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Rationale: Beryllium sensitization (BeS) and chronic beryllium dis-
ease (CBD) are determined by at least one genetic factor, a glutamic
acid at position 69 (E69) of the HLA-DPB1 gene, and by exposure to
beryllium. The relationship between exposure and the E69 genotype
has not been well characterized.
Objectives: The study goal was to define the relationship between
beryllium exposure and E69 for CBD and BeS.
Methods:Workers (n 5 386) fromaU.S.nuclearweapons facilitywere
enrolled into a case–control study (70 BeS, 61 CBD, and 255 control
subjects). HLA-DPB1 genotypes were determined by sequence-
specific primer-polymerase chain reaction. Beryllium exposures
were reconstructed on the basis of worker interviews and historical
exposure measurements.
Measurements and Main Results: Any E69 carriage increased odds for
CBD(oddsratio [OR],7.61;95%confidence interval [CI], 3.66–15.84)
and each unit increase in lifetime weighted average exposure
increased the odds for CBD (OR, 2.27; 95% CI, 1.26–4.09). Compared
with E69-negative genotypes, a single E69-positive *02 allele in-
creased the odds for BeS (OR, 12.01; 95% CI, 4.28–33.71) and CBD
(OR, 3.46; 95% CI, 1.42–8.43). A single non-*02 E69 allele further
increasedtheodds forBeS(OR,29.54;95%CI,10.33–84.53)andCBD
(OR, 11.97; 95% CI, 5.12–28.00) and two E69 allele copies conferred
the highest odds for BeS (OR, 55.68; 95% CI, 14.80–209.40) and CBD
(OR, 22.54; 95% CI, 7.00–72.62).
Conclusions: E69 and beryllium exposure both contribute to the odds
of CBD. The increased odds for CBD and BeS due to E69 appear to be
differentially distributed by genotype, with non-*02 E69 carriers and
E69 homozygotes at higher odds than those with *02 genotypes.
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In manufacturing nuclear weapons, workers at U.S. and in-
ternational facilities have been exposed to beryllium aerosols. A
subset of these workers have developed beryllium sensitization
(BeS) and chronic beryllium disease (CBD). BeS is the dem-
onstration of T-cell proliferation via presentation of an un-
known beryllium antigen by human leukocyte antigen (HLA)
class II molecules on antigen-presenting cells and is demon-
strated clinically by the beryllium lymphocyte proliferation test
(BeLPT) (1–4). In some individuals, BeS progresses to CBD,

a progressive lung disease characterized by noncaseating gran-
ulomas (5, 6). The prevalence of BeS and CBD appears to vary
depending on the workforce and beryllium exposure character-
istics; prevalences of up to 15% for BeS and 8% for CBD have
been reported in previous cross-sectional studies (2, 7). In
general, the exposure–response relationship does not appear
to be linear, with reports of BeS and CBD documented in
individuals with low-exposure jobs (8–10). Differences in expo-
sure characteristics (11–18) and host genetic factors (19–29)
have been proposed as explanatory of the lack of linear expo-
sure response.

Richeldi and colleagues (19) demonstrated overrepresenta-
tion of HLA-DPB1 alleles with a glutamic acid at position 69 of
the b chain (E69) in CBD case subjects (97%) compared with
control subjects (30%). More recent studies have verified these
results, showing increased frequencies of E69 in CBD (61–97%)
and BeS (39–90%) case subjects, compared with control sub-
jects (30–47%) (20–27). The non-*02 E69 alleles have been
associated with increased odds for CBD and BeS as compared
with the *02 alleles and E69 homozygotes have been associated
with greater odds of BeS and CBD as compared with hetero-
zygotes (21, 24, 25, 27). Only one previous study has evaluated
the combination of genetic and exposure factors on the odds of
BeS and CBD (20). In this study, high beryllium exposure, and
carriage of HLA-DPB1 E69, were each individually associated
with increased odds of CBD. However, the study did not
provide extensive characterization of exposure using industrial
hygiene measurements to define exposure, nor did it evaluate
risk of BeS and the effects of specific E69 genotype.

In the current study, we hypothesized that HLA-DPB1 E69
homozygosity, carriage of non-*02 E69 alleles, and higher
beryllium exposure would confer increased odds of BeS and
CBD. This hypothesis was addressed in a case–control study of

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Genetic studies repeatedly have linked beryllium sensiti-
zation and chronic beryllium disease to a glutamic acid at
position 69 (E69) on HLA-DPB1. Few studies have
examined beryllium exposure in combination with HLA-
DPB1 E69.

What This Study Adds to the Field

The increased odds for chronic beryllium disease and
beryllium sensitization due to HLA-DPB1 E69 appear to
be differentially distributed by genotype, with non-*02 E69
carriers and E69 homozygotes at higher odds than those
with *02 genotypes. Beryllium exposure and E69 genotype
contribute individually to chronic beryllium disease odds.
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a large population of beryllium-exposed nuclear weapons pro-
duction workers. The aims of the study were as follows: (1) to
investigate the interaction between E69 and beryllium exposure
in the risk for BeS and CBD, (2) to determine whether E69
homozygosity and carriage of specific E69 alleles impact the
odds of BeS and CBD, and (3) to define beryllium exposure
levels important in the risk for BeS and CBD. Some of the
results of these studies have been previously reported in the
form of abstracts (30, 31).

METHODS

Study Recruitment and Design

The current investigation was conducted among workers from the
Rocky Flats Environmental Technology Site (RFETS). Approximately
7,820 current and former workers at the plant had participated in
medical surveillance based on the BeLPT between 1992 and 2001, with
at least 117 having been diagnosed with CBD and 184 with BeS (32).
All workers ever participating in RFETS beryllium medical surveil-
lance were eligible to participate in the study. BeS case subjects had
two or more abnormal blood BeLPT results and/or an abnormal
bronchoalveolar lavage (BAL) BeLPT results. BeS case subjects were
considered confirmed if they had undergone a medical evaluation with
no evidence of CBD and unconfirmed if no medical evaluation had
been performed. CBD case subjects had evidence of BeS along with
either (1) granulomas on biopsy or (2) both an abnormal BAL BeLPT
and greater than 15% lymphocytes in BAL fluid. Control subjects also
worked at the RFETS facility and had at least two normal and no
abnormal BeLPTs with one performed in the last 5 years. To the extent
possible, control subjects were frequency matched approximately two
to one to case subjects (combined BeS/CBD group), based on sex, race,
and decade of hire at RFETS. The study protocol was approved by the
National Jewish Health (Denver, CO) Institutional Review Board and
included written informed consent from each study participant.

Genetic Assessment and Coding

Genomic DNA was extracted from peripheral blood, using a Wizard
genomic purification kit (Promega, Madison, WI), with genotyping
performed by sequence specific primer-polymerase chain reaction
(SSP-PCR) for HLA-DPB1 as described by Gilchrist and colleagues
(33). The technician performing genotyping was blinded to case and
exposure status. Genes were typed to the allele level for the numerous
HLA-DPB1 alleles. Participants were coded or grouped according to
several strategies: (1) E69 positive or E69 negative, indicating carriage
or noncarriage of at least one HLA-DPB1 allele containing the E69
marker (i.e., *0201, *0202, *0601, *0801, *0901, *1001, *1301, *1601,
*1701, *1901); (2) HLA-DPB1 genotype specifying carriage of at least
one of the indicated alleles (e.g., *0201 genotype, *0401 genotype, etc.);
(3) *02 genotype specifying carriage of at least one *0201 or *0202
allele; (4) non-*02 E69-positive genotype specifying carriage of at least
one non-*02 E69-positive allele (i.e., *0601, *0801, *0901, *1001, *1301,
*1601, *1701, or *1901); or (5) additional coding indicating carriage of
one or two copies of E69-positive alleles and pair-wise combinations of
*02, non-*02, and E69-negative alleles.

Exposure Assessment

Each participant was interviewed by a trained interviewer, using
a standardized exposure questionnaire. The interviewer was blinded
to genotype and case status. From the exposure questionnaires, each of
the unique beryllium exposure tasks was identified. Using published
and unpublished beryllium exposure data from RFETS (34–36) and
similar facilities (15, 37, 38), an arithmetic mean of the available task
and time period–specific exposure measurements was calculated for
each of the unique beryllium exposure tasks. Using participants’ time
and percent-beryllium estimates along with task exposure estimates
from industrial hygiene data, cumulative and lifetime weighted mean
beryllium exposure were calculated in units of micrograms per cubic
meter times duration in years (mg/m3-years) or micrograms per cubic
meter (mg/m3), respectively. The maximum task-based exposure (mg/m3)

was used as a surrogate for short-term high exposure. Other exposure
metrics included the highest reported exposure category and the
percentage of work time at RFETS spent directly or indirectly exposed
to beryllium. A more detailed description of the exposure assessment
methods is included in the online supplement.

Statistical Analysis

We used SAS version 9.1 (SAS Institute, Inc., Cary, NC) for statistical
analyses. Univariate tests of association between categorical variables
were performed using chi-square tests with Fisher’s exact tests used
when any cell had an expected value less than five. The Bonferroni
method was used to address multiple comparisons; as a result the
reported unadjusted P values should be compared with a 5 0.0006
(n 5 87) for genetic comparisons based on all possible combinations
and a 5 0.017 (n 5 3) for comparison of the many correlated exposure
measures based on the three comparisons (BeS vs. control subjects,
CBD vs. control subjects, and BeS vs. CBD). Because of skewed
distributions, continuous variables were compared across the three
groups (control subjects, BeS, and CBD), using the Kruskal-Wallis test
followed by pair-wise comparisons using the Mann-Whitney test when
significant (P < 0.05). A purposeful model-building strategy (39) using
unconditional logistic regression was used to model disease state as
a function of multiple predictors, including gene and environment
variables. All independent variables with univariate P values less than
0.25 were evaluated in multivariate models that included one genetic
variable specifying E69 status or genotype and one continuous
exposure variable. A significance level of 0.05 was required for a vari-
able to remain in the model. First-order interactions with significance
levels at or below 0.1 were included in the final model. All de-
mographic variables were evaluated in the final model for confounding
and included in the model when their presence resulted in at least
a 10% change in any of the estimated regression coefficients. Two
strategies for inclusion of genetic variables in logistic regression models
were used: (1) carriage of any E69 allele, and (2) an allele-specific risk
model. The allele-specific risk model used a set of classification
variables coded as follows: (1) carriage of only E69-negative alleles,
(2) carriage of a single copy of an *02 allele along with an E69-negative
allele, (3) carriage of a single E69-positive non-*02 allele along with an
E69-negative allele, or (4) carriage of two E69 allele copies, one *02
allele and one E69-positive non-*02 allele. For this model, the first
variable (E692) was modeled as the reference. To estimate the
probability of CBD as a function of beryllium exposure meaningful
for the whole of the Rocky Flats population, a weighted logistic
regression was performed using the observed rate of CBD of 1.7%
reported in a previous cross-sectional study (10). More detailed
statistical methods are included in the online supplement.

RESULTS

Study Population

A total of 399 individuals were enrolled in this study. Thirteen
subjects were excluded for the following reasons: 5 because they
did not meet our criteria for diagnosis of CBD or BeS (2 with
only one abnormal BeLPT, 1 diagnosed with sarcoidosis
without abnormal BeLPTs, 2 with insufficient medical informa-
tion to provide an accurate diagnosis), 4 with either a diagnosis
of BeS or CBD before their hire date at RFETS or with long-
term beryllium exposure at a facility other than RFETS, and 4
whose DNA was unavailable for genotyping. The final cohort
consisted of 386 former RFETS workers including 255 control
subjects with potential beryllium exposure, 61 subjects with
CBD, 53 subjects with confirmed BeS, and 17 individuals who
were classified as unconfirmed BeS on the basis of two
abnormal BeLPTs, but who had not undergone a bronchoscopy
to rule out CBD. Seven of the 61 CBD case subjects were
diagnosed on the basis of an abnormal BeLPT BAL response
and greater than 15% lymphocytes. As BeS and CBD are rare
outcomes associated with specialized industrial operations,
populations studied often overlap. Although this cohort was
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assembled specifically for this study, some of the case subjects
and control subjects in this study also participated in previous
genetic (24), cross-sectional industry-based (10, 32, 35, 36, 40),
and longitudinal studies (5, 6) of BeS and CBD.

Demographic Characteristics

As shown in Table 1, there were no significant differences in
age, year of hire at RFETS, and number of years worked at
RFETS among the three groups. The cohort was predominantly
male (88.3%), consistent with the traditionally male-dominated
workforce at RFETS. However, there were proportionally more
female case subjects with BeS (n 5 15, 21.4%) compared with
control subjects (n 5 25, 9.8%; P 5 0.009) and CBD case
subjects (n 5 5, 8.2%; P 5 0.036). Although participants were
predominantly white (97.7%) and non-Hispanic (93.8%), there
was a significantly higher proportion of African-American CBD
case subjects (n 5 4, 6.6%) compared with control subjects (n 5

3, 1.2%; P 5 0.028). Hispanics were overrepresented among
BeS case subjects (n 5 8, 11.4%) compared with control
subjects (n 5 11, 4.3%; P 5 0.039). Most of the differences in
sex, race, and ethnicity are likely due to underenrollment of
control subjects or frequency matching on the combined BeS/
CBD group. A trend for increased smoking among BeS case
subjects was apparent, with BeS case subjects more likely to be
current smokers (n 5 8, 11.4%) compared with control subjects
(n 5 13, 5.1%; P 5 0.094) and CBD case subjects (n 5 2, 3.3%;
P 5 0.104). BeS case subjects also worked fewer years at the
facility (median, 12.6 yr) compared with control subjects
(median, 15.0 yr; P 5 0.020). Among those classified as having
BeS, there were no differences in age, sex, race, ethnicity,
smoking status, year of hire at RFETS, or years spent working
at RFETS between those with confirmed BeS and those with
unconfirmed BeS (data not shown). There were also no
differences in these variables between those with biopsy-proven
CBD and those diagnosed with CBD on the basis of abnormal
BAL BeLPT and lymphocytosis (data not shown).

Exposure Characteristics

Qualitative self-reported exposure characteristics. Qualitative self-
reported exposure characteristics are shown in Table 2 compar-

ing case subjects and control subjects. Overall, 86.3% of the
cohort reported direct or indirect exposure to beryllium and
16.9% of the typical participants’ time was spent working in
jobs with direct or indirect beryllium exposure. Only 12.4% of
the participants had ever worked as a beryllium machinist.
CBD case subjects spent a greater percentage of their time
directly exposed to beryllium (median, 4.3%) as compared
with BeS case subjects (median, 0%; P 5 0.009) and although
the comparison was not significant compared with control
subjects, a trend was apparent (median, 1.4%; P 5 0.068). In
addition, CBD case subjects were more likely to report direct
exposure to beryllium (68.9%) as compared with BeS case
subjects (45.7%; P 5 0.008). Interestingly, BeS case subjects
were less likely than control subjects to report direct exposure
to beryllium (45.7% vs. 62.3%; P 5 0.012), and there was
a trend suggesting BeS case subjects were more likely to report
‘‘no known exposure to beryllium’’ compared with control
subjects (22.9 vs. 12.5%; P 5 0.031). Together, these data
suggest that CBD case subjects had spent a greater percentage
of their work time directly exposed to beryllium than did
control subjects or BeS case subjects, and that BeS case
subjects were less likely to have self-reported direct beryllium
exposure than control subjects.

Reconstructed exposures. Reconstructed beryllium expo-
sures comparing case and control subjects are shown in Table
3. CBD case subjects had significantly higher cumulative
exposures (median, 1.46 mg/m3-years) and lifetime weighted
average exposures (median, 0.07 mg/m3) than either BeS
case subjects (median, 0.11 mg/m3-years; P 5 0.001 and
0.01 mg/m3; P 5 0.001) or control subjects (median,
0.39 mg/m3-years; P 5 0.011 and 0.03 mg/m3; P 5 0.008).
Conversely, BeS case subjects had lower cumulative expo-
sures (median, 0.11 mg/m3-years) than control subjects (me-
dian, 0.39 mg/m3-years; P 5 0.031) and a trend toward lower
lifetime weighted average exposure (median, 0.01 vs. 0.03 mg/
m3; P 5 0.073). There were no significant differences in any
exposure characteristics between confirmed BeS case subjects
and those classified as unconfirmed BeS (data not shown).
Separating the lifetime weighted exposures into quartiles
(<0.001 mg/m3, .0.001 to <0.03 mg/m3, .0.03 to <0.17 mg/m3,

TABLE 1. COMPARISON OF DEMOGRAPHIC CHARACTERISTICS AMONG SUBJECTS WITH CHRONIC BERYLLIUM DISEASE, SUBJECTS
WITH BERYLLIUM SENSITIZATION, AND CONTROL SUBJECTS

Total Control Subjects BeS CBD

(n 5 386) (n 5 255) (n 5 70) (n 5 61) P Value

Median age, yr (range)* 67 (41–89) 67 (41–89) 65 (45–84) 65 (49–86)

Sex, n (%)†

Male 341 (88.3%) 230 (90.2%) 55 (78.6%) 56 (91.8%)

Female 45 (11.7%) 25 (9.8%)‡ 15 (21.4%)‡,x 5 (8.2%)x 0.009,‡ 0.036x

Race, n (%)†

White 377 (97.7%) 252 (98.8%) 68 (97.1%) 57 (93.4%)

African American 9 (2.3%) 3 (1.2%)k 2 (2.9%) 4 (6.6%)x 0.028x

Ethnicity, n (%)†

Hispanic 24 (6.2%) 11 (4.3%)‡ 8 (11.4%)‡ 5 (8.2%) 0.039‡

Non-Hispanic 362 (93.8%) 244 (95.7%) 62 (88.6%) 56 (91.8%)

Smoking status, n (%)†

Current 23 (6.0%) 13 (5.1%)‡ 8 (11.4%)‡,x 2 (3.3%)x 0.094,‡ 0.104x

Former 203 (52.6%) 135 (52.9%) 34 (48.6%) 34 (55.7%)

Never 160 (41.4%) 107 (42.0%) 28 (40.0%) 25 (41.0%)

Year of hire, median (range)* 1969 (1952–1998) 1968 (1952–1993) 1972 (1952–1998) 1969 (1952–1990)

Years at facility, median (range)* 15.0 (0.2–40.7) 15.8 (0.2–40.7)‡ 12.6 (0.5–33.7)‡ 16.8 (1.0–40.0) 0.020‡

Definition of abbreviations: BeS 5 beryllium sensitization; CBD 5 chronic beryllium disease.

* Compared using Kruskal-Wallis test followed by pair-wise Mann-Whitney tests when significant.
† Compared using chi-square or Fisher’s exact method.
‡ Comparison between BeS and control subjects.
x Comparison between BeS and CBD.
k Comparison between CBD and control subjects.
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and .0.17 mg/m3) demonstrated that CBD case subjects had
a higher percentage of subjects with exposures over 0.17 mg/m3

(41.0%) compared with control subjects (22.3%; P 5 0.015). In
addition, a greater percentage of CBD case subjects (32.8%)
tended to work in the highest task-based exposures compared
with control subjects (20.0%; P 5 0.032). Interestingly, BeS case
subjects were more likely to have maximum task-based expo-
sures less than 0.02 mg/m3 (35.7% compared with 19.2% of
control subjects, P 5 0.003; and 13.1% of CBD case subjects,
P 5 0.003).

Genotype Characteristics

The E69 genotypic distribution was in Hardy-Weinberg equi-
librium (HWE) for control subjects (x2 5 0.03, P 5 0.86), but
not for BeS case subjects (x2 5 10.69, P 5 0.001) or CBD case
subjects (x2 5 10.69, P 5 0.001). For BeS and CBD case
subjects, there were more heterozygotes than expected and
fewer E69 and non-E69 homozygotes than expected on the
basis of HWE for the expected allele frequency for each of
these groups. As shown in Table 4B, both BeS case subjects
(92.9%; P , 0.0001) and CBD case subjects (83.6%; P ,

TABLE 2. COMPARISON OF REPORTED EXPOSURE CHARACTERISTICS AMONG SUBJECTS WITH CHRONIC BERYLLIUM DISEASE,
SUBJECTS WITH BERYLLIUM SENSITIZATION, AND CONTROL SUBJECTS

P Value

Total

(n 5 386)

Control Subjects

(n 5 255)

BeS

(n 5 70)

CBD

(n 5 61)

BeS versus

Control Subjects

CBD versus

Control Subjects

BeS versus

CBD

Any reported exposure to Be, n (%)* 333 (86.3%) 223 (87.4%)‡ 54 (77.1%) 56 (91.8%) 0.031 0.342 0.022

Year of first Be exposure, median (range)† 1970 (1952–1996) 1969 (1952–1971) 1976 (1952–1996) 1969 (1953–1990) n.s. n.s. n.s.

Highest reported Be exposure, n (%)*

Any direct Be exposure 233 (60.4%) 159 (62.3%) 32 (45.7%) 42 (68.9%) 0.012‡ 0.343 0.008‡

a. Directly alter Be part 112 (29.0%) 72 (28.2%) 15 (21.4%) 25 (41.0%) 0.255 0.052 0.015‡

b. Contact with Be waste materials 90 (23.3%) 63 (24.7%) 13 (18.6%) 14 (23.0%) 0.283 0.774 0.536

c. Contact with finished Be part 31 (8.0%) 24 (9.4%) 4 (5.7%) 3 (4.9%) 0.329 0.259 1.0

Any indirect Be exposure 100 (25.9%) 64 (25.1%) 22 (31.4%) 14 (22.9%)

d. Work within 5 ft of Be operation 25 (6.5%) 18 (7.1%) 2 (2.9%) 5 (8.2%) 0.266 0.784 0.250

e. Work in same room as Be operation 17 (4.4%) 12 (4.7%) 4 (5.7%) 1 (1.6%) 0.756 0.475 0.371

f. Work in same building as Be operation 58 (15.0%) 34 (13.3%) 16 (22.9%) 8 (13.1%) 0.050 0.964 0.150

No known exposure to Be 53 (13.7%) 32 (12.5%) 16 (22.9%) 5 (8.2%) 0.031 0.342 0.022

Percentage of work time exposed to Be,

median (range)†

Directly (categories a–c above) 1.3% (0–100%) 1.4% (0–95.0%) 0% (0–100%) 4.3% (0–100%) 0.104 0.068 0.009

Indirectly (categories d–f above) 5.2% (0–100%) 6.1% (0–100%) 3.1% (0–100%) 10.0% (0–100%) n.s. n.s. n.s.

Directly or indirectly 16.9% (0–100%) 15.9% (0–100%) 10.6% (0–100%) 33.6% (0–100%) n.s. n.s. n.s.

Ever exposed to Be oxide, n (%)* 22 (5.7%) 13 (5.1%) 5 (7.1%) 4 (6.6%) 0.555 0.751 1.0

Ever worked as a Be machinist, n (%)* 48 (12.4%) 33 (12.9%) 6 (8.6%) 9 (14.7%) 0.319 0.708 0.268

Definition of abbreviations: BeS 5 beryllium sensitization; CBD 5 chronic beryllium disease; n.s. 5 not significant (Kruskal-Wallis P . 0.05).

* Compared by chi-square or Fisher’s exact method; unadjusted P values reported.
† Compared by Kruskal-Wallis test followed by pair-wise Mann-Whitney test when significant.
‡ Significant after Bonferroni correction (n 5 3), a 5 0.017.

TABLE 3. COMPARISON OF RECONSTRUCTED EXPOSURE CHARACTERISTICS AMONG SUBJECTS WITH CHRONIC BERYLLIUM DISEASE,
SUBJECTS WITH BERYLLIUM SENSITIZATION, AND CONTROL SUBJECTS

P Value

Total

(n 5 386)

Control Subjects

(n 5 255)

BeS

(n 5 70)

CBD

(n 5 61)

BeS versus

Control Subjects

CBD versus

Control Subjects

BeS versus

CBD

Cumulative Be exposure,

mg/m3-years: median (mean)*

0.35 (3.68) 0.39 (2.43) 0.11 (2.96) 1.46 (9.71) 0.031 0.011 0.001

Lifetime weighted average Be

exposure, mg/m3: median (mean)*

0.03 (0.24) 0.03 (0.15) 0.01 (0.25) 0.07 (0.64) 0.073 0.008 0.001

Lifetime weighted average

exposure quartiles, n (%)†

<0.001 mg/m3 91 (23.6%) 57 (22.3%) 24 (34.3%) 10 (16.4%) 0.040 0.306 0.020

.0.001 to <0.03 mg/m3 109 (28.2%) 74 (29.0%) 21 (30.0%) 14 (22.9%) 0.873 0.342 0.363

.0.03 to <0.17 mg/m3 89 (23.1%) 67 (26.3%) 10 (14.3%) 12 (19.7%) 0.037 0.285 0.411

.0.17 mg/m3 97 (25.1%) 57 (22.3%) 15 (24.4%) 25 (41.0%) 0.869 0.003‡ 0.015‡

Maximum task-based

exposure, n (%)†

,0.02 mg/m3 82 (21.2%) 49 (19.2%) 25 (35.7%) 8 (13.1%) 0.003‡ 0.266 0.003‡

>0.02 and ,0.05 mg/m3 30 (7.8%) 17 (6.7%) 7 (10.0%) 6 (9.8%) 0.345 0.411 0.975

>0.05 and ,0.10 mg/m3 7 (1.8%) 5 (2.0%) 2 (2.86%) 0 (0%) 0.646 0.587 0.498

>0.10 and ,0.20 mg/m3 27 (7.0%) 18 (7.1%) 6 (8.6%) 3 (4.9%) 0.668 0.776 0.502

>0.20 and ,0.50 mg/m3 24 (6.2%) 16 (6.3%) 4 (5.7%) 4 (6.6%) 1.0 1.0 1.0

>0.50 and ,1.0 mg/m3 29 (7.5%) 24 (9.4%) 2 (2.9%) 3 (4.9%) 0.073 0.259 0.663

>1.0 and ,2.0 mg/m3 100 (25.9%) 75 (29.4%) 8 (11.4%) 17 (27.9%) 0.002‡ 0.812 0.017

>2.0 mg/m3 87 (22.5%) 51 (20.0%) 16 (22.9%) 20 (32.8%) 0.601 0.032 0.204

Definition of abbreviations: BeS 5 beryllium sensitization; CBD 5 chronic beryllium disease.

* Compared using Kruskal-Wallis test followed by pair-wise Mann-Whitney test when significant.
† Compared by chi-square or Fisher’s exact method; unadjusted P values reported.
‡ Significant after Bonferroni correction (n 5 3), a 5 0.017.
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0.0001) were more likely to carry an E69 allele compared with
control subjects (38.0%). Case subjects were also more likely to
carry two copies of E69 compared with control subjects (25.7%
of BeS case subjects and 19.7% of CBD case subjects vs. 4.3%
of control subjects, with P , 0.0001 for both). After correcting
for multiple comparisons, the only significant allele-specific
differences noted in Table 4A were that BeS case subjects were
more likely to be carriers of the *0201 and *0601 alleles and
CBD case subjects were more likely to be carriers of the *0601
allele compared with control subjects. When combined (Table
4B), the non-*02 E69 alleles were present at greater frequency
in both BeS case subjects (55.7 vs. 14.1% of control subjects;
P , 0.0001) and CBD case subjects (60.7% vs. control subjects;
P , 0.0001). The differences were also significant when com-
paring the *02 genotype between BeS case subjects and control
subjects (BeS, 52.9 vs. 26.7% of control subjects; P , 0.0001).
Interestingly, the frequency of the *02 genotype in CBD case
subjects (39.3%) did not differ significantly from control sub-
jects after correcting for multiple comparisons. No significant
differences were noted in any genotype frequency between BeS
and CBD case subjects or between confirmed and unconfirmed
cases of BeS.

Multiple Logistic Regression

Increasing lifetime weighted exposure and E69 were associated
with increased odds of CBD in our multiple logistic regression
models (Table 6). In contrast, whereas E69 was highly predictive

of BeS odds in logistic regression models, beryllium exposure
metrics including those representing cumulative, average, and short-
term high exposure were not associated with BeS odds (Table 5).
Demographic variables including race, ethnicity, sex, age, and
year of hire were not significant predictors of the odds of BeS or
CBD, nor did their inclusion in the model significantly change the
regression coefficients or odds ratios of the other predictors.

The significant predictors of BeS derived from multiple
logistic regression are presented in Table 5. The model showed
point estimates of increasing odds of BeS with carriage of
a single *02 allele (odds ratio [OR], 12.01; 95% confidence
interval [CI], 4.28–33.71), carriage of a single non-*02 E69 allele
(OR, 29.54; 95% CI, 10.33–84.53), and E69 copy number with
one *02 allele plus one non-*02 E69 allele (OR, 55.68; 95% CI,
14.8–209.40). In addition, increased odds of BeS was associated
with having worked fewer than 5 years at the facility (OR, 2.83;
95% CI, 1.31–6.13). If a more simplistic model is used, adjusting
for time spent working at the facility, the carriage of any E69
allele increases the odds of BeS 22-fold (OR, 21.89; 95% CI,
8.43–56.80) (data not shown). Beryllium exposure covariates
including lifetime weighted average exposure, cumulative ex-
posure, and short-term maximum task-based exposure were not
significant predictors of BeS. Race, ethnicity, sex, smoking
status, and first-order interactions were not significant pre-
dictors of the odds of BeS, nor did their inclusion in the model
significantly change the regression coefficients or odds ratios of
the other predictors.

TABLE 4. COMPARISON OF HLA-DPB1 GENOTYPE FREQUENCY, AND OF GROUPED HLA-DPB1 E69 GENOTYPE FREQUENCY, AMONG
SUBJECTS WITH CHRONIC BERYLLIUM DISEASE, SUBJECTS WITH BERYLLIUM SENSITIZATION, AND CONTROL SUBJECTS

P Value*

HLA-DPB1 Genotype

Control Subjects

(n 5 255)

BeS

(n 5 70)

CBD

(n 5 61)

BeS versus

Control Subjects

CBD versus

Control Subjects

BeS versus

CBD

A. Comparison of HLA-DPB1 Genotype Frequency among Subjects with CBD, Subjects with BeS, and Control Subjects

E69-containing alleles

a. *0201 67 (26.3%) 36 (51.4%) 21 (34.4%) ,0.0001† 0.202 0.050

b. *0202 1 (0.4%) 2 (2.9%) 3 (4.9%) 0.118 0.024 0.663

c. *0601 3 (1.2%) 9 (12.9%) 11 (18.0%) ,0.0001† ,0.0001† 0.411

d. *0801 0 (0) 1 (1.4%) 0 (0) 0.215 n/a 1.0

e. *0901 2 (0.8%) 4 (5.7%) 4 (6.6%) 0.021 0.014 1.0

f. *1001 11 (4.3%) 9 (14.8%) 9 (12.9%) 0.020 0.006 0.753

g. *1301 14 (5.5%) 7 (10.0%) 5 (8.2%) 0.177 0.382 0.721

h. *1601 1 (0.4%) 3 (4.3%) 2 (2.9%) 0.033 0.096 1.0

i. *1701 4 (1.6%) 7 (11.5%) 7 (10.0%) 0.003 0.001 0.785

j. *1901 1 (0.4%) 0 (0%) 0 (0%) 1.0 1.0 n/a

Non–E69-containing alleles

k. *0101 20 (7.8%) 7 (10.0%) 5 (8.2%) 0.562 1.0 0.721

l. *0301 37 (14.5%) 6 (8.6%) 6 (9.8%) 0.194 0.339 0.802

m. *0401 187 (73.3%) 35 (50.0%) 26 (42.6%) 0.0002† ,0.0001† 0.398

n. *0402 62 (24.3%) 2 (2.9%) 9 (14.8%) ,0.0001† 0.108 0.014

o. *0501 6 (2.3%) 1 (1.4%) 3 (4.9%) 1.0 0.383 0.338

p. *1101 8 (3.1%) 1 (1.4%) 2 (3.3%) 0.690 1.0 0.598

q. *1401 10 (3.9%) 2 (2.9%) 1 (1.6%) 1.0 0.698 1.0

r. *1501 1 (0.4%) 1 (1.4%) 0 (0%) 0.385 1.0 1.0

s. *2001 3 (1.2%) 0 (0%) 0 (0%) 1.0 1.0 n/a

t. *2301 2 (0.8%) 0 (0%) 0 (0%) 1.0 1.0 n/a

B. Comparison of Grouped HLA-DPB1 E69 Genotype Frequency among Subjects with CBD, Subjects with BeS, and Control Subjects

Any E691 (one or two copies) 97 (38.0%) 65 (92.9%) 51 (83.6%) ,0.0001† ,0.0001† 0.097

Any *02 (one or two copies) 68 (26.7%) 37 (52.9%) 24 (39.3%) ,0.0001† 0.050 0.122

Single *02 with non-E69 57 (22.3%) 21 (30.0%) 13 (21.3%) 0.184 0.850 0.258

Any non-*02 E691 (one or two copies) 36 (14.1%) 39 (55.7%) 37 (60.7%) ,0.0001† ,0.0001† 0.568

Single E691 non*02 with non-E69 29 (11.4%) 26 (37.1%) 26 (42.6%) ,0.0001† ,0.0001† 0.522

Any two E691 copies 11 (4.3%) 18 (25.7%) 12 (19.7%) ,0.0001† ,0.0001† 0.412

Two E691 copies (*02 alleles) 4 (1.6%) 5 (7.1%) 1 (1.6%) 0.025 1.0 0.214

Two E691 copies (*02 plus non-*02) 7 (2.75%) 11 (15.7%) 10 (16.4%) 0.0002† 0.0002† 0.916

Two E691 copies (non-*02 alleles) 0 (0%) 2 (2.9%) 1 (1.6%) 0.046 0.193 1.0

Definition of abbreviations: BeS 5 beryllium sensitivity; CBD 5 chronic beryllium disease; n/a 5 not applicable, analysis not possible.

* Compared by chi-square or Fisher’s exact method; unadjusted P values reported.
† Significant after Bonferroni correction (n 5 87), a 5 0.0006.
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Using a similar multiple logistic regression model, predictors
of CBD are shown in Table 6. Of note, carriage of a single *02
allele (OR, 3.46; 95% CI, 1.42–8.43), carriage of a single non-
*02 E69 allele (OR, 11.97; 95% CI, 5.12–28.00), and E69 copy
number with one *02 allele plus one non-*02 E69 allele (OR,
22.54; 95% CI, 7.00–72.62) were associated with increased odds
of CBD. In addition, each unit increase in lifetime weighted
average beryllium exposure (OR, 2.22; 95% CI, 1.21–4.07) was
associated with increased odds of CBD. In a simplified model,
carriage of any E69 allele was associated with nearly eightfold
increased CBD odds (OR, 7.61; 95% CI, 3.66–15.84) when
adjusting for lifetime weighted average exposure (OR, 2.27;
95% CI, 1.26–4.09; data not shown in tables). In an alternative
model, cumulative beryllium exposure was also a significant
predictor of CBD, showing a small (,10%) increase in CBD
odds per unit increase in cumulative exposure (OR, 1.04; 95%
CI, 1.00–1.07; data not shown). As lifetime weighted average
and cumulative exposure were highly correlated (r 5 0.91), only
a single exposure risk factor could be included in the model. In
the lifetime weighted average exposure model, neither exclud-
ing an exposure outlier (10.7 mg/m3) nor excluding all those
exposed above a lifetime weighted average of 2 mg/m3 impacted
the genetic regression coefficients or odds ratios significantly,
although the latter did impact the lifetime weighted average
estimate, more than doubling the regression coefficient. As with
BeS, race, ethnicity, sex, smoking status, and first-order in-
teractions were not significant predictors of the odds of CBD,
nor did their inclusion in the model significantly change the
regression coefficients or odds ratios of the other predictors.

CBD odds ratio estimates were determined by genetic factor
and exposure level to estimate how these varied with increasing
exposure. The joint odds of CBD at increasing levels of be-
ryllium exposure and varying E69 genotypes are illustrated in
Table 7. Figure 1 demonstrates the output of a weighted logistic
regression model using the predictors from Table 6 weighted
by the previous site-wide prevalence estimate of 1.7% (10).
Figure 1 shows that the baseline probability of CBD varies by
specific E69 allele or E69 copy number and increases with in-
creasing exposure. Considering the current Occupational Safety
and Health Administration (OSHA) permissible exposure level

(2.0 mg/m3), point estimates of CBD odds range from a 5-fold
increase for E69-negative genotypes to a more than 100-fold
increase for E69 homozygotes. Table 7 also illustrates that
compliance with a reduced exposure level, such as 0.1 mg/m3,
could potentially reduce the odds of CBD nearly fivefold across
all levels of E69 status.

DISCUSSION

In the largest case–control study of beryllium-exposed workers
to date, we evaluated the relationship between quantitative
beryllium exposure estimates in combination with HLA-DPB1
E69 genotype in determining the risk for BeS and CBD. We
noted increased exposure associated with CBD as compared
with control subjects, which was evident whether considering
self-reported exposure assessments or quantitative exposure
reconstructions. However, no exposure–response relationship
was apparent for BeS, even with inclusion of genetic risk
factors. For both CBD and BeS, E69 conferred increased odds
as has been shown in other studies (19–25, 27). We found that
the odds of BeS and CBD appear to be greater among carriers
of the non-*02 HLA-DPB1 E69 alleles, and among HLA-DPB1
E69 homozygotes even after adjusting for beryllium exposure.
Most importantly, we found evidence supporting individual
contributions to CBD risk by increasing exposure and genetic
susceptibility via E69 with no significant gene–environment
interaction. Last, we provided evidence suggesting an exposure
response for CBD and lack thereof for BeS after adjusting for
E69 genetic risk factors.

The finding of an exposure–response relationship for CBD
has implications for standard setting in the workplace, at a time
when OSHA is reconsidering revising the currently out-of-date
beryllium exposure standard. In this study, the odds of CBD
were associated with higher lifetime weighted average and
cumulative exposures, whereas increasing exposure was not
a risk factor for BeS. This confirms the previous work by Viet
and colleagues (36) at the RFETS facility showing significant
relationships for both cumulative and mean exposures and
CBD, but not BeS. Also, confirming previous reports (10, 40,
41), we identified CBD case subjects at low apparent exposures,

TABLE 5. MULTIPLE LOGISTIC REGRESSION MODEL FOR BERYLLIUM SENSITIZATION, CONSIDERING HLA-DPB1 E69 GENOTYPE

Independent Variable Regression Coefficient Standard Error P Value OR (95% CI)

Intercept 23.72 0.48 ,0.001

HLA-DPB1 E69 genotype

HLA-DPB1 E692 Ref.

Single HLA-DPB1*02 allele (with E692 allele) 2.48 0.53 ,0.001 12.01 (4.28–33.71)

Single HLA-DPB1 E691 non-*02 allele (with E692 allele) 3.39 0.54 ,0.001 29.54 (10.33–84.53)

E69 homozygote (*02 plus non-*02 E691) 4.01 0.68 ,0.001 55.68 (14.80–209.40)

Worked less than 5 yr at RFETS 1.04 0.39 0.008 2.83 (1.31–6.13)

Definition of abbreviations: CI 5 confidence interval; E69 5 glutamic acid at position 69; OR 5 odds ratio; Ref. 5 reference group; RFETS 5 Rocky Flats Environmental

Technology Site.

TABLE 6. MULTIPLE LOGISTIC REGRESSION MODEL FOR CHRONIC BERYLLIUM DISEASE, CONSIDERING HLA-DPB1 E69 GENOTYPE
AND EXPOSURE

Independent Variable Regression Coefficient Standard Error P Value OR (95% CI)

Intercept 22.92 0.34 ,0.001

HLA-DPB1 E692 genotype

HLA-DPB1 E692 Ref.

Single HLA-DPB1*02 allele (with E692 allele) 1.24 0.45 0.006 3.46 (1.42–8.43)

Single HLA-DPB1 E691 non-*02 allele (with E692 allele) 2.48 0.43 ,0.001 11.97 (5.12–28.00)

E69 homozygote (*02 plus non-*02 E691) 3.11 0.60 ,0.001 22.54 (7.00–72.62)

Per unit increase in lifetime weighted average Be exposure, mg/m3 0.80 0.31 0.010 2.22 (1.21–4.07)

Definition of abbreviations: CI 5 confidence interval; E69 5 glutamic acid at position 69; OR 5 odds ratio; Ref. 5 reference group.
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with three CBD case subjects reporting no known beryllium
exposure and an additional five reporting never having worked
in areas or tasks where reconstructed exposures exceeded
0.02 mg/m3. Thus, this study, although clearly showing a higher
prevalence of CBD at higher exposure levels, fails to demon-
strate a threshold for the development of CBD. In contrast, for
BeS, there was no evidence of either an exposure threshold or
an exposure–response relationship as evidenced by the ten-
dency for BeS case subjects to be overrepresented in the lowest
lifetime weighted average exposure quartile and with more than
one-third of BeS case subjects never having worked in areas or
processes where reconstructed exposures exceeded 0.02 mg/m3.
This frequent occurrence of BeS among workers with only minimal
known exposure combined with evidence of an exposure–response
relationship for CBD has important implications for worker
protection both in terms of medical surveillance and removal
from exposure. The findings could imply that workers who are
sensitized and have not incurred sufficient beryllium exposure
to develop CBD may remain sensitized indefinitely. In addition,
the findings suggest that even minimally exposed workers should
be screened, using the BeLPT, to detect BeS and facilitate early
removal from exposure.

This study also confirms the individual contributions of
exposure and genetics (E69 status) to the development of
CBD. In our current study, carriage of any E69 allele conferred
about eightfold increased odds of CBD and each unit increase in
lifetime weighted average beryllium exposure increased the CBD
odds approximately twofold. This 8-fold increased odds for
carriage of any HLA-DPB1 E69 variant is within the confidence
limits of the 12-fold increased odds from the initial gene–
environment study (20). In comparing the risks from genetics
and exposure, our current findings suggest that, in terms of CBD
odds, carriage of any single E69 allele even in extremely low
exposures incurs similar odds as exposure to an average beryl-
lium concentration of 4 mg/m3 for those without an E69 allele.

The increased odds for carriage of any E69 allele appears to
be differentially distributed when considering E69 genotype,
with carriers of only a single copy of an *02 allele only at 3-fold
increased odds, those with non-*02 genotypes at nearly 12-fold
increased odds, and those with two E69 allele copies at more
than 20-fold increased odds. Increased risks of BeS and CBD
have been reported previously for carriers of non-*02 alleles
and homozygotes (21, 24, 25, 27). It has been shown previously
that carriage of E69 itself is critical to allow binding of beryllium
or beryllium-bound peptides to the HLA-DP molecule (42, 43).
The biological basis for the observed increased odds of BeS and
CBD among carriers of non-*02 alleles is unclear, although it
may be related to the previously identified more electronegative
charge on the b chain of the HLA-DP molecule encoded by
some of the non-*02 alleles (29), or it could be related to yet-to-
be-determined differences in antigen or T-cell receptor–MHC

binding affinity or kinetics. An important limitation of the allele
grouping strategy used in this analysis is that the increased odds
of BeS and CBD conferred by the non-*02 E69 alleles is likely
driven by one or more of the alleles in the group and is not a true
group effect. We are also limited in our ability to draw firm
conclusions about the differential risks by genotype, due to the
wide and overlapping confidence intervals for the genotype odds
ratios resulting from the limited number of individuals in each of
the strata. Larger studies evaluating the effects of HLA-DPB1
genotypes in combination with exposure and HLA-DRB1 are
necessary to more precisely evaluate gene–environment effects.

In terms of policy development, exposure reduction has the
potential to provide a greater public health benefit than pre-
employment genetic testing. As has been presented previously

TABLE 7. ODDS RATIO ESTIMATES BY BERYLLIUM EXPOSURE AND HLA-DPB1 E69 GENOTYPE FOR ODDS OF CHRONIC
BERYLLIUM DISEASE

Lifetime Weighted

Average Beryllium

Exposure (mg/m3) HLA-DPB1 E692 Genotype

Single *02

(with E692 Allele)

Single E691 non-*02

(with E692 Allele)

E69 Homozygote

(*02 plus non-*02 E691)

0.02 1.02 (1.00–1.03) 3.52 (1.45–8.57) 12.16 (5.20–28.45) 22.90 (7.11–73.83)

0.05 1.04 (1.01–1.07) 3.61 (1.48–8.77) 12.45 (5.32–29.14) 23.46 (7.27–75.69)

0.10 1.08 (1.02–1.15) 3.75 (1.54 29.14) 12.96 (5.53–30.37) 24.41 (7.55–78.96)

0.20 1.18 (1.04–1.32) 4.06 (1.66–9.95) 14.03 (5.95–33.07) 26.43 (8.11–86.11)

0.50 1.49 (1.10–2.02) 5.16 (2.02–13.16) 17.82 (7.25–43.81) 33.56 (9.90–113.76)

1.0 2.22 (1.21–4.07) 7.68 (2.63–22.43) 26.52 (9.38–75.02) 49.95 (13.07–190.88)

2.0 4.91 (1.46–16.56) 17.01 (3.80–76.17) 58.77 (13.43–257.2) 110.7 (19.78–619.3)

Definition of abbreviation: E69 5 glutamic acid at position 69.

Figure 1. Predicted probability of chronic beryllium disease (CBD) by

HLA-DPB1 E69 (glutamic acid at position 69) genotype and lifetime-
weighted average exposure based on weighted logistic regression

using predictors described in Table 6. Regression weighted using

previously documented Rocky Flats site-wide CBD prevalence of
1.7% (10). HLA-DPB1 E692 5 carriage of only non–E69-containing

alleles; single HLA-DPB1 *02 allele 5 carriage of one E69-containing

*02 allele and one non–E69-containing allele; single HLA-DPB1 E691

non-*02 allele 5 carriage of one E69-containing non–*02 allele and
one non–E69-containing allele; E69 homozygote 5 carriage of one

E69-containing non–*02 allele and one E69-containing *02 allele;

Composite 5 average site-wide probability of CBD assuming the

HLA-DPB1 characteristics of our case–control participants are represen-
tative of the site population.
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(44, 45), the low prevalence of BeS and CBD among those
exposed and the high carrier frequency of the E69 allele
combine to produce an unacceptable positive predictive value
for using the E69 marker to determine eligibility for employ-
ment in the beryllium industry. Results from this study continue
to support this assertion. From this study, considering the
greatest genetic risk factors, non-*02 E69 genotype or E69
homozygosity, for the odds of CBD and assuming a generous
CBD prevalence rate of 5%, a non-*02 genotype frequency of
15%, and a 4% frequency of E69 homozygotes, the positive
predictive value of genetic testing is only 23% for the non-*02
genotype and only 59% for E69 homozygotes. This low positive
predictive value implies that for every 100 individuals denied
employment because of this genetic trait, the majority of them
would not have developed CBD. Exposure reduction, on the
other hand, reduces the odds for all exposed, regardless of E69
status, and might reduce the progression from BeS to CBD.

Using a weighted logistic regression, the models from our
case–control study can be extrapolated to project the probability
of CBD for workers at RFETS given the facility prevalence of
CBD of 1.7% identified in a stratified sample by Kreiss and
colleagues (10), and assuming the population characteristics of
the participants in this study were representative of all workers at
the site (Figure 1). The probability of CBD predicted by our
model at a lifetime weighted average exposure of 0.2 mg/m3 is
0.4% for those with E69-negative genotypes, 1.5% for those with
a single *02 allele, 5.4% for those with a single non-*02 E69
allele, and 9.1% for E69 homozygotes. Assuming the genotype
frequencies of the workers at the entire site are similar to those of
the participants in this study, the composite probability of CBD
for all workers at the site would be 1.5% at a lifetime weighted
average exposure of 0.2 mg/m3. From an occupational exposure
limit point of view, this suggests strict compliance with an
exposure limit of approximately 0.8 mg/m3 (assuming a log-
normal distribution and a geometric standard deviation of three),
using an upper tolerance limit approach as described by Mulhau-
sen and colleagues (46) would result in a CBD prevalence of
about 1.5% in an exposed population. This estimate is much
higher than the 1-in-200 (0.5%) odds of CBD at an occupational
exposure limit of 2 mg/m3 suggested by Viet and colleagues (36).

Our multiple logistic regression model for BeS suggested
increased odds for those working fewer than 5 years at RFETS.
Although there have been reports of BeS occurring within
a short period of time after first exposure (15, 47, 48) and others
have reported similar protective effects (49), this study would
likely not detect early BeS as most of the case subjects were first
screened many years after first exposure to beryllium. Only
20% of BeS case subjects in this study were diagnosed as
current workers. These case subjects were diagnosed on average
17 years after starting work at the facility, with all diagnosed
more than 6 years after starting work at the facility. It is more
likely that these increased odds for short-term workers is an
artifact of study design, as our study did not include frequency
matching for the number of years worked. It is also possible that
this effect was a result of the increased participation by long-
term workers in the control group. However, this finding suggests
that workers exposed for only a short time are at risk of BeS.

Misclassification of disease status and exposure could have
impacted our results. The main source of disease misclassification
was the inclusion of 17 unconfirmed BeS case subjects. All of the
unconfirmed BeS case subjects met the definition of BeS with
repeat abnormal BeLPTs; however, as they had not undergone
complete medical evaluations, many of them likely had CBD
rather than BeS. Analyses of significant exposure effects, using
this mixed group of BeS case subjects, would likely be biased
away from the null as CBD was found to be associated with

exposure. Thus, the lack of significant association between
exposure and BeS in this mixed group is noteworthy.

One of the strengths of this study is its detailed exposure
reconstruction, in which the use of individual interviews ac-
counts for the large variation of work composition within
a single job classification. This attention to exposure at the
individual level was likely one of the reasons that this study was
able to identify an exposure–response relationship for CBD,
whereas others using grouping strategies at the job classification
level have failed. It is unclear whether the small differences in
CBD odds identified at exposure levels less than 0.2 mg/m3 were
accurate or the result of imprecision in exposure reconstruction
at the lower levels. Furthermore, cumulative exposures may
have been overestimated for case subjects, as exposures accrued
until the date of BeS or CBD diagnosis, which was likely much
later than the date of disease development. The use of reported
time percentages to calculate average and cumulative exposures
likely resulted in lower exposure estimates than would have
been assigned using methods relying on grouping strategies at
the job classification level. The use of industrial hygiene data
from other time periods and facilities in the development of the
task exposures likely resulted in misclassification on an absolute
micrograms per cubic meter scale, but less misclassification on
a relative scale for comparing study participants. In assigning
exposure estimates to tasks rather than individuals, the mis-
classification on both the absolute and relative scales should
have been nondifferential. In spite of these potential misclassi-
fications, we did find exposure–response relationships for CBD
in our multiple logistic regression models. Future studies will be
needed to address interactions with other genes in the HLA
region and the effects of exposure on CBD severity as higher
exposures may be more important with increasing CBD-related
impairment. The use of contemporary exposure data in future
studies will be critical to determine the CBD risk at average
exposures less than 0.2 mg/m3.
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