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Abstract

Inhalation of beryllium is associated with the development of sensitization; however, dermal
exposure may also be important. The primary aim of this study was to elucidate relationships
among exposure pathways in four different manufacturing and finishing facilities. Secondary aims
were to identify jobs with increased levels of beryllium in air, on skin, and on surfaces; identify
potential discrepancies in exposure pathways, and determine if these are related to jobs with
previously identified risk.

Beryllium was measured in air, on cotton gloves, and on work surfaces. Summary statistics were
calculated and correlations among all three measurement types were examined at the facility and
job level. Exposure ranking strategies were used to identify jobs with higher exposures.

The highest air, glove, and surface measurements were observed in beryllium metal production
and beryllium oxide ceramics manufacturing jobs that involved hot processes and handling
powders. Two finishing and distribution facilities that handle solid alloy products had lower
exposures than the primary production facilities, and there were differences observed among jobs.
For all facilities combined, strong correlations were found between air-surface (rp = 0.77), glove-
surface (rp = 0.76), and air-glove measurements (rp = 0.69). In jobs where higher risk of beryllium
sensitization or disease has been reported, exposure levels for all three measurement types were
higher than in jobs with lower risk, though they were not the highest. Some jobs with low air
concentrations had higher levels of beryllium on glove and surface wipe samples, suggesting a
need to further evaluate the causes of the discrepant levels.
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Although such correlations provide insight on where beryllium is located throughout the
workplace, they cannot identify the direction of the pathways between air, surface, or skin.
Ranking strategies helped to identify jobs with the highest combined air, glove, and/or surface
exposures. All previously identified high-risk jobs had high air concentrations, dermal mass
loading, or both, and none had low dermal and air. We have found that both pathways are relevant.
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INTRODUCTION

A recent epidemiologic study at a beryllium production facility demonstrated airborne
exposure-response relationships with both average exposure and an index of relative peak
exposure (highest job worked average exposure) and beryllium sensitization (BeS), and
cumulative exposure with chronic beryllium disease (CBD).(!) Although levels of airborne
exposures have been associated with the development of BeS, the potential contribution of
dermal exposures towards the development of BeS is not clearly understood. Exposure
characterization at the facility in the aforementioned study demonstrated that a large fraction
of beryllium aerosol was in the nonrespirable size range [i.e., > 6.0 micrometers (zm).()]
Although inhalation exposures are dependent on particle size, dermal exposure to both large
and small particles may be relevant, particularly if the skin barrier is breached.

In 2003, a study was conducted at a copper-beryllium alloy finishing facility to evaluate
potential exposure pathways.® The findings suggested that measurable levels of beryllium
particles can deposit on work surfaces, clothing, and/or directly onto skin leading to dermal
exposure. The study results stressed the need to assess and control not only inhalation
exposures to beryllium, but also dermal exposures and surface contamination, to minimize
migration of beryllium via other exposure pathways and to clean areas.

In an epidemiologic study of BeS at a beryllium ceramics facility, Cummings et al.(4)
reported a reduction of BeS in newly hired workers subsequent to implementation of
comprehensive protective measures, which suggested that controlling both inhalation and
dermal exposures along with minimizing the migration of beryllium from contaminated
surfaces likely played a role. This observed reduction in BeS suggested that furthering our
understanding of exposure pathways among air, dermal, and surfaces may be important for
the prevention of BeS. Furthermore, assessment of the pathways may aid epidemiologic
studies in separating the contribution from different routes of exposure to BeS.

Schneider et al.® developed a conceptual source-receptor model of dermal exposure that
describes the transport of contaminants from the source to the surface of the skin through
multiple compartments, including source, air, surface, outer clothing, inner clothing, and
skin. The processes that describe the transport of mass include: emission, deposition,
resuspension or evaporation, transfer, removal, re-distribution, decontamination, and
penetration or permeation. The model assumes that within the industrial process there are a
number of sources that can generate airborne particles. Some of these particles may deposit
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onto surfaces, skin, or be directly inhaled. Particles may also be resuspended from surfaces
back into the air. Although inhalation due to resuspension is thought to be minimal,(®) settled
particles may potentially be transferred onto skin or to other surfaces. Thus, the model
describes multiple exposure pathways and interactions among those pathways.

Few studies have examined multiple routes of exposure and their relationships in the
industrial setting. Hughson et al.() and Du Plessis et al.(®) measured levels of nickel in
workplace air, on surfaces, and on workers’ skin in the primary nickel production and user
industries. Nickel was identified on multiple areas of workers’ bodies, including hands,
forearms, necks, faces, and chests. This finding suggested potential deposition from the air
and/or transfer from contaminated hands or gloves.

In an investigation of pathways of exposure in the rubber manufacturing industry, Vermeulen
et al.(9 systematically applied the conceptual source-receptor model®) to demonstrate the
transfer and redistribution of cyclohexane soluble matter (CSM) among multiple
compartments. The authors evaluated these data in a subsequent study that applied mixed
models to evaluate influence of workplace controls and employee tenure on exposure
levels.(10) They found that controls such as source elimination, local exhaust ventilation, and
process automation led to significant decreases in dermal and inhalable levels of CSM over
time. Evaluating the different pathways of exposure helped to develop strategies to manage
occupational exposures at the industry level.

All these studies looked at the importance of different exposure pathways (e.g., glove-air,
glove-surface, and surface-air) and how each may vary considerably among production
functions. In addition, the identification of such pathways proved useful for implementing
control measures designed to minimize both inhalation and dermal exposures. The studies
by Vermeulen et al.(919) |ed to the formation of exposure groups for a subsequent
epidemiologic study that incorporated simultaneous air and dermal exposure metrics to
examine associations with a urinary biomarker.() In this epidemiologic application, both
air and dermal metrics were predictive of genotoxic compounds in urine, and the dermal
exposure route was found to have a stronger contribution than the inhalation route.

The primary purpose of this study was to measure beryllium in air, on cotton gloves, and on
surfaces to better understand the migration of beryllium via exposure pathways among jobs
and work processes in four different facilities. Our secondary aims were to identify specific
jobs with increased levels of beryllium in air, on skin, and on surfaces; identify potential
discrepancies in exposure pathways, and determine if these are related to jobs with
previously identified increased risk of sensitization or chronic beryllium disease.

METHODS

Facility descriptions

The four facilities evaluated in this study comprise the full range of production activities
associated with the manufacture and finishing of beryllium materials (see Figure 1 for a
summary of production, production support, and non-production jobs). The physical and
chemical characteristics of beryllium exposure and materials used or encountered during the
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manufacture and finishing of beryllium products are summarized in Supplemental Table 1,
which was adapted from Virji et al.(2)

The production activities at these facilities included:

1. primary production of beryllium metal powder, beryllium oxide (BeO)
powder, and beryllium alloy products (e.g., rod, wire, and strip) (Facility
A),

2. manufacturing of ceramic products from BeO powder (Facility B),

3. semi-finishing of beryllium alloy rod, wire, and strip products (Facility C),
and

4. final finishing and distribution of beryllium alloy strip products (Facility
D).

Facility A was the largest of the four facilities and used many beryllium-containing process
materials including beryllium salts, hydroxide, oxide, metal, and alloys. All of these
materials can be characterized by a range of physical and chemical properties including
particle size, surface area, and solubility.(12:13) At the time data were collected for this study
there were approximately 600 employees, 170 of whom participated in exposure monitoring.

Facility B was a smaller facility which obtained feedstock BeO powder from Facility A.
After introducing additives and binders, the BeO powder was converted to various ceramic
products by forming, firing, and finishing operations. All BeO powder in the facility was
crystalline, with observed differences in the surface areas among feedstock and processed
materials.(14) At the time data were collected for this study there were 62 employees at the
facility, 15 of whom participated in exposure monitoring.

Facility C was intermediate in size between Facilities A and B, and performed semi-
finishing (e.g., pickling, annealing, rolling, and slitting) of beryllium alloy rod, wire, and
strip products primarily obtained from Facility A. The alloy material was mostly copper-
beryllium, with some nickel-beryllium. Of 149 employees, 40 participated in exposure
monitoring.

Facility D was the smallest of the four facilities, and the work involved slitting, leveling, and
shipping of copper-beryllium strip products. Of the 35 employees, 22 participated in
exposure monitoring.

Sampling and Analysis

Beryllium sampling included measurement of beryllium in air, on cotton gloves (as a relative
index of dermal exposure), and on surfaces in specific production and non-production areas
in each facility. The industrial hygiene surveys took place at all four facilities from January
to July 2007. The number of samples (n), average sampling duration, analytical method, and
percentage of samples below the analytical limit of detection (LOD) varied by facility (Table
). The jobs sampled in the four facilities are listed in Figure 1 and in Table II.
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Personal Air—All personal air samples were collected from workers’ breathing zones with
two-piece 37-mm closed-face cassette samplers loaded with 0.8-zm pore size mixed
cellulose ester (MCE) filters. Pumps were calibrated to 2.5 liters per min (L/min) prior to
sampling and flow rates were verified daily and at the end of the sampling period. To
estimate required personal sampling time periods, we used historical air monitoring data to
define expected levels of airborne beryllium. For example, in facilities with historically
higher airborne concentrations (e.g., Facilities A and B), single-shift air samples were
collected for durations of 6 to 10 hr. In facilities with historically lower airborne
concentrations (e.g., Facilities C and D)(315) “composite” samples, whereby participants
wore the same filter cassette sampler over the course of multiple days were collected. This
approach was designed to increase the mass collected on filters thereby increasing the
likelihood of exceeding the LOD for beryllium. Depending on facility, between one and four
measurements were collected per worker.

Cotton gloves—All workers who provided air samples also provided cotton glove
samples during the same sampling period. Regardless of whether a given employee provided
a single-shift or a composite air sample, new glove samples were collected each day. Current
work practices in each facility required the use of nitrile gloves to protect skin from
beryllium exposure when working in production areas. Occlusive glove use became a
requirement soon after introduction of a comprehensive exposure mitigation program in
2000-2001. As such, at the time of our studies, an alternative approach was needed for
estimating historical skin exposures. Cotton gloves were chosen as the sampling substrate to
estimate potential dermal exposures among workers who had in the past routinely contacted
beryllium-contaminated work surfaces or beryllium material without the use of gloves.
These gloves could be worn over nitrile gloves while still permitting dexterity to perform job
tasks yet they easily fit into outer gloves (e.g., leather, rubber, or Kevlar) that were
occasionally worn to protect workers against physical and chemical hazards.

The duration of wear for each sampling period was approximately two hr and a different
portion of the shift was selected for each day of sample collection (i.e., beginning, middle,
and end). Analytical results were reported by the laboratory as total mass (ug) of beryllium
per glove, which were then added together. The total beryllium mass was divided by the
duration of the sampling period to estimate beryllium loading in zg/hr. One to four
measurements were collected per worker to capture information on within- and between-
worker variability. More specific details about the glove sampling method have been
reported in Day et al.(®)

Surface wipes—Surface wipe samples were generally collected from work surfaces in the
same areas in which participating employees performed their regular work activities during
the same period as air and glove samples were collected. Although there is strong adherence
to wearing dermal personal protective equipment, sampling surfaces for beryllium
contamination is still relevant for gaining insight into the potential for beryllium migration
throughout areas of the plant. After observation, surfaces were selected based on the
likelihood of daily worker contact and included containers, control panels, desktops,
furniture, stationary and mobile equipment, tools, office equipment, and telecommunications
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devices. When possible, the workers were consulted to learn more about the surfaces that
were frequently contacted during their work shift. To maintain product integrity and quality,
surface wipes of the beryllium products were not collected. As in the previous study,
samples were collected in a manner consistent with National Institute for Occupational
Safety and Health (NIOSH) Method 9102 for an area equal to 100 cm?2. An equivalent
area was approximated when sampling from irregular surfaces. Results were expressed as
mass beryllium per area wiped (£4/100 cm?).

Statistical Analysis

All statistical analyses were performed using SAS version 9.3 (SAS Institute, Cary, N.C.).
Distributions of beryllium air concentrations, glove mass loadings, and surface
concentrations were lognormal, thus geometric means (GMs) and standard deviations
(GSDs) were calculated for jobs in each facility. For repeated air and glove measurements,
summary statistics (GM and GSD) were estimated with the NLMIXED{6) procedure in
SAS, which uses the maximum-likelihood estimation (MLE) method for the analysis of left-
censored exposure data.(1?) Summary statistics were estimated separately for each job from
models with the log-transformed beryllium concentration as the dependent variable, worker
ID as a random effect, and no fixed effects. For surface measurements, summary statistics
were calculated for jobs using the MEANS procedure in SAS. Only four surface
measurements were below the LOD (0.6%), and these were substituted with a value of
LOD/2. Analysis of means was conducted with PROC ANOM to examine differences in
exposures across facilities and jobs. In addition, we identified jobs that were previously
associated with a higher risk of BeS and/or CBD.(1.15.18-21)

Pearson correlations were calculated between logtransformed air, glove, and surface wipe
measurements for each facility. The means of the surface wipes in each job were linked with
the individual workers’ air concentrations or glove mass loadings because surface wipes
were associated with a job and were not unique to individual workers or sampling dates.
Correlation values and scatter plots of the air, glove, and surface wipe measurements were
prepared in SigmaPlot 11 (Systat Software Inc., San Jose, Calif.).

Lastly, the PROC RANK procedure in SAS was used to compute the ranks of GMs of air
concentrations, dermal mass loadings, and surface concentrations for each job within a
facility. We computed Total Rank (RtoT) by summing the ranks for air, glove, and surface:

Rior=Rai FRaiove TRsufuce Q)

If exposure data were missing for a certain pathway, the average of the other two ranked
pathways was used. Since this is a ranking, the smallest Rtgt values correspond to higher
combined exposure jobs. For correlated pathways, Rtor may be a useful metric within a
facility to assist in prioritizing jobs for exposure management and control because it allows
all three exposure pathways to be considered simultaneously.
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Table 11 presents the results from personal air, glove, and surface wipe by each job within a
facility. The jobs have been ranked within each facility using RtoT values. Beryllium was
detected in the majority of samples collected from all four facilities. Overall, less than 3% of
all personal air samples were below the LOD, with fewer than 2% from Facilities A and B (n
=5 and 1, respectively), and higher proportions from Facilities Cand D (n =3, 7% and n =
2, 8%, respectively). All cotton glove and surface wipe samples from Facilities A, B, and C
were above the LOD, except for one surface wipe sample from Facility C. At Facility D, 2%
of cotton glove and 5% of surface wipe samples were below the LOD (see Table I).

Personal Air Samples

Overall air concentrations at Facility A were higher and more varied among jobs (GSDs
ranged from 1 to 13) than at other facilities (Table I1). The highest GM air concentrations at
facility A were observed in beryllium metal production jobs like Vacuum Hot Press (GM
3.60 1g/m3), Powdering (GM 3.96 1g/m3), and Be Sheet Operator (GM 1.01 zg/m3) which
were all significantly higher than the mean level for the facility based on ANOM results.
These jobs involve hot processes and generation and handling of powder materials.
Interestingly, jobs like Powdering and Oxide had the highest GSDs (6 and 13, respectively),
and these jobs also involved generation and handling of powder materials. Administration
(Office) and Supervisors and Engineers (Alloy) (GM < 0.01 zg/m3) were significantly lower
than the facility mean.

The air concentrations at Facility B were less varied (GSDs ranged from 1.0 to 2.5). At
Facility B, the highest air concentrations were in oxide production jobs like Material
Preparation (GM 0.86 1g/m3), Pressing (GM 0.40 zg/m3), and Machining and Lapping (GM
0.28 1g/m3), which were all significantly greater than the facility level mean. These jobs are
characterized by powder handling and high input mechanical energy. Shipping/Receiving
and Supervisors and Engineers (GM < 0.01 zg/m3) jobs were significantly lower than the
facility mean.

At Facilities C and D, GM air concentrations in production jobs like Slitting and Strip
Operator were much lower as compared to facilities A and B (all air concentrations were
<0.44 1g/m3), but still varied within jobs (GSDs ranged from 1.1 to 4.4). Both of these
facilities are finishing and distribution centers that handle primarily solid beryllium alloy
pieces. The highest mean air concentrations at these facilities was observed in a Wire
Annealing/Pickling job at Facility C (GM 0.18 zg/m3).

Glove and Surface Wipe Samples

Overall glove and surface wipes at Facility A were higher and more varied among jobs
(GSDs ranged from 1 to 13) than at other facilities (Table 11). The highest GM cotton glove
measurements at Facility A were observed in beryllium metal production jobs like
Powdering (GM 1000 zg/hr) and Machining (High Be) (GM 1136 pg/hr) and the beryllium
alloy production job Rod and Wire (Bulk Products) (GM 64 wg/hr) which were all
significantly higher than the facility mean based on ANOM results. The highest surface wipe
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measurements were observed in beryllium metal production jobs like Vacuum Hot Press
(GM 4289 £19/100 cm?), followed by Chipping Lathe (GM 303 £g/100 cm?), Machining
(High Be) (GM 73 19/100 cm?), and Powdering (GM 62 £9/100 cm?). High surface wipes
measurements were also observed in beryllium oxide (GM 120 £g/100 cm?), Billet
Preparation (GM 30 £/100 cm?), and Rod and Wire (Bulk Products) (GM 16 £g/100 cm?).
Most of these jobs involve generation and handling of powder materials, and/or handling of
solid beryllium pieces. The lowest glove and surface wipe levels were observed in jobs like
Shipping/Receiving, R and D/QA and QC, Janitor, Laundry, Waste Water, Supervisors and
Engineers, Administration, and Environmental Laboratory jobs (all GM < 17 tg/hr and 0.09
10/100 cm?, respectively). At this facility, it was interesting that surface wipes samples were
significantly lower in laundry, janitorial, and wastewater treatment jobs even though the air
and glove results were not significantly lower. This demonstrated that although work
surfaces in these job areas were clean, the nature of the work may still involve going out into
production areas or handling contaminated items.

At Facility B, the highest glove and surface wipes were observed in beryllium oxide
production jobs like Material Preparation (GM 9161 g/hr and 84 g /100 cm?, respectively)
and Pressing (GM 6667 sg/hr and 128 £ /100 cm?, respectively). Similar to the air
concentrations, these jobs are associated with powder handling. Interestingly, the
Maintenance job at this facility had one of the highest GSDs (17), and this may be due to the
nature of the work, which requires many tasks carried out during the shifts monitored. The
lowest glove and surface wipe levels were observed in Metallizing (GM 4.0 wg/hr and 0.6
19 1100 cm?, respectively) and in Shipping/Receiving and Supervisors and Engineers (< 9.0
wo/hr and < 0.7 £g/100 cm?, respectively).

At Facilities C and D, GSDs varied even though dermal and surface loadings were
significantly lower than the primary production facilities (2 to 12 and 2 to 6 for glove and
surface wipe samples, respectively). The highest measurements obtained from cotton gloves
and surface wipes were in Slitting at both facilities, which were greater than each respective
facility means. At Facility C, Rod and Wire also had glove measurements (GM 64 wg/hr)
significantly greater than the facility mean. These jobs are associated with significant contact
with the solid beryllium product. Administration (Office) and Supervisors and Engineers
(Alloy) had glove and surface wipe measurements that were significantly lower (< 0.5 wg/hr
and < 0.1 29/100 cm?, respectively).

Exposure Pathways, Correlation, and Ranking Results

At these facilities, all three pathways—air, dermal, and surfaces—were strongly correlated,
with the surface-air correlation being the strongest. At the facility level, all correlations were
statistically significant (see Figures 2A-2C). The correlations among all sample types by
each facility were strongest in Facility B (the oxide ceramics facility), followed by D (strip
products distribution facility), A (primary production facility), and lastly C (rod, wire, and
strip finishing facility)—where correlations were lowest overall (e.g., rp = 0.49 for glove-
air). When we examined correlations by some specific jobs with sample sizes greater than
10, the strongest overall correlations for all pathways were observed in production jobs such
as machining (High Be), oxide, and scrap reclamation.
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In Table 11, the last column, (RtoT) ranks the combined GMs of air, glove, and surface
exposures by specific jobs within each facility. Jobs with previously identified higher
process-related risk for BeS and/or CBD are identified with a footnote.(1:1518-21) At
Facilities A and B, the jobs in beryllium metal and oxide processes had highest exposures
and consequently the lowest Rtot values. However, it is clear that the highest exposed jobs
did not always correspond with the higher process-related risk groups.

Although jobs at Facilities C and D had lower exposures overall, the Wire Anneal/Pickle and
Rod and Wire jobs at Facility C were previously identified as having higher risk for BeS and
CBD.(@1) In previous studies, very little risk has been identified in strip operations at Facility
A, Facility C (the majority of this facility is production area) and at Facility D(::15.21) or in
processes involving professional support and administration.

DISCUSSION

There were positive correlations between levels of beryllium in air, on gloves, and on
surfaces. Although higher correlations were generally observed in jobs with higher measured
exposures (see Table I1), we observed that correlations r, >0.60 were still observed in
administration and facilities jobs. These correlations do not indicate directionality of the
relationship between exposure pathways. However, such relationships imply that controls
and improvements in one exposure pathway may help to improve another pathway.

A previous study was conducted at Facility A to assess airborne exposures using size-
selective personal impactor and total dust closed-face cassette samplers, using samples
which were collected in the late 1990s.(2) The airborne concentrations measured in the
present study are generally lower than the past measurements at the same facility,
particularly in beryllium oxide production and reclamation areas. The reduction in exposures
observed in the approximately eight years between the two studies may be the result of a
comprehensive preventive program, begun in 2000-2001, to reduce the prevalence of BeS
and CBD. The program included engineering and administrative controls which emphasized
skin and respiratory protection, workplace cleanliness, and beryllium migration
control.(22-24) However, the results reported in this article do not take into account
differences in production volume or changes in the number of employees over time.

In 2003, a similar study of exposure pathways was conducted at Facility C that also reported
strong correlations, r, = 0.79, 0.86, and 0.63 between surface-air, glove-surface, and glove-
air, respectively.(® In comparison, the correlations in the present study at Facility C were not
as high (r, = 0.68, 0.69, and 0.49), but they followed a similar pattern. The reported air
concentrations in this study are higher than in the 2003 study; the latter utilized general area
samplers (for 24 hr) rather than personal air samples. We would expect personal samplers to
be more variable than general area air samples. Stronger correlations might be expected
between area air and surface wipe samples because both are stationary.

There are some limitations to the use of cotton outer gloves as a sampling method, which
was first presented as a surrogate skin technique used to estimate exposures to pesticides in
the agricultural industry.(23 These include the dissimilar chemical retention characteristics
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of cotton versus skin,2®) the large volumes of solvent needed for extraction, and the
possibility of multiple garment changes during a single work shift.(32%) Although our
rationale for using the cotton gloves instead of nitrile gloves was to learn more about past
potential dermal exposures at these facilities, future studies could collect dermal samples
from skin or clothing underneath the PPE such as gloves or coverall to examine skin
exposure.(27:28) The surfaces that we sampled were chosen for their high potential for
worker contact. We did not collect surface wipes from surfaces that were less frequently
contacted, although future studies could do so to obtain information about surface levels
attributable to settled dust.

Exposure Ranking

The comparison of ranks using Rtor may help to identify the specific jobs with increased
air, dermal, and surface exposures to guide health and safety management at the facility
level. This is an improvement when compared to traditional methods, which explore only the
air pathway. Jobs in which the air concentrations are low but glove and surface levels are
high can be identified for further investigation of sources of exposure. For example, at
Facility A, jobs like machining (High Be) (Rtot = 17) and oxide (Ryot = 22) had much
higher glove surface levels than air levels. This was also the case at Facility C in jobs like
slitting (RtoTt = 8) and rod and wire (Rtot = 12), which had statistically significant higher
levels for glove exposures and surface levels, but not for air levels. Without the incorporation
of these other pathways, these jobs could have been considered less of a priority for
exposure mitigation; however, it may be important to reinforce skin protection and surface
cleaning.

Implications for Epidemiology

Previous studies have reported higher prevalence of BeS and/or CBD in processes involving
production of beryllium metal, oxide, and copper-beryllium master alloy (primary
operations) at Facility A and beryllium oxide ceramics at Facility B.(118-20) Epidemiologic
studies have historically reported inconsistent exposure-response relationships, although
identification of process-related risks implied that underlying exposure-response
relationships existed. The impetus behind our attempts to elucidate the relationships among
the various pathways of exposure was to better understand the role of dermal exposure in
risk of BeS. BeS is associated with inhalation or dermal exposure to soluble beryllium
materials(29-31) and perhaps dermal contact with relatively insoluble forms of
beryllium.(32:33)

Jobs with discrepant exposures (shown in Table I1) might allow for increased understanding
of risk for BeS by identifying those jobs with higher surface or glove exposures, despite low
air exposures. In Table 111, we grouped jobs by categories of high air/high dermal, high
air/low dermal, low air/high dermal, and low air/low dermal to examine the distribution of
higher-risk processes among these categories. All jobs with a previously identified higher
process-related risk for BeS and/or CBD fell into high air/high dermal, high air/low dermal,
and/or low air/high dermal categories. No higher risk process fell into the low air/dermal
exposure group. For example, the Rod and Wire job at Facility C was noted as higher
process-related risk, yet in this study we identified low air concentrations (range 0.01-0.04
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19/m?3) relative to higher dermal levels (range 13.3-1,328 wg/hr). This implies that both
pathways are relevant, and that dermal exposures should be considered in addition to
inhalation exposures.

Interestingly, another job at Facility C, Wire Anneal/Pickle, was determined to be higher-
risk,(21) but the similar job at Facility A was not() However, the measured exposure levels
for Wire Anneal/Pickle at the different facilities were not dissimilar (GM air concentrations
at Facility A was 0.20 zg/m?3; Facility C was 0.18 1g/m3). Jobs with high variability (e.g.,
GSDs) may also be related to risk, as sensitization could be related to peak exposure.(34)

Given our understanding that BeS may result from dermal exposure, our findings show that
a dermal metric may add value to future epidemiologic analysis when both exposure
pathways are relevant. Since we have identified high correlations between pathways, it may
be difficult to separate the independent effect of each. However, methods do exist to include
correlated variables in epidemiologic models. Several approaches to assessing each metric’s
contribution to risk exist, e.g., the categorical combinations of the predictor variable (e.g.,
low to high dermal/airborne exposure categories combinations(!1)) or hierarchical
modeling.(®%) In Table 111 we have provided an example of how combinations of exposures
can be categorized by job type to reflect the contribution of both air and dermal pathways.
Alternatively, a dose metric obtained from models such as the International Commission of
Radiologic Protection’s (ICRP) human respiratory and biokinetic models may provide
biologically relevant metrics that incorporate particle size distribution, solubility, and
exposure from air and dermal pathways.

The comparisons made in this study between exposures and health risks are not intended to
provide any direct associations. A limitation of comparing the present exposure data to
known process-related risks for BeS is that the epidemiologic studies were conducted eight
or more years earlier, before implementation of the comprehensive preventive program at
these facilities. Surface and cotton glove data are not available from this earlier period; thus
we cannot be sure that relationships between pathways have not changed in the interim.

CONCLUSION

We have identified strong correlations among personal air, glove, and surface samples at
multiple beryllium-using facilities among several different jobs. These correlations imply
that one type of measurement (e.g., air sample, surface wipe) can be indicative of other
pathways but should not serve as a substitute. For example, the beryllium particles collected
on surface wipe samples will not represent the same types of particles that are inhaled. In
addition, ANOM tests revealed that all facilities are not the same and exposure pathways
cannot be generalized across different jobs. By ranking exposures we have begun to identify
jobs with the highest air, glove, and/or surface exposures. Although ranked jobs did not
always correspond well to groups with higher risk of beryllium sensitization and/or disease,
rankings may help guide health and safety management at the facility level as it accounts for
multiple pathways simultaneously. In addition we found that these high-risk jobs fell into
high air/high dermal, high air/low dermal, low air/high dermal categories. This implies that
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both pathways are relevant, and that dermal exposures should considered in addition to
inhalation exposures.

Although these correlations have provided insight on how beryllium moves throughout the
workplace, they cannot identify the direction of the movement through pathways. Industrial
hygienists should examine the nature of the specific jobs or processes by observing work
practices and collecting relevant exposure data to mitigate pathways of exposure. Future
studies will be able to utilize the measurements from this study to examine how
determinants of exposure such as source type, ventilation, product, surface type, and job
activities may affect exposure while accounting for between-and within- worker variability.
This information will help to assess directionality of pathways and explain the major
differences among jobs. The correlations reported in this study have demonstrated that future
models will need to recognize potential interactions among all three measurements rather
than treating the air, glove, and surfaces as separate analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Summary of production, production support, and non-production jobs at four different

beryllium facilities.
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TABLE Il
Exposure Grouping for Jobs in Facilities A, B, C, and D

Page 22

Exposure Group  Facility A Facility B

Facility C

Facility D

T Air, 7 Dermal Vacuum Hot Press, Powdering,  Material Preparation, Pressing,
Be Sheet Operator, Machining  pachining and Lapping,”? Extrusion
(High Be), Wet PIant,A Hot/

Cold Isostatic Press, Oxide,”
Solution Preparation,
Maintenance (Central)

L Air, 1 Dermal — Tumbling/Cleaning, Maintenance

T Air, ¥ Dermal Induction Furnaces,” -
Maintenance (Alloy), Billet

Prep,A Rod and Wire (Bulk
Products), Extrusion Press,
Scrap Reclamation

L Air, {Dermal Maintenance (High Be), Hot Metalizing, Shipping, Supervisors
Rolling Mill, Strip Anneal/ and Engineers
Pickle, Strip Operator, Cold
Rolling Mill, Electrowinning,
Machining (Tools), Shipping,
R and D/QA and QC,
Supervisors and Engineers,
Laundry, Wastewater,
Janitorial, Administration,
Environ Lab

Wire Anneal/Pickle”

Slitting, Rod and WireA

Maintenance, Strip
Anneal/Pickle, Cold
Rolling Mill, Machining
(Tools), R and D/QA and
QC, Wastewater,
Inspection, Shipping,
Supervisors and Engineers,
Administration

Slitting, Strip
Operator,
Warehouseman,
Shipping,
Administration

(—) = NA, no jobs at the specific facility are in the exposure group.

Alndicates a previously identified higher process related risk, BeS and/or cBD.(1,15,18-21)
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