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Beryllium is a lightweight metal which causes a chronic
granulomatous lung disease among workers who become
sensitized to it. Recent research has shown a persistence of
the disease despite efforts at control with mean exposures
below the Occupational Safety and Health Administration
(OSHA) occupational exposure limit of 2 z1g/m3. Results of
our current research confirm a previous finding in certain
plants that particle number concentrations are higher in ar-
eas where historical estimate of risk showed a high risk of
disease despite relatively lower mass concentrations. By pro-
viding side-by-side measurements of both particle number
and mass, this research adds support to the proposal that
particle number rather than particle mass may be more re-
flective of target organ dose and subsequently a more ap-
propriate measure of exposure for chronic beryllium dis-
ease. Our evidence also shows that particle mass exposure
measurements and particle number exposure measurements
were not correlated.
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Beryllium is a lightweight metal which causes a chronic gran-
ulomatous lung disease among the occupationally exposed pop-
ulation who become sensitized to it. The disease may be fatal
in severe cases. Sensitization can be detected with a beryllium-
specific lymphocyte proliferation test, which is used in the indus-
try as a screening tool.") Sensitized workers, identified through
workplace screening programs, undergo clinical diagnostic tests
including lung lavage and transbronchial lung biopsy to deter-
mine whether they have beryllium disease. The proportion of
sensitized workers who have beryllium disease at initial clinical
evaluation has varied from 41-100 percent in different
workplaces.® Sensitized workers often develop beryllium dis-
ease with follow-up, but whether all sensitized workers will

eventually develop beryllium disease is unknown. Additionally,
there are some non-exposed (or not able to document exposure )
workers who have a positive BeLPT and the test may be difficult
to interpret.

The processes under investigation in this research are located
in two different facilities, one in Elmore, Ohio, and the other in
Reading, Pennsylvania. Processes in the Elmore facility include
the magnesium reduction of beryllium hydroxide (Be(OH),), the
form which the ore is in after extraction; vacuum casting which
removes any remaining slag and magnesium from the reduction
process; manufacturing of BeO powder for use in ceramics; and
alloy production, primarily of beryllium-copper which covers
the associated steps of forming the alloy into a desired shape by
rolling, cutting or extrusion. The Reading plant only reprocesses
materials received from the Elmore plant to more specific tol-
erances and sizes at customer request. Specific sites that were
sampled represent steps within the above processes.

The research described in this article is part of an effort
that has included confidential medical interviews, screening for
beryllium sensitization with the blood lymphocyte prolifera-
tion test, clinical evaluation of abnormals with bronchoalveo-
lar lavage and transbronchial lung biopsy, development of a job
exposure matrix with historical exposure measurements, and ge-
netic marker characterization linked to the epidemiologic data.

Prior surveillance efforts established that particular processes
conferred substantial increased risk of beryllium sensitization
and disease. Machinists in a ceramics plant were previously
found to have a sensitization rate of 14.3 percent compared to a
1.2 percent rate among other employees,® as well as the high-
est historical exposure. In the Elmore plant, the highest risk
process had modest historical indices of exposure in compari-
son to lower risk processes. The discrepancy at this one plant
between exposure and health outcome suggested that gravimet-
ric measurements of total beryllium were likely a poor marker
of biologic risk of granulomatous disease, which might be more
closely associated with some other measure of exposure that
better represents alveolar deposition.
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FIGURE 1
Beryllium mass distributions from the Elmore plant were fitted to a multimodal lognormal distribution function. The ordinate
axis is the normalized frequency function. Size distributions graphed this way exhibit the same integrated area regardless of the
actual total mass collected. The area under any mode is proportional to the fraction of mass in that mode. Five of the eight
distributions have a recognizable submicrometer mode. For the fluoride furnace, the majority of the mass of the beryllium
particles is contained in this submicrometer mode.
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FIGURE 2
Particle number distributions from the Elmore plant were obtained from the raw data without curve fitting. As with Figure 1 the
distributions were plotted as a normalized frequency function. Curve fitting, not shown here, demonstrated that the majority of
these curves were a single mode lognormal distribution with geometric means ranging from 0.019 pum to 0.065 um, with
geometric standard deviation slightly less than 2.
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FIGURE 3
The same distributions shown in Figure 2 were graphed as a function of the actual number concentration. This shows the wide
range of particle number concentrations and demonstrates the exceptionally high concentrations found when the fluoride furnace
was fuming [fluoride furnace (1)] and when fuming was brought under control [fluoride furnace (2)]. The concentration is
reduced three orders of magnitude when fuming is controlled but is still slightly higher than the other processes. The oxides are in
the same area as the fluoride furnace and the concentration of particles seen in that area is believed to be due to generation from
the fluoride furnace.

It has been proposed® that the number concentration of par-
ticles may be related to the risk of chronic beryllium disease.
No direct measures of particle number concentration and size
were previously available. The data presented here are on side
by side measurements of both mass and particle number. By
directly confirming the presence of high concentrations of ul-
trafine particles in areas where there is a known high risk of
chronic beryllium disease (CBD), this research adds support
to the previously stated hypothesis that the more appropriate
exposure metric reflective of target organ dose is the ultrafine
(<0.1 wm) component of the beryllium measured as number of
particles per volume of air.

METHODS

Area size distribution measurements of mass were taken us-
ing a microorifice uniform deposit impactor (MOUDI) (MSP,
Minneapolis, MN). The MOUDI uses a reduced pressure to
overcome the fluid mechanic restrictions of ambient pressure
impactors. By lowering the pressure within the impactor, it is

possible to obtain particle sizing down to 0.05 pm (aerodynamic
diameter) with conventional vacuum pumps. The MOUDI has
ten stages with cut points ranging from 0.05 to 10 um. A grease
coated mixed cellulose ester (MCE) substrate was used to collect
impacted particles.

Beryllium collected on MCE substrates was quantified us-
ing flame atomic absorption spectroscopy or atomic absorption
spectroscopy with graphite fumace. Flame atomic absorption
spectroscopy has a limit of detection of approximately 0.01 ug
per sample.”) Atomic absorption with graphite furnace is the
more sensitive, though more time-consuming, method with a
limitof detection of 0.005 ug per sample.(6) The graphite fumace
technique was used only for those samples falling below the limit
of quantification of the atomic absorption method. Gravimetric
analysis of the material collected could not be determined be-
cause the MCE substrates are not weight stable.

To determine general area particle number concentration and
size distribution we used a Submicrometer Particle Sizer (SMPS)
(TSI, Minneapolis, MN). The instrument is a combination of
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The beryllium mass distributions in Figure 1 were used to
determine the fractional regional deposition amounts. The
fractions plotted were total lung deposition (@),
tracheobronchial deposition (m), and alveolar deposition (a).
This shows that all the fractions were in constant proportion to
the total mass.

electrical mobility analyzer and condensation particle counter.
Particles are sized by their mobility in an electrical field. Their
mobility is also related to their diffusional ability. Particles sized
this way can be considered classified by their thermodynamic
diameter. Two particles have the same thermodynamic diame-
ter if they have the same diffusion coefficient. This differs from
aerodynamic diameter in that thermodynamic diameter and, for
that matter, diffusion are independent of particle density. Parti-
cles were sizedinto 100 size categories between 0.4 and 0.01 pm.
Although the instrument is capable of scanning the entire size
range in a few minutes, data were averaged over 60 minute
periods.

Lognormal distribution functions were fitted to the particle
size distribution histograms to determine the geometric mean
and geometric standard deviation.”’ These functions were then
integrated with respect to the lung deposition functions® to
obtain estimates of the deposited dose. To simulate work con-
ditions, a value of 1.45 liters for a tidal volume with a breath-
ing rate of 15 per minute and a functional residual capacity of
3.3 liters for mouth breathing were chosen.®

RESULTS

Figures 1 and 2 show the size distributions from the metal and
alloys manufacturing operations at the Elmore plant. These size
distributions were normalized for easier comparison by divid-
ing frequency by the total mass and total number of particles,
respectively, Both MOUDI and SMPS collected size distribu-
tions were available from the metals/alloys operation showing
a wide variety of size distributions. Although ultrafine aerosols
should and do dominate the particle number size distributions,
even the mass distributions from the MOUDI were weighted
heavily with ultrafines for several processes (Figure 1). SMPS
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FIGURE 5
The particle number distributions in Figure 2 were used to
determine the fractional regional deposition amounts. The
fractions plotted were total lung deposition (@),
tracheobronchial deposition (m), and alveolar deposition (a).
This shows that all the fractions were in constant proportion to
the total number.

measurements emphasized the smaller particles in the number
distribution (Figure 2). Also revealed were particle number con-
centrations in excess of 1 billion/cm® in oxides and fluoride
furnace areas.

Though not as apparent in the total count normalized graph,
the nonnormalized distributions (Figure 3) in those areas show
particle concentrations exceeding all others by atleast two orders
of magnitude. This caused an overload in the SMPS resulting in
the unusually exponential looking distributions. Total beryllium
and deposited beryllium mass were correlated (Figure 4) as were
total and deposited particle number (Figure 5). Particle number
size distributions for a beryllium alloy operation in Reading,
PA (Figure 6) show a similarity to Figure 2. Though number
concentrations for the Reading plant were orders of magnitude
lower, it is important to note that the Elmore plant is not alone
in having ultrafine particle size distributions.

Results shown here are similar to a previous study done in
the Elmore plant’s metal/alloys operation.) A comparison of
the beryllium mass size distribution histograms between the two
studies in Figures 7a-d show only minor differences in the dis-
tributions taken a number of months apart.

DISCUSSION

It has been proposed by Kent et al., who used estimates
of the particle size distribution calculated from the mass size
distribution, that it may be the particle number rather than the
mass of beryllium that is in some part responsible for the health
effect, chronic beryllium disease. This is a credible hypothe-
sis to explore since decreasing particle size result in increased
surface area per unit mass which may enhance toxicity and de-
crease clearance in the lung.(lo) Particles of this size would,
therefore, be retained for longer periods and also be capable
of penetrating the pulmonary epithelium, thus making them
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FIGURE 6
Particle number size distributions for the Reading plant show a similarity to the first plant studied, shown in Figure 2. The
frequency function is the same as that described in Figure 2. Copper beryllium was being processed during the sampling period.
Each of the distributions represents a different kind of equipment used to process sheets, rods, or bars of the copper beryllium
alloy to attain their final customer specification.

available for retention in the interstitium. Ambient air studies
have also indicated that particle number concentrations of ultra-
fine aerosols may be responsible for increased mortality in the
general population.!-'?) Direct confirmation of the particle num-
ber concentrations found by Kent would support the dose metric
side of the argument. During the investigation simultaneous
measurements of both mass and number size distributions were
made and confirmed the finding that certain areas of the
metal/alloys operation had particle number concentrations that
were disproportionately higher than other areas.

In support of the other part of the dose-response relationship,
we found higher particle number concentrations in the area of the
plant where the oxide and fluoride furnaces are located (Table I).
This area is currently under restrictions to nonessential person-
nel because of a higher potential health hazard. The area was
documented in a previous epidemiology study® as the greatest
health hazard area in the plant because of the determined higher
risk of sensitization and disease for workers who had been in
this area. Total beryllium measurements, taken at least quarterly,
agreed with the measurements in Table I and did not show this
area to have the highest mass concentration of beryllium. Why,
then, is there a higher risk in this area?

Part of the answer could be that particle number concentra-
tions around the fluoride furnace area exceeded by at least two
orders of magnitude the number concentrations in other areas.

We found that there was no correlation between any measure of
particle mass dose and particle number dose (Figure 8), so parti-
clemass did not predict the increased particle number exposures.

Past studies''® have also paid little attention to the role of
lung deposition and the weighting given to various particle sizes.
Even a study considering particle size''*) has looked only at the
effect of respirable penetration efficiency, which is not neces-
sarily the same as deposited dose. Below 0.5 pwm, deposition in
the lung rises rapidly due to increased diffusion (Figure 9).®) As

TABLE 1
Point estimates of total beryllium mass concentration and
particle number concentration in Elmore beryllium metal and

alloys plant
Beryllium mass Number
concentration concentration

Area (,t,Lg/m3 ) (10 particles/cc)
Fluoride furnace 0.027 1,739
Reduction furnace 0.054 6.5
Arc furnace 0.177 0.7
Rod, Bar & Tube Shop 0.064 2.2
0ld cast shop (during pour) 0.466 4.6
0ld cast shop (between pours) 0.098 0.4
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The Elmore data from the current study described in this article can be compared to a previous study at Elmore by Kent et al.)
Figure 7a is the oxide area with the dark line histogram data from the current study, the dotted line histogram from Kent et al.
And the lighter curve the lognomal distribution that was fitted to the histogram for this study. Figure 7b is the same arrangement
of data for the reduction furnace area. Figure 7c is for the induction furnace area, and Figure 7d for the fluoride furnace, again
with the same arrangement of data. The lognormal distribution curves are the same as those in Figure 1.

particle size changes, so too does the difference between a mea-
sures of exposure (whether total or respirable) and deposition
(Figure 10).

Below 1 um there is no difference, in fact, between res-
pirable and total dust measurements since both weight the prob-
ability of exposure to those particle sizes at 100 percent and
thereby equally conceal the actual dose.!> If the particle size
distributions were constant across operations, these total dust
measurements might be as good a measure as any other. Variabil-
ity in the size distribution can, thereby, change the dose without
the exposure measured by arespirable sampler changing. Thatis,
the total submicrometer dust concentration can remain constant
even though the actual dose changes when the size distribution
is changed.

As an example, note the two points on the graph in Figure 10
representing two different hypothetical size distributions. Note
that for the upper point on the graph, representing a particle size
distribution with a geometric mean of 0.4 T m and a geometric
standard deviation of 2, the difference between respirable or to-
tal dust exposure measurements and the actual dose is almost
fivefold. For the second point, with the geometric mean decreas-
ing to 0.1 Ym (and the geometric standard deviation remaining
the same) the difference changes to less than three-and-a-half-
fold, which actually reflects an increased deposition and in-
creased dose. The differential in the two doses is 150 percent
in this example even if the total concentration remains steady.
That differential in dose is due entirely to the change in median
particle size.
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A comparison of the calculated fraction for the beryllium mass and particle number concentration data in Table I shows no
discernible relation between the two by any fractional metric of deposition or of total number to total mass. As in Figures 4 and
5 the fractions plotted were total lung deposition (@), tracheobronchial deposition (m), alveolar deposition (a), and trial mass ( X).
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The fractional deposition of particles in the lung is mostly a
function of three mechanisms—impaction, sedimentation, and
diffusion. For particles sizes less than 0.5 pwm the mechanism

is predominantly diffusion, resulting in increased deposition
with decreasing particle size. Though the curve varies slightly

with changes in tidal volume and breathing frequency, the
shape of the curve, shown here for a tidal volume of 1.45 liters
and a frequency of 15 breaths per minute,

®)

The result of not accounting for deposition when sampling
either total or respirable beryllium as a function of geometric
mean (GM) and geometric standard deviation (GSD) can be

estimated from this figure. The two points on the graph are
examples explained in the text showing the effect of a change

in particle size. The numbers within the isopleths are the
percent difference between the total or respirable fraction and
remains similar. the total lung deposition fraction.
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CONCLUSIONS

Since there have been recent recommendations to reduce the
beryllium standard® it is important to note that any steps taken
to reduce exposure may need to take particle size into account.
If controls reduce total mass but increase the fraction and num-
ber of particles less than 0.5 pm, the actual effect on dose may
be the opposite of what is expected. As particle size decreases
below 0.5 pum, deposition, which is directly related to dose,
increases rapidly. This could offset gains in reduction of total
mass. If particle number proves to be the metric of interest,
this scenario is even more extreme. Reduction of mass result-
ing in a shift in particle size may also result in an increase of
particle number along with an increase in deposition. There-
fore, any effort at control of beryllium should also include mea-
surements of the particle size distribution both before and after
controls are used as well as some estimation of the deposition
fraction.
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