–30 yr, 
but when recalculating the risk estimate to obtain confidence intervals, 
we found that the confidence interval for the reported risk included 1 
(reported SMR 1.20, calculated 95% CI 0.99–1.44, p = .057).

Lorain

Reading

Luckey,
St. Clair,
Perkins,

Elmore and
Hazelton

<15y

<15y

Latency 15-30y

Latency 15-30y

Latency >30y

Latency >30y

<15y

Latency 15-30y

Latency >30y

0 1 2 3 4

Risk Estimate

Figure 2.  Smoking adjusted latency risk estimates by plant using Ward 
et al. (1992) data. Smoking adjusted estimates obtained by using correc-
tion factor of 1.13. SMRs and 95% confidence intervals (Fisher exact) were 
calculated using OpenEpi.
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occurred) were not well represented in the survey” (Levy 
et al. 2002, p. 1012). Levy et al. (2002) also noted that there 
were potential errors in the calculation of the smoking cor-
rection factor used in Ward et al. (1992) due to inconsisten-
cies in the collection of data of the surveys upon which this 
factor is based. Unfortunately, the original data are unavail-
able to investigate this further.

Sanderson et al., 2001 and the Reanalyses (Levy et al. 2007 
and Schubauer-Berigan et al. 2008): Sanderson et al. (2001b) 
provided an additional 4 yr of follow-up of the Reading 
cohort studied in Ward et al. (1992). This study made avail-
able, for the first time, actual exposure estimates based on 
air sampling for specific jobs. A job-exposure matrix was 
used to assess the relationship between beryllium exposure 
intensity and mortality from lung cancer, which allowed for 
a more thorough evaluation of exposure-response relation-
ship (Sanderson et  al. 2001a). Two reanalyses of the data 
were also performed (Levy et  al. 2007; Schubauer-Berigan 
et al. 2008).

Beryllium plant records were used to construct histori-
cal exposure estimates in a job-exposure matrix that was 
published separately (Sanderson et al. 2001a). In addition to 
employment duration (measured in days), the authors also 
evaluated cumulative, average, and maximum exposure. A 
crude adjustment for smoking was performed by excluding 
“professionals” who were reported to have lower smok-
ing rates than the worker population. Exposure metrics in 
this analysis were transformed to their natural logarithms. 
For those workers who had no exposure within the disease 
latency period, values of zero were assigned a value of 0.1. 
Conditional logistic regression was used to estimate expo-
sure odds ratios (ORs) by quartiles of exposure and con-
tinuous exposure to evaluate a dose-response relationship 
between beryllium exposure and lung cancer. In total, 142 
cases and 710 controls were evaluated (i.e., 5 controls per 
case selected using risk set sampling). In order to discount 
exposures that may not have contributed to causing lung 
cancer, the authors lagged the 3 exposure matrices by 10 and 
20 yr. Lagging is often used in occupational epidemiology 
studies to evaluate disease induction and latency periods. 
Since information on disease induction is often unknown, 
lagging exposures to include those that occur during the 
most relevant time period is useful (Checkoway et al. 1990).

For the Reading facility, the risk estimate for lung cancer 
was 1.22 (95% CI 1.03–1.43). In the analysis of quartiles of 
exposure, with respect to all workers and the analysis that 
excluded professionals (surrogate control for smoking), 
elevated ORs were not observed with increasing exposure. 
Significantly increased ORs for tenure were reported in 
the second and third quartiles in the 20-yr lagged analysis 
(2.23 and 2.48, p < .01); however, there was a significant 
negative association for the highest cumulative exposure 
group (fourth quartile) compared to the reference group 
in the unlagged analysis (OR = 0.54, p < .05). Likewise, for 
cumulative exposure, a significant negative association was 
reported (OR = 0.57, p < .05) for the highest exposure group 
for the unlagged analysis, and significant increased risks 

in the 20-yr lagged analysis were reported for the second 
and third quartiles compared to the reference (2.18, p < .01, 
and 1.89, p < .05). With regard to average and maximum 
exposure, significant increased risks are again reported in 
the second and third quartiles in the 10- and 20-yr lagged 
analysis compared to the reference group, with a reduc-
tion in risk in the highest exposure group. The 20-yr lagged 
results are illustrated in Figure 3.

In the continuous analysis, a significant positive associa-
tion was seen with the log of tenure lagged 20 yr. Significant 
positive associations were also seen with the log of cumu-
lative, average, and maximum exposures lagged 10 and 
20 yr. No association was observed for unlagged exposure 
using the maximum, average, or cumulative metric, and 
a significant negative association was seen with the log of 
the unlagged tenure. The regression coefficients are sum-
marized in Table 4.

Overall the authors concluded that “confounding by 
professional status (as a surrogate for smoking) did not 
occur,” and that the increased lung cancer among work-
ers with higher lagged exposures provided evidence of the 
carcinogenicity of beryllium (Sanderson et  al. 2001b, p. 
138). However, it has been noted that several methodologi-
cal issues likely affected the results, such as the reliability 
of data used to construct the historical exposures, lack of 
proper smoking adjustment, and major differences noted 
between cases and controls that affect the results when lag-
ging is performed (Deubner, Lockey et al. 2001; Levy et al. 
2002; Schubauer-Berigan et  al. 2007; Schubauer-Berigan 
et al. 2008). Therefore, the conclusions drawn by Sanderson 
et  al. (2001b) must be reviewed in the context of the two 
reanalyses that followed.

The reliability of the exposure estimates used in the 
job-exposure matrix was discussed in Levy et  al. (2002). 
After reviewing the historical data, Levy and his colleagues 
noted that few measurements from the 1970s were avail-
able, whereas the bulk of person-years at risk of exposure 
occurred prior to this time. The authors also concluded that 
“possibly serious overestimation of exposures owing to the 
fact that most of the measurements reflect the presence of 
nonrespirable particles” may have occurred (Levy et  al. 
2002, p. 1011).

Levy and his colleagues reported that the control selec-
tion methods used by Sanderson et  al. (2001b) resulted in 
imbalances between the cases and controls, leading to a 
greater percentage of controls that had no exposure dur-
ing the latency period and thus were assigned a value of 
0.1 compared to cases (Levy et  al. 2007). In other words, 
the controls were more likely to have exposure outside of 
the latency period of the matching case because age at first 
employment and age at employment termination for con-
trols were several years greater than that of the matching 
case. This disparity reportedly resulted in 10-yr and 20-yr 
lagged regression coefficients that were elevated. Levy et al. 
(2007) reported that when using the nontransformed expo-
sure metrics for lag of 10 yr and assigning a value of zero to 
subjects having no exposure during the latency period, all 
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regression coefficients were very close to zero, indicating no 
relationship between beryllium exposure and lung cancer. In 
the second part of the analysis, Levy et al. (2007) addressed 
the age disparity between cases and controls (on average 
controls were 9.7 yr older at age of death) in Sanderson et al. 
(2001b) by selecting a subset of controls and matching them 
more closely to the cases (within 3 yr). In doing so, the signifi-
cantly increased risks observed in the Sanderson analysis for 
10-yr lagged cumulative, average, and maximum exposure 
were eliminated (Table 4).

Deubner et al. (2007) further assessed the impact of cor-
relations between time-related covariates in the nested case-
control study design employed in Sanderson et al. (2001b), 
and the possible spurious confounding generated. Although 
the limitations of their empirical evaluation were noted, 
the possibility of generating bias from certain study design 
methodologies, including matching and exposure lagging, 
was demonstrated. Garabrant (2007) also commented on 
the importance of performing empirical evaluations or 

simulations to assess study design as a source of confound-
ing. Specifically, he noted that “correlations among time-re-
lated variables may produce apparent associations between 
outcome variables and covariates that have no meaningful 
relationship to outcome” (Garabrant 2007, p. 941).

The rates of lung cancer vary significantly for U.S. males 
born during the late 1800s and early 1900s, as seen in Table 
1 of Schubauer-Berigan et  al. (2008). This “birth cohort 
effect” is likely related to differences in smoking patterns for 
workers born before 1900, as well as the tendency for work-
ers hired during World War II to have been older at time of 
hire. In a critique of the Sanderson study, Deubner et  al. 
(2001) noted that cases were hired at a younger age than 
controls because of bias in the selecting cases and controls 
as a result of matching methods (i.e., risk-set sampling or 
incidence density sampling) (Deubner, Lockey et al. 2001). 
The Schubauer-Berigan et  al. (2008) reanalysis evaluated 
whether uncontrolled confounding resulted in the observed 
differences between cases and controls in age at hire, and 
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Figure 3.  Results of categorical analysis of exposure metrics for 20-yr lagging and effect of controlling for year of birth (Sanderson et al., 2001; Schubauer-
Berigan et al., 2008). Quartiles of exposure metrics compared to reference category (1st quartile). Schubauer-Berigan odds ratios are controlled for year 
of birth (categories < 1899, 1900–1910, 1911–1920, > 1921).
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the effect of adjusting for birth year on lung cancer risk in the 
Sanderson et al. case control study (Sanderson et al. 2001b; 
Sanderson 2001c; Schubauer-Berigan et al. 2007; Schubauer-
Berigan et al. 2008).

Schubauer-Berigan et al. (2007) replicated the categorical 
and continuous analyses performed in the original study for 
the cumulative and average exposure metrics controlling for 
birth cohort for unlagged, 10-yr and 20-yr latency periods. 
When controlling for birth cohort using birth cohort quar-
tiles (<1899, 1900–1910, 1911–1920, and > 1920) decreased 
lung cancer risk estimates associated with log of cumulative 
exposure are observed. Decreased risk estimates are also 
observed when evaluating the log of the continuous cumula-
tive exposure estimate. However, for log of average exposure, 
unlagged and 10- and 20-yr lagged analyses show signifi-
cantly increased risk among the second and third quartiles 
of exposure, but not for the highest level of exposure, and 
the increases are nonlinear. The risk estimate for log of con-
tinuous average exposure is also significantly elevated when 
adjusting for birth cohort in the 10-yr lagged analysis, but not 
for the 20-yr lagged analysis (Table 4). Schubauer-Berigan 
et  al. (2008) concluded that average but not cumulative 
exposure was related to lung cancer risk after adjustment for 
birth cohort, specifically for 10-yr lag. In addition, they con-
cluded that the differences in age at hire among cases and 
controls were due to the fact that birth years are earlier for 
controls than for cases. It is therefore appropriate to control 
for this variable since there is a much lower baseline risk for 
lung cancer for men born prior to 1900.

The conclusions of Levy et  al. (2007) and Schubauer-
Berigan et al. (2008) confirm that when using the unlagged 
analysis, there is no observed relationship between beryllium 
and lung cancer for any of the exposure metrics; however, a 

weak association was observed for lung cancer and average 
beryllium exposure, at a lagging of 10 yr (Schubauer-Berigan 
et al. 2008). With lagging, the results of Schubauer-Berigan 
et al. (2008) are consistent with those of Levy (2007), show-
ing no observed relationship between cumulative exposure 
or duration of employment and lung cancer.

3.2.3  Beryllium case registry studies
Infante et al. (1980): Infante et al. (1980) analyzed the mor-
tality experience of white males who entered the BCR while 
alive. They were then classified into two mutually exclusive 
categories: those diagnosed with ABD and those with a diag-
nosis of chronic beryllium disease (CBD). Because of the 
use of U.S. national mortality rates for 1965–1967 to calcu-
late expected lung cancer deaths for the period 1968–1975, 
the IARC reported that Saracci’s adjustment factor of 10% is 
appropriate for considering the results of Infante et al. (1980) 
(IARC 1993).

Seven lung cancer deaths were observed and 3.30 were 
expected (SMR 2.12, not statistically significant). IARC 
reported that the recalculated expected number of lung 
cancer deaths was 3.63, resulting in an adjusted SMR of 1.93 
(95% CI 0.8–4.0) (IARC 1993). For those classified in the reg-
istry with an ABD diagnosis, Infante et al. (1980) reported a 
statistically significant unadjusted lung cancer SMR of 3.14. 
IARC (using Saracci’s adjustment) calculated a lung cancer 
SMR of 2.86 (95% CI 1.0–6.2). One subject diagnosed with 
CBD died of lung cancer (1.52 expected). For this case, the 
authors originally reported a non-statistically significant 
lung cancer SMR of 0.72, while IARC’s Working Group 
(using Saracci’s adjustment) reported a lung cancer SMR 
of 0.66 (95% CI 0.1–3.7). Six of the seven lung cancer deaths 
were observed in workers who were involved in beryllium 

Table 4.  Results of continuous analyses of exposure metrics presented in Sanderson et al. (2001), Levy et al. (2007), and Schubauer-Berigan et al. (2008).

Exposure Metric

Sanderson et al. (2001)a Levy et al. (2007)b Schubauer-Berigan et al. (2008)c

Regression 
coefficient OR p value OR 95% Cl

Regression 
coefficient OR p value

Duration (days)

0 lag 20.096 0.91 0.020 - - - - -

10 y lag 0.045 1.05 0.113 0.91 (0.82-1.02) - - -

20 y lag 0.045 1.05 0.036 - - - - -

Cumulative exposure (ug/m3 days)

0 lag 20.064 0.94 0.123 - - 20.055 0.95 0.181

10 y lag 0.060 1.06 0.021 0.99 (0.91-1.08) 0.038 1.04 0.192

20 y lag 0.041 1.04 0.018 - - 0.012 1.01 0.585

Average exposure (ug/m3)

0 lag 0.110 1.12 0.143 - - 0.119 1.13 0.107

10 y lag 0.184 1.20 0.0004 1.11 (0.95-1.31) 0.159 1.17 0.0041
20 y lag 0.088 1.09 0.0039 - - 0.048 1.05 0.207

Maximum exposure (ug/m3 days)

0 lag 0.098 1.10 0.151 - - - - -

10 y lag 0.171 1.19 0.0003 1.06 (0.92-1.22) - - -

20 y lag 0.085 1.09 0.0033 - - - - -
a Reported logs of continuous exposure variables. 
b Reanalysis of Sanderson, et al. (2001) using nontransformed exposure metric, limited to controls within 3 years of age of matching case as a surrogate  
  control for birth cohort. 
c Reanalysis of Sanderson, et al. (2001) adjusting for birth year (<1900, 1900–1910, 1911–1920, > 1920) to account for known differences in smoking rates. 
Bolded values are statistically significant at p < 0.05.
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extraction and smelting, and five of the seven had exposure 
to beryllium for less than one year.

Infante et  al. (1980) did not control for potential con-
founding by smoking. However, the authors noted that 
it was unlikely that the excess lung cancer risk observed 
among workers with acute beryllium illnesses was due to 
smoking. The investigators indicated that the lack of con-
sistency between excess lung cancer risk in those with ABD 
and CBD resulted from the small expected number of lung 
cancer deaths, particularly among workers with chronic 
lung disease and the relatively short follow-up time for those 
workers who entered the registry after 1965 (≤ 10 yr). Small 
sample sizes in the exposure groups of interest possibly lim-
ited the ability to detect a statistically significant difference, 
if an association truly existed. Additionally, IARC (1993) 
noted that although no information on occupation was  
provided in the report, the majority of individuals in the 
BCR worked in beryllium extraction and smelting, metal 
production, and  fluorescent tube production, and a small  
number were not exposed occupationally, but lived near the 
plants.
Steenland and Ward (1991): Steenland and Ward (1991) 
conducted an extended analysis of the Infante et al. (1980) 
BCR investigation, by including females and nonwhite males 
and adding 13 yr of follow-up. U.S. national mortality rates 
were available for all years, thus eliminating the need for 
Saracci’s adjustment to the reported lung cancer risks. The 
SMR for lung cancer was 2.00 (95% CI 1.33–2.89). Steenland 
and Ward (1991) reported that the lung cancer SMR varied 
little by time since first exposure or by duration of exposure. 
The SMR for ≤ 20 yr since first exposure was 1.95 (95% CI 
0.94–3.59) and the SMR for > 20 yr since first exposure was 
2.03 (95% CI 1.20–3.21). For exposure duration of ≤ 4 yr the 
SMR was 2.01 (95% CI 1.11–3.23) and for exposure duration 
of > 4 yr the SMR was 1.98 (95% CI 0.99–3.55). The authors 
noted, however, a possible explanation for this observation 
was that the registry likely contained inaccuracies in dura-
tion of exposure.

Of the 689 subjects included in the analysis, 237 subjects 
were reported as being diagnosed with ABD (17 of these cases 
died of lung cancer), and 439 subjects were diagnosed with 
CBD with clinical symptoms (10 of these cases died of lung 
cancer). The lung cancer SMR was 2.32 (95% CI 1.35–3.72) 
for those diagnosed with ABD, while the lung cancer SMR 
was 1.57 (95% CI 0.75–2.89) for those diagnosed with CBD. 
Eisenbud (1993) described this greater risk of lung cancer for 
those with ABD as being entirely related to the experience of 
the Lorain plant. For example, in reviewing the employment 
records, he discovered that all 17 lung cancer cases had work 
histories involving the Lorain facility. He also reported that 
145 of the 235 patients diagnosed with ABD in the registry 
(the Sanderson study identified 237) were employed at the 
Lorain facility, and that no lung cancer cases were found in 
the remaining 90 subjects, who were employed at beryllium 
facilities other than Lorain. This observation is noteworthy, 
as ABD cases are generally associated with concentrations 
of airborne soluble beryllium salts in excess of 100 µg/m3, 

and exposures at the Lorain facility were reported as high as 
4700 µg/m3 (Laskin et al. 1950; Eisenbud 1982). As noted ear-
lier, the Lorain facility had potential confounding exposures, 
possibly accounting for the difference in lung cancer disease 
incidence in these two groups. Steenland and Ward (1991) 
further cite that the occurrence of lung cancer in ABD and 
CBD cases was not all that different and may have occurred 
by chance.

The effect of smoking on the incidence of lung cancer 
was not controlled for in this analysis. The authors reported 
that information on smoking habits as of 1965 was available 
for 223 (32%) of registry members and was compared with 
smoking habits of the U.S. population of similar demograph-
ics as of 1965. It was observed that the cohort had fewer 
current male smokers (26%) than did the U.S. age-adjusted 
population (39%) in 1965, and that current smokers in the 
cohort smoked fewer cigarettes than current smokers in the 
overall U.S. population in 1965. Steenland and Ward, how-
ever, concluded that if smoking habits of the 32% of subjects 
were representative of the entire cohort, then the excess 
lung cancer risk in this population would unlikely be attrib-
utable to smoking. However, the U.S. EPA noted that other 
studies, such as Ward et al. (1992) and Wagoner et al. (1980), 
found that failing to correct for cigarette smoking in regards 
to lung cancer deaths resulted in an underestimation of 
expected deaths, and a subsequent overestimation of the 
SMR (U.S. EPA 1998). This contradicts Steenland and Ward 
(1991), who indicated that not correcting for differences in 
smoking habits between the cohort and U.S. population 
may overestimate the expected deaths, since smoking rates 
in the study population were actually less than the general 
population, and therefore resulted in an underestimated 
SMR.

3.2.4  Additional human studies evaluating 
carcinogenicity of beryllium
In addition to the cohort studies discussed earlier, the 
IARC Working Group cited three case-control studies in 
their evaluation of the human carcinogenicity of beryllium. 
Hinds et  al. (1985) reviewed data from newly diagnosed 
male lung cancer cases in Hawaii. A job-exposure matrix, 
constructed from lists of occupation codes, was linked to 
each case, and each chemical agent of interest was classi-
fied into three exposure levels (low, medium, and high). 
The authors found an excess cancer risk at the low and high 
levels of beryllium exposure. A nested case-control study 
of central nervous system (CNS) cancers was conducted 
at two nuclear facilities in Oak Ridge, TN, and exposures 
to 26 chemicals of interest were ranked by potential for 
exposure (Carpenter et  al. 1988). Although the authors 
did not find appreciable excess risk of CNS cancers associ-
ated with occupational exposures to any of the researched 
chemicals, a weak association between beryllium and 
these cancers was noted. However, the results were not 
statistically significant. Further, Feingold et  al. (1992) 
reported results from a parental occupation and child-
hood cancer case-control study. Exposure to beryllium or 
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its compounds was not associated with excess risk of all 
cancers in children. Although not reviewed by the most 
recent IARC evaluation, Brown et  al. (2004) investigated 
exposures to radiation, asbestos, hexavalent chromium, 
nickel, and beryllium and lung cancer mortality in work-
ers employed at the Rocky Flats Plant in Colorado. Data 
from a job-exposure matrix was used to estimate annual 
exposures to these chemicals. No associations between 
lung cancer mortality and cumulative exposures to these 
chemicals were identified.

3.2.5  Epidemiologic studies and implications for the 
assessment of beryllium carcinogenicity
Based on our review of the relevant epidemiology litera-
ture regarding the potential association between beryl-
lium and lung cancer, we identified and evaluated 17 
publications. The U.S. EPA and others have criticized the 
studies conducted prior to 1987 as likely being influenced 
by confounding factors (e.g., smoking) and methodo-
logical limitations (U.S. EPA 1998). While useful in gen-
erating hypotheses, contributing to the research of this 
issue, and identifying additional areas of research, the 
results of these studies are undermined by confounding 
factors and provide limited insight into further elucidat-
ing the disease effect association. The U.S. EPA, in addi-
tion to others, further noted that the studies conducted 
by Steenland and Ward (1991), Ward et  al. (1992), and 
Sanderson et al. (2001b) are more complete analyses. The 
reanalyses conducted by Levy and Schubauer-Berigan 
have further addressed the issues of confounding with 
earlier studies (Levy et al. 2007; Schubauer-Berigan et al. 
2008). Modestly elevated risk estimates were observed in 
the studies included in this analysis and cited by IARC. 
However, these investigations lacked the data to control 
for confounding by smoking and they contained uncer-
tainties regarding study methodologies, further limiting 
the interpretation of the significance of these slightly ele-
vated risks (BISAC 1997; MacMahon 1994; ATSDR 2002; 
Garabrant 2007; Deubner et al. 2009).

Reanalyses of the data used by Ward have provided ana-
lytic enhancements by controlling for confounders, using 
more complete databases, incorporating a longer follow-up, 
and conducting more appropriate statistical analyses (Levy 
et al. 2002; Deubner et al. 2007; Levy et al. 2007; Schubauer-
Berigan et al. 2008). These studies, however, do not provide 
independent evidence as they largely utilize overlapping 
cohorts from the same study population. Other issues related 
to confounding of the disease relationship by smoking, 
exposures to sulfuric acid and other strong inorganic acids, 
the lack of an association between risk of lung cancer and 
duration of exposure, marginal lung cancer risk estimates, 
and exceedingly high historical exposures experienced at 
the Lorain and Reading plants suggest that the evidence 
supporting carcinogenic potential in humans for beryl-
lium is either inadequate or marginally suggestive. At worst, 
beryllium appears to have low potency for producing lung 
cancer at high exposure concentrations.

3.3  Short-term worker effect
It has been postulated that increased cancer risk can be 
attributed to characteristics or factors inherent among 
short-term employees. In the beryllium manufacturing 
cohort, numerous studies have shown elevated and often 
statistically significantly elevated SMRs for those employed 
for less than 1, 4, or 5 yr, depending on the study (Mancuso 
and El-Attar 1969; Mancuso 1970; 1979; 1980; Wagoner et al. 
1980; Steenland and Ward 1991). Although information on 
individual personal habits of the beryllium workers was not 
available, other researchers have investigated this issue in 
other populations with short-term employees.

Stewart et  al. (1990), for example, evaluated estimates 
of exposure and mortality experience by job type in a for-
maldehyde plant, and found that short-term workers (≤ 1 yr 
in the job) were more likely to be in jobs with higher levels 
of exposure to particulates than were long-term workers 
(> 1 yr). Short-term workers had greater risks of dying from 
diseases of the circulatory system, arteriosclerotic heart 
disease, emphysema, digestive-tract diseases, cirrhosis of 
the liver, motor vehicle accidents, suicide, and cancer of 
the stomach, colon, lung, prostate, or brain than long-term 
workers. The authors suggest that these observed increased 
risks are consistent with the influence of socioeconomic 
and lifestyle factors, particularly tobacco and alcohol use 
(Stewart et  al. 1990). Similarly, Lamm et  al. (1988) stated 
that including short-term workers may magnify, rather 
than dilute, the estimates of risk in studies. They found lung 
cancer mortality to be significantly increased for short-term 
workers, but not for long-term workers, and differences in 
smoking habits or other unknown factors between the two 
groups were suggested as possible explanations (Lamm 
et al. 1988).

Doll and Peto (1985) further suggest that short-term 
workers have unusual, often important confounding charac-
teristics such as atypical smoking habits, previous occupa-
tional exposures, or other “lifestyle” differences compared 
with the general population. Further studies have suggested 
that unskilled jobs, particularly in the dusty trades, attract 
shifting populations with similar atypical lifestyles (Browne 
1986). In 1999, Kolstad and Olsen reported that workers 
with two or more pre-employment hospitalizations related 
to alcohol abuse or violence had rate ratios of 2.30 (95% 
CI 1.74–3.06) and 1.86 (95% CI 1.35–2.56) for short-term 
and early termination of employment, respectively. They 
concluded that an unhealthy lifestyle was a determinant of 
short-term employment (Kolstad and Olsen 1999). Similarly, 
short-term workers were found to have higher mortality 
rates from virtually all causes, not just occupational ones, 
compared to long-term employees. These findings were 
attributed to individual risk factors, such as high levels of 
tobacco and alcohol consumption among short-term work-
ers. Similar findings were also reported in a study of male 
workers at chromate pigment factories and in a review of 
cement workers (Davies 1984; Ohlson and Hogstedt 1985). 
Extrapolating findings of mortality rates and the influence 
of lifestyle habits and employment choices for typical short-
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term workers from other cohorts to those observed with the 
beryllium industry suggests that a number of factors could 
contribute to the excess lung cancer mortality among beryl-
lium workers employed for less than 5 yr.

3.4  Effect of limited smoking data
Smoking is one of the most investigated risk factors in epi-
demiologic research. Proper adjustment for smoking history 
is critical when studying the effects of exposures on diseases 
strongly linked to smoking, with lung cancer studies heavily 
impacted by this confounder (Blair et al. 1988; Brown and 
Kessler 1988). There is a lack of consensus, however, on how 
to adequately account for smoking. Some argue that the 
accuracy of self-reported smoking status is severely limited 
and cite the need to secure better estimates of smoking expo-
sure, while others note that the lack of adjustment for smok-
ing introduces only limited bias in occupational studies on 
lung cancer (Gillies et al. 1982; Vesey et al. 1982; Leffondre 
et al. 2002; Richiardi et al. 2005). As reported by Jarvis et al. 
(1987), “self-reported smoking rates are likely to give a sub-
stantial underestimate of the true prevalence of smoking,” 
leading to an underestimation of the effects of smoking on 
the disease process (Jarvis et al. 1987, p. 1437). Poor corre-
lations between reported smoking status and biochemical 
markers of smoking suggest that misclassification can occur 
when smoking status is limited to self-reports (Ohlin et al. 
1976; Jarvis et al. 1987; 2008; Stram et al. 2002; Sillett et al. 
1978; Jarvis et al. 1987; Vesey et al. 1982).

Because some misclassification of smoking information 
is likely, some residual confounding by smoking is inevita-
ble (Greenland 1980; Greenland and Robins 1985; Stram 
et  al. 2002; Rothman et  al. 2008). The problem of residual 
confounding may be amplified if the only smoking infor-
mation available is a dichotomous variable such as “ever” 
versus “never” smoked or if detailed smoking histories are 
not available (i.e., smoking duration, intensity, time since 
cessation) (Leffondre et  al. 2002). The lack of detailed 
information on smoking habits, which is often unavail-
able in historical epidemiology investigations, significantly 
limits the adjustment for confounding when attempt-
ing to associate increases in lung cancer risk to a specific 
industrial chemical, as is the case in the beryllium cohort. 
The issue of residual confounding is also problematic, as it 
may appear to the reader that confounding by smoking has 
been fully controlled, when in fact it may not have been. As 
Rothman (2008) states, “if the confounding is strong and 
the exposure-disease relation is weak or zero, misclassifica-
tion of the confounder can produce extremely misleading 
results, even if the misclassification is independent and 
nondifferential,” as is the case with beryllium, smoking, and 
lung cancer (Rothman et al. 2008, p. 145). Potential error in 
self-reported smoking status or exposure classification may 
underestimate the risk from smoking, and may overestimate 
the effect of the other potentially related exposures, such as 
an industrial chemical. Based on our review, residual con-
founding, misclassification, and bias with regard to smok-
ing in the epidemiologic studies cannot be ruled out with 

reasonable confidence in the various studies of beryllium 
carcinogenicity.

There are several approaches in occupational epidemiol-
ogy studies to quantitatively assess the potential confound-
ing by smoking when cigarette smoking data are either 
lacking or incomplete. These indirect methods include, 
among others, (1) estimating the smoking prevalence for the 
entire occupational cohort and (2) evaluating the mortality 
pattern of smoking related diseases that are not expected 
to be associated with the occupational exposure of interest 
(Checkoway et al. 2004). As discussed later, it is desirable for 
the data from these two sources to generate quantitatively 
consistent results. Ward et al. (1992) reported a higher preva-
lence of smoking in the occupational cohort, in comparison 
to the U.S population, reporting an overall smoking adjust-
ment factor for the cohort of 1.13 (based on a 1968 medical 
survey conducted at four of the seven facilities). However, 
an SMR of 1.34 for emphysema was reported (Ward et  al. 
1992). These two findings are not internally consistent and 
it does not appear that there is a distribution of smoking in 
the beryllium cohort that can generate both the magnitude 
of SMR for emphysema (1.34) and the magnitude of the 1.13 
smoking adjustment. The two main reasons to discount the 
SMR for emphysema and to preclude this argument would 
be if beryllium causes emphysema, or if there were errors in 
the diagnosis. However, this does not appear to be the case 
as emphysema has been previously shown to be associated 
with either smoking or a deficiency in proteinase inhibitors 
and there likely would not be a differential misclassification 
due to errors in diagnosis (Stulbarg 1996).

Given this inconsistency, one is left with choosing 
between two options to control for smoking: the first option 
resulting in the conclusion that beryllium is associated with 
an SMR of 1.12 for the total cohort, as presented in Ward 
et  al. (1992), and the second option resulting in a conclu-
sion that lung cancer may not be associated with beryllium 
exposure. It is no less appropriate to use a smoking-related 
disease to indirectly control for smoking than it would be 
to use limited data from a smoking survey that may or may 
not have collected a random representative sample. Further, 
while Ward et al. (1992) reported that there is greater smok-
ing in the subsample of cohort members for which smoking 
data exists, Steenland and Ward (1991) report less smok-
ing among the registrants of the BCR in comparison to the 
general population, potentially due to underreporting of 
smoking habits. Again, the inconsistencies cited in the two 
analyses between the smoking habits in these overlapping 
cohorts further support the previous arguments posed by 
the U.S. EPA and others that there is insufficient evidence to 
exclude confounding by smoking in these analyses.

4.  Assessment of evidence for causality

As a part of this analysis, the postulates for causality pre-
sented by Bradford Hill were considered in evaluating the 
supporting evidence for the association between beryllium 
and lung cancer. Originally adapted from a 1964 report on 
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smoking and health, the various postulates of Bradford 
Hill have been included in many discussions of causality, 
including the IARC Working Groups (Hill 1965; IARC 2006). 
Although not intended to be applied rigorously to the deter-
mination of causation, these postulates are meant to serve 
as guidelines in assessing whether or not a causal relation-
ship truly exists. Several of these concepts are discussed in 
terms of the weight of evidence for beryllium exposure and 
carcinogenicity.

4.1  Strength of association
Virtually all of the studies included in this analysis reported 
lung cancer risk estimates < 2.0, many of which fall below 
1.5. As cautioned by Hill (1965), in general, strong associa-
tions are unlikely to be explained by bias or confounding, 
while weak associations may be due to subtle, unrecog-
nized errors. These errors may potentially lead to faulty 
or misleading outcomes. Thus, the strength of association 
between exposure and disease is best determined by the 
risk estimates derived from the most reliable available stud-
ies. Based on our review, we found the Ward et  al. (1992) 
analysis and Levy et al. (2002) reanalysis to present the most 
reliable risk estimates for the entire cohort. Unadjusted lung 
cancer SMRs were reported as 1.69 (95% CI 1.28–2.19) and 
1.24 (95% CI 1.03–1.48), for Lorain and Reading, respec-
tively. After adjusting the expected values using a smoking 
correction factor based on the U.S. population, the SMRs 
decrease to 1.49 (95% CI 1.13–1.93) and 1.09 (0.91–1.31), 
respectively (Ward et  al. 1992). As demonstrated in the 
Levy reanalysis, depending upon the smoking correction 
factor used, the SMRs decreased to nonsignificance with 
the exception of workers at Lorain, a unique plant with 
documented high exposures during the 1940s (Laskin et al. 
1950; Ward et  al. 1992; Eisenbud 1993; Levy et  al. 2002). 
Because misclassification is likely to occur even with more 
accurate smoking information, some residual confounding 
is inevitable (Rothman et al. 2008). The evidence presented 
in this analysis suggests a weak association between beryl-
lium exposure, which cannot be considered out of context 
of the limitations of the smoking data and other potential 
confounders.

4.2  Consistency
Consistent study findings among different populations 
in different places, circumstances, and times, and among 
different study designs can support a causal relationship 
between exposure and disease. However, consistent results 
across the epidemiology literature do not exist in the con-
text of the carcinogenicity of beryllium. It is important to 
acknowledge that the human studies relied upon in support 
of the classification of beryllium have been conducted using 
data from the same cohort of workers; therefore, consistency 
among the results can be misleading. Moreover, depending 
on the approaches used to analyze the data, the findings of 
the studies are not consistent. For example, because smok-
ing is a known confounder in lung cancer studies and accu-
rate smoking data do not exist for the entire cohort, different 

methodologies have been used to address potential con-
founding by smoking: (1) smoking correction factors used 
to adjust the risk estimates (Wagoner et al. 1980; Ward et al. 
1992; Levy et al. 2002), (2) exclusion of a subset of the cohort 
(Sanderson et al. 2001b), and (3) adjustment for birth cohort 
(Schubauer-Berigan et  al. 2008). Consistent results using 
these methods are not evident. Because of the disparities in 
age-specific lung cancer rates across birth cohorts between 
the late 1800s and 1930, and the tendency to hire older work-
ers during the 1940s, it has been shown that adjusting for 
birth cohort is important (Schubauer-Berigan et al. 2008). In 
light of the limited smoking data for this cohort upon which 
the smoking correction factors are based, control for birth 
cohort seems to be the most valid technique to control for 
this confounding effect.

Likewise, consistency is not apparent when correction 
is made using combined city/county lung cancer rates 
compared to county or national lung cancer rates as seen 
in Levy et  al. (2002). Further, consistency is not appar-
ent among the latent periods in which an increased risk of 
lung cancer is associated (Ward et al. 1992; Sanderson et al. 
2001b; Schubauer-Berigan et al. 2008). Finally, using a dif-
ferent methodology for matching cases to controls resulted 
in different conclusions, as seen in the Levy reanalysis of 
the Sanderson case-control study (Sanderson et  al. 2001b; 
Levy et  al. 2007). The observed association between lung 
cancer and beryllium exposure in Sanderson et al. (2001b) 
was shown to be related to case-control differences in date 
of birth and age at hire, and not to beryllium exposure 
(Deubner et al. 2007; Levy et al. 2007).

Consistency implies that a similar exposure–disease 
relationship is demonstrated across studies using different 
methodological approaches. This is not evident in the pub-
lished literature reviewed for this analysis. Rather, what has 
been consistently demonstrated throughout these studies is 
that when adjusting for confounders, or by using local lung 
cancer rates for comparison, despite the limitations of the 
methods used, the risk estimates decreased and generally 
were no longer statistically significant.

4.3  Temporality
Evidence that the exposure occurred prior to the disease, 
or temporality, must be exhibited to determine that a 
causal association exists. Since lung carcinogens require 
a latency period, it has been suggested that performing 
a lagged analysis is necessary to evaluate the association 
between beryllium exposure and lung cancer (Sanderson 
et  al. 2001b). The beryllium manufacturing cohort stud-
ies have employed a similar approach by evaluating time 
since first employment and date of death. In all studies, 
the estimate of exposure, whether from Social Security 
Administration records, personnel files, or the BCR, dem-
onstrated that work in a beryllium plant preceded death 
(ascertained by death certificates). It is important to note 
that lung cancer has been associated with a variety of 
causes, including several occupational exposures, genetic 
susceptibility, and smoking (U.S. Surgeon General 1985). 
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Ascertaining information from death certificates can 
result in misclassification, given that they do not provide 
the date of diagnosis, frequently lack information on the 
type of lung cancer, and provide limited and inconsistent 
data on occupational history. As seen in Ward et al. (1992), 
50% of the cohort worked for less than 1 yr; at Lorain and 
Reading, 85% and 54%, respectively worked for less than 
1 yr. Information regarding occupations outside of the 
beryllium plants has not been evaluated or presented. 
Consequently, while there is sufficient evidence to deter-
mine a temporal relationship between occupational beryl-
lium exposure and death from lung cancer, the question 
of whether occupational exposure to beryllium or other 
confounding exposures resulted in the disease has not 
been definitively addressed.

4.4  Biological gradient
An important characteristic of both the animal and human 
evidence is the apparent lack of a biological gradient (i.e., 
increasing exposure levels to beryllium do not appear 
to lead to greater incidence of the disease, based on the 
available data). Rigorous effort has been made to assess 
a biological gradient in the human studies using employ-
ment duration, average exposure, maximum exposure, and 
cumulative exposure as metrics, and no convincing gradi-
ent has been identified (Sanderson et al. 2001b; Levy et al. 
2002; Schubauer-Berigan et al. 2008). A consistent dose-re-
sponse relationship was not demonstrated using any met-
ric in the unlagged, 10-yr lagged, and 20-yr lagged analyses 
(Sanderson et  al. 2001b). Further, as stated earlier, short-
term workers may be more likely to be employed in jobs 
with higher levels of exposure and may also be at increased 
risk of certain diseases consistent with the influence of 
socioeconomic and lifestyle factors (Stewart et  al. 1990), 
and numerous studies evaluated here showed increased 
risk primarily in workers of short duration (Mancuso 1980; 
Wagoner et  al. 1980; Ward et  al. 1992; Sanderson et  al. 
2001b). If the beryllium exposure–lung cancer relation-
ship in humans exhibited a biological gradient, we would 
expect to see a similar increased risk in long-term workers 
and in those with higher cumulative exposures; yet we do 
not. However, several factors that may explain, in part, the 
reason that we do not see an increased risk in those with 
the highest exposures have been presented by Stayner 
et  al. (2003). These include (1) bias introduced by the 
healthy worker survivor effect, (2) a depletion of suscep-
tible persons in the population at high exposure levels, (3) 
a natural limit on the relative risk for diseases with a high 
background rate, (4) misclassification of exposures, (5) the 
influence of other risk factors that vary by the level of expo-
sure, and (6) the saturation of key enzyme systems or other 
processes involved in the development of disease (Stayner 
et  al. 2003). In the beryllium manufacturing studies, the 
reliability of the exposure data and small size of groups 
with longer employment duration and higher exposures do 
contribute significant uncertainty (Sanderson et al. 2001b; 
Levy et al. 2002).

Moreover, it was shown that lagging exposures to account 
for latency, as was done in Sanderson et al. (2001b), exag-
gerated the difference in exposure between cases and 
controls because of the censoring of exposure informa-
tion (Garabrant 2007; Levy et al. 2007). The Levy reanalysis 
(2007) demonstrated that there was very little difference in 
exposure between cases and controls, particularly lagged 
20 yr. This observation was not discussed in the context of 
the Sanderson et  al. (2001b) study, which concluded that 
increased lung cancer risk in the greater lagged exposures 
“provide further evidence” that beryllium is a carcinogen 
(Sanderson et al. 2001b, p. 133).

It has been shown that there is an increased incidence of 
lung cancers in subjects diagnosed with ABD when evaluat-
ing workers at Lorain, who were exposed to extremely high 
airborne beryllium concentrations in the 1940s (Steenland 
and Ward 1991; Eisenbud 1993). It is possible, if not likely, 
that beryllium may be acting as a “high-dose” carcinogen; 
i.e., high doses of beryllium may cause tumors, while lower 
doses are completely without effect on tumor formation. 
There are countless examples of high-dose carcinogens as 
reported in various animal studies, which, ultimately, are 
of limited significance when predicting the human risk at 
much lower doses. In fact, about half of the chemicals tested 
in both rats and mice have been found to be carcinogens 
in chronic rodent bioassays at the high doses administered 
(Ames and Gold 1990). Further, the ATSDR noted that “[i]t 
is possible that the beryllium disease process (particularly 
the acute disease) contributes to the development of lung 
cancer” (ATSDR 2002, p. 71). As noted by the U.S. EPA and 
others, the risks predicted by models generally are based 
on high-dose studies, which may have little to no ability to 
characterize human risk and were never intended to quan-
titatively estimate human health risks at low exposures 
(Paustenbach 1989).

In the chronic rodent bioassays, it is postulated that high 
doses can cause a high rate of cell killing and a correspond-
ing stimulation of cell division (mitogenesis), which may 
promote mutagenesis and ultimately, carcinogenesis (Ames 
and Gold 1990). As this relates to the beryllium epidemiol-
ogy studies, ABD cases experienced very high exposures 
to airborne beryllium at peak concentrations upwards of 
4700 µg/m3, which represent a unique environment that 
does not exist in any industrial environment today (Laskin 
et al. 1950; Eisenbud 1993).

4.5  Plausibility
The biological plausibility of beryllium carcinogenicity in 
humans is difficult to determine based on these observa-
tional studies. Concerning the experimental animal studies, 
biological plausibility is conflicting, and there is incomplete 
evidence concerning the mechanisms of beryllium carci-
nogenicity as demonstrated in various in vitro and in vivo 
tests. Several studies in rats and mice indicate that gene 
mutations commonly associated with human lung cancer 
have been present, but were ultimately postulated not to be 
the root cause of carcinogenic transformation (Joseph et al. 
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2001; Keshava et  al. 2001). Mutagenicity and genotoxicity 
studies indicate beryllium may cause genetic changes under 
certain conditions (e.g., with soluble beryllium forms) and 
not under others (e.g., in bacterial assays). Results from 
mutagenicity and genotoxicity tests with beryllium forms 
commonly encountered in the work place are generally 
lacking in the literature. In vivo studies examining possible 
epigenetic mechanisms of carcinogenesis have shown that 
beryllium metal may induce chronic lung inflammation 
with cytokine release and oxygen radical production, lead-
ing to cellular damage and cell proliferation; however, there 
are conflicting reports in animal studies about whether ROS 
are involved in beryllium carcinogenesis, and whether ROS 
is dependent on the chemical form of beryllium. Further, 
bone tumor formation in rabbits exposed to beryllium may 
not be specific to beryllium, but could be a general response 
to chronic inflammation/irritation and/or a response 
occurring in aging animals. Studies at present prevent any 
clear determination of the mechanism of beryllium carci-
nogenicity, or at least fail to point to any one predominant 
mechanism.

5.  Conclusion

We conducted a weight-of-evidence assessment of both the 
historical and recently published literature to evaluate the 
potential carcinogenicity of beryllium. Based on this analy-
sis, it is our view that the evidence for carcinogenicity of 
beryllium is not as clear as has been implied by past evalu-
ations. Much of the inadequacy of the data, as they relate to 
the animal literature, is attributed to methodological weak-
nesses and responses that lack sufficient scientific strength 
to be considered reliable or informative (e.g., small sample 
sizes, inadequate or no control group, and high mortality 
in exposed animals), lack of dose-response comparisons, 
possible unique animal species susceptibility (e.g., osteosar-
comas in rabbits), exceedingly high doses, and questionably 
irrelevant routes of exposure (e.g., intraosseal and intrave-
nous), as well as to a lack of a mechanistic basis for tumor 
development. Further, toxicology studies specific to occu-
pationally relevant forms of beryllium do not show  consist-
ent correlations between beryllium exposure and cancer in 
animals. In addition, tumor responses were not consistent 
across animal species or beryllium administered via several 
routes.

In relation to the available epidemiology literature, lim-
ited data result in incomplete exposure information and 
limited control for smoking as a confounder. As such, cau-
tion must be applied when evaluating the potential causal 
association sometimes reported in these studies. There are 
two primary reasons for this view. First, exposures to beryl-
lium have been poorly defined by the majority of the epide-
miology studies. Steenland and Ward (1991) suggest that the 
excess lung cancer observed among the BCR registrants with 
ABD (acute disease is assumed to be associated with high 
exposure to soluble beryllium compounds) supports the 
argument that beryllium exposure explains, at least partly, 

the lung cancer excess, and is indicative of a dose-response 
relationship. Although the relationship between high beryl-
lium exposures and ABD and lung cancer incidence may 
be suggestive, the existing confounding (e.g., smoking) of 
the analysis of workers at the Lorain facility, where all of 
these workers were employed, coupled with the very weak 
association (RR < 2), weakens the strength of this argument 
(Eisenbud 1993). Additionally, based on the IARC Working 
Group’s evaluation criteria, such classifications of exposure 
should be addressed independently of disease status (e.g., 
ABD).

Further, the strength of associations or relative risk 
estimates are low, generally < 1.5, and after controlling for 
smoking or other confounders, most risk estimates are no 
longer significant, with the exception of one historical plant 
cohort (Lorain) in which smoking and other chemical expo-
sures have not been well characterized (Ward et  al. 1992; 
Sanderson et  al. 2001a; Levy et  al. 2002; Levy et  al. 2007; 
Schubauer-Berigan et  al. 2008). Because some misclas-
sification of relevant smoking information is likely, some 
residual confounding by smoking is inevitable (Greenland 
1980; Greenland and Robins, 1985; Stram et  al. 2002). 
Additionally, results of different study methodologies vary 
greatly between studies, upon comparing risks from log 
transformed versus untransformed exposure data and vari-
ous matching techniques (Deubner, Goodman et al. 2001; 
Deubner, Lowney et  al. 2001; Deubner and Kent 2007). 
Thus, there is a lack of consistency across studies that uti-
lize different statistical and epidemiologic approaches. The 
effect of smoking is nearly impossible to separate from any 
effects of beryllium, particularly at such low risk estimates 
where there is a lack of well-characterized smoking history. 
It is likely that no additional improvements can be made 
with the analysis of the Lorain cohort without additional 
data on smoking and the exposure history of these workers. 
However, issues surrounding residual confounding from 
smoking and study design shortcomings, such as control 
matching, are likely to be improved upon through addi-
tional cohort follow-up of other beryllium manufacturing 
plants.

While recent evaluations have addressed methodologi-
cal limitations apparent in earlier cohort studies (e.g., more 
appropriate reference population, correction for smoking), 
risk estimates of a possible association between beryllium 
exposure and lung cancer in humans cannot be considered 
out of context of the limitations that still exist in the literature 
(e.g., other occupational exposures, confounding by birth 
year, discrepancies in lagging periods, appropriate match-
ing). In addition, because of the lack of well-characterized 
historical occupational exposures, the lack of an observed 
dose-response relationship in the animal and human stud-
ies, and lack of consistent findings of an increased risk of 
lung cancer, we find that the evidence is weak for an associa-
tion between beryllium exposure and lung cancer, using the 
Hill postulates for causality. These findings are comparable 
to more historic analyses of the epidemiology literature 
of beryllium and lung cancer using the same criteria for 
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disease causation (Monson 1990). In the context of a weight-
of-evidence analysis of the historical and recent animal and 
human literature, we therefore conclude that the evidence 
for beryllium's carcinogenic potential in humans should be 
considered either inadequate or marginally suggestive in 
modern industrial settings.
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