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Pulmonary function in beryllium workers: assessment
of exposure
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ABSTRACT The inhalation of beryllium causes a serious lung disease characterised by pronounced
radiographic and functional impairments and occurs in workers engaged in the extraction and
manufacture of the metal. This paper describes the beryllium exposure levels and refining processes in
a large beryllium factory operating since the 1930s. Lifetime beryllium exposure histories were

estimated for the 309 workers present at a health survey conducted in 1977. Beryllium exposure levels
in the plant were high for many years, with some estimated exposure levels in excess of 100 jg/m3. As
late as 1975, there were exposures to beryllium above 10 jig/m3 in some jobs. After about 1977, the
plant was in compliance with the permissible exposure limit of 2 0 jg/m3. The median cumulative
exposure in this cohort was 65 gg/m3-years and the median duration ofexposure was 17 years. From
these data a series of exposure parameters, functions of the exposure histories that characterise
biologically important dimensions of exposure were calculated for each worker.

Beryllium disease of the lung is a serious, potentially
disabling, granulomatous disorder caused by inhaling
particles of beryllium compounds.' Numerous studies
and case reports have described this disease, its
occurrence in workers exposed to various beryllium
compounds, its clinical course, and treatment.2 The
subclinical effects of beryllium are less well studied. It
is not well established, for example, whether exposed
workers who do not develop the chronic disease suffer
any ill effects from their exposure. Only a few studies
have looked for such effects.?5 The present study is the
largest yet published on the subclinical effects of
beryllium.

Since 1977, the production workers at a large
beryllium plant have been examined every three years
by a team from the Massachusetts General Hospital
lead by one of the authors (NLS). All cooperating
production workers performed spirometry, and a

posteroanterior chest radiograph and blood gas
measurements, and answered a standardised question-
naire for respiratory symptoms. Lifetime beryllium
exposure histories were estimated for each worker
participating in the health surveys based on estimates
of air concentrations of beryllium in the plant from
1935 to 1977.
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We describe operations at the plant, the various
processes necessary in extracting beryllium from its
ore, details of workers' exposures, and the derivation
of exposure parameters used to assess exposure res-
ponse relations. Health effects data are presented in a
companion paper.' A detailed reconstruction of
lifetime exposure histories has never been published
for a large beryllium plant, and it is hoped that this
paper, its companion,6 and others to follow will
improve understanding of this important
occupational disease.

Materials and methods

PLANT HISTORY AND OPERATIONS
The study plant is a large beryllium extraction and
manufacturing facility which, at various times in its 50
year history, has produced most of the beryllium
refined in the United States. The plant began opera-
tions in 1934, and by 1938 the company had installed
rolling and drawing equipment to supply beryllium
alloys in various forms: sheet, strip, wire, and tubing.
The principal product has always been beryllium
copper alloys-the "master" alloy containing 4%
beryllium and other forms containing 2% or less
beryllium. Other products have included various other
beryllium alloys, pure beryllium metal, and beryllium
oxide. In 1943 the plant employed about 500 produc-
tion workers;7 in 1975 there were about 350.8
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[Berylore | arc furnace, and kept at about 1800°C; carbon and
copper are also added to the furnace. The BeO is

Soda ash reduced to beryllium metal which combines with
Ball mill Fluoride graphite copper to form the alloy. Ingots of beryllium copper

are poured, cooled, and sent to another furnace for the
addition of more copper to bring the beryllium

Briquetting machine concentration down to the desired percentage. The
beryllium copper is poured into "pigs" for sale to

Sintering furnoce

Il Be(OH)2
Hammer and ball mills |

t Calcine furnace
3 stage heated leaching tanks Red mud Flue dust -0-- - Carbon

NoOH~~~~~~~~~~~~~~~~~Mxer

Precipitation of Be(OH)2| Bagging

I i.10+' Copper
Filter press Arc furnace

e(OH)2 Master alloy

Fig I Major steps in extraction ofberyllium from beryl ore. i -'- Copper

|Melt and cast

EXTRACTION AND MANUFACTURING PROCESSES Reclaim D b.Customers
The first phase of the production process in the plant is Slabs Round ingots
the extraction of beryllium hydroxide from the
beryllium ore9-" (fig 1). The ore is ground in a ball mill, t Cut
mixed with fluoride (either sodium fluoroferrate or
sodium silicofluoride), and formed into briquettes. ll
The briquettes are fed to a sintering furnace where they Turn
are kept for about two hours during which time a

soluble beryllium fluoride is produced. The sintered Anneall
briquettes are cooled, crushed, ground, and then I I Extrude
leached in water to bring the beryllium salt into Cold roll
solution. The settled "red mud" is discharged, and
sodium hydroxide is added to the solution to Slit nea
precipitate insoluble beryllium hydroxide which is
then recovered in a filter press. Since about 1964, this Strand annealI
initial extraction process has not been performed at Clean and cut
the plant; beryllium hydroxide was shipped in from Cleanand cut
elsewhere, firstly from another plant of the same

e
,

c

company and later from other sources.
The second phase of the process leads to the

production of various metal products9 (fig 2). Inspect and ship
Beryllium hydroxide is loaded into a furnace and
calcined at 900°C to yield beryllium oxide (BeO). The Finished product
BeO, a fine white powder, is bagged (originally by
hand but now mechanically), loaded into an electric Fig 2 Major.step.s in herYlliunm-copper alloY fabrication.
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Pulmonaryfunction in beryllium workers: assessment ofexposure

metal manufacturers, or cast into slab or round ingots.
The ingots are rolled, turned, and extruded to form
various shapes, such as sheets, rods, wire, and tubing.
These products are annealed by heating, then cleaned
in a pickling operation to remove surface contamina-
tion. Final steps are trimming, slitting, cutting, and
grinding into finished sizes.

INDUSTRIAL HYGIENE DATA
Beryllium exposures at this plant were measured by
two principal methods: the Atomic Energy Commis-
sion (AEC) method and the personal sampling
method.
The AEC method, the original method by which

beryllium was sampled, is still considered the stan-
dard. 1 3 This technique has been in use since 1950, and
was formalised in 1956 as an appendix to the sales
contract between the AEC and its beryllium sup-

pliers.'2 Also, the 2-0 gg/m3 air standard was based on
measurements made with this method, and so health
and safety personnel have been reluctant to change to
a different method even though personal sampling is
today the standard technique for most other toxic
substances.

Air samples were collected with a high volume
sampler (20 cubic feet/minute) on 4 inch No 41
Whatman filter paper; samples were collected either in
the breathing zone of a worker for periods of two to
five minutes or in a general work area for longer
periods. Results of sampling were used with a time
study of each job to construct daily weighted average

(DWA) exposure measurements. The use of the
acronym DWA, rather than the more standard TWA,
emphasises that the data were derived from short term
samples, weighted on the basis of a time study, and not
from a full shift personal sample. One advantage of the
DWA method is that samples may be taken for brief
operations that have the potential for high exposure.

In a full workshift sample such brief exposures would
be lost in the overall average for the day. The method
measures exposures for jobs rather than for individual
workers. Non-routine tasks are difficult to study by
this method.

Personal sampling, a more recent method, was used
in some surveys of the plant (table 1)."2 Personal
samples were collected either over a full shift or a large
part of the shift. Battery operated pumps were atta-
ched to a worker's belt and a 37mm membrane filter to
the collar. Results were expressed as an eight hour time
weighted average (TWA). Two types of samples were

collected: total particulate samples for which the
above apparatus was used and respirable particulate
samples for which a miniature cyclone was attached
upstream from the filter to remove non-respirable
particles. 2 For the present paper, only the total
particulate samples were considered when converting
exposure measurements collected by personal sam-

pling to DWAs because the AEC method also collec-
ted total particulates without regard to size.

Until recently, samples were analysed for beryllium
by the Morin fluorimetric method.'4 Now the
measurement is performed by atomic absorption
analysis.'5 Both methods are accurate, reproducible,
and yield comparable results.

Industrial hygiene data have been collected at
various times by different government agencies (table
1) using either the AEC or personal sampling meth-
od.8 10 11 16 17 In addition, several studies have been
performed in which side by side samples were collected
by the different sampling methods.'2 Donaldson sum-

marised these studies and provided data on the
correlations among methods'2 (and unpublished data).
The correlation coefficient between the AEC and
personal sampling methods was 0 5. A DWA of 2 0
jg/m3 calculated by the AEC method was approx-
imately equivalent to aTWA by the total dust personal
sampling method of 4 jg/m3. Based on these calcula-
tions, a conversion factor of 0 5 was applied to total
particulate personal TWAs to estimate the DWAs that
would have been calculated by the AEC method. All
estimated DWAs were considered precise only to the
nearest jg/m3.
At least 2000 air samples were made in the plant

beginning in 1947; however, for most surveys only the
geometric mean levels in each job or department
surveyed were available. A geometric mean air level

Table I Industrial hygiene data sources

Type of Used to represent No ojjobsl
Source sampling Dates the vears depts surveyed Reference

Pennsylvania Dept of Health DWA* 1947-54 1935-60 26 10
Atomic Energy Commission DWA 1961 1955-69 41 11
Pennsylvania Dept of

Environmental Resources PSt 1972 1961-76 95 16
National Institute for

Occupational Safety and Health PS 1975 1970-76 58 8
Management surveys DWA 1980 1977-83 114 17

*Daily weighted average concentration (see text).
tPersonal sampling concentration (see text).
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86
was estimated for each job, either using the mean
reported by the authors of a survey, or calculating one
directly when individual sample results were available.

CALCULATION OF LIFETIME EXPOSURE TO
BERYLLIUM
A standardised set ofjob titles was developed, relying
in part on earlier efforts by NIOSH (unpublished data)
and in part on a reconstruction ofthe departments and
operations at this plant. One hundred and two unique
jobs were identified in the plant from company
records, from work histories of the workers, and from
various industrial hygiene reports. Typically three
data points were available for a givenjob, one covering
the period up until about 1960, one for the 1960s and
early 1970s, and one for the late 1970s. For each job, a
beryllium DWA exposure was estimated using the
data sources in table 1 and covering all years in which
the job was active. Not all of these jobs existed in all
years of the plant's operation.
Work histories were collected on each worker at

health examinations in 1977, 1980, and 1983, and these
provided the years each worker was employed in each
job. The workers were presented with a matrix listing
each department in the plant versus each year since
1935. Workers were asked to check the boxes indicat-
ing which departments they were in for each year, and
to note the exact job title. If a worker reported more
than one job in a year, the year was apportioned evenly
among the different jobs. Each worker's job matrix
was checked for completeness by an interviewer.
From the beryllium exposures in each job in each

year of the plant's operation, and each worker's year
by year job histories, beryllium DWAs were estimated
for each year of the worker's employment up until
1977.18

MODELLING EXPOSURE PARAMETERS
Biology
The selection of exposure parameters for use in
studying the exposure response relation of beryllium
was based on the physiological mechanisms of the
disease. Beryllium disease results from the effects of
two separate but reinforcing mechanisms: an acute
inflammatory effect and a cell mediated immune
response.' This model has several implications for
epidemiology (table 2). For example, both acute and
chronic effects of exposure are anticipated, suggesting
that both recent and long term exposures may affect
the lung; hypoxaemia has been reported to be an early
effect of beryllium in dogs'9 and man,3 whereas fibrosis
might be expected to develop more slowly and be
caused by exposure over many years. Secondly, the
inflammatory and immune mechanisms may have
different dose response curves, resulting in a combined
dose response curve that is complex. In particular, it is

Kriebel, Sprince, Eisen, Greaves

Table 2 Aspects ofberyllium pulmonary toxicity important
for epidemiological investigations

Characteristic Implicationsfor epidemiology

Acute effects Known to exist. Recent exposure may
be the main determinant of these
effects

Chronic effects Long term exposure may be most
important, separate effects of
intensity and duration are possible

Latency May exist for some health effects but
duration of latent period is unknown

Clearance/retention Poor clearance from the lung. Immune
status (below) may alter rate of
clearance

Immune mechanisms Cell mediated response likely. A
"sensitising" dose may alter lung
response to subsequent exposure. Not
clear how this may affect subclinical
changes in function

Physical characteristics Particle size and solubility are
important determinants of the degree
of toxicity

plausible to assume that exposures received at
different intensities (the concentration of beryllium
inhaled) may have very different potencies: exposure
at low levels might not trigger an immune response in a
worker with no previous exposure but might cause
mild inflammatory changes. If this same worker
became sensitised to beryllium by a sufficiently intense
exposure, however, then subsequent exposure even at
a very low level might be toxic. Each of these
possibilities has implications for the way in which
exposure should be characterised in an exposure
response model, and because it was not possible a
priori to identify a single "best" parameter, several
different exposure parameters were developed and
tested in exposure response models.

Exposure vectors
Individual exposure histories were constructed as
described above. For each worker, this information
was used to construct a vector in which the elements of
the vector represented the estimated annual exposure
to beryllium in each year of the worker's employment
in the plant. The exposure estimates are eight hour
concentrations.

Exposure vector for worker i was defined as follows:
(Ei) = {eijl, = jej,,ei2,ei3, .eini)

where e,j = exposure level (expressed as DWA) for
worker i in time periods, j = 1, 2, 3 . . . ni, and ni is the
number of years of employment of worker i.
An exposure parameter is a mathematical function

of the exposure vector. Consider the general form for a
linear model of exposure response relations:

(1)
m

Yi = + E Pk Xik + I3m+ 1 f(E;),
k= 1

where y is an outcome measure, (xk . .. xm) are con-
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Pulmonaryfunction in beryllium workers: assessment ofexposure

founders or etfect modifiers, and f is a function of the
exposure vector. For example, cumulative exposure
(CE) may be derived from the exposure vector:

ni

CE = E ej,
j=l

(2)

The strategy for constructing exposure parameters
in the present study was to separate out the time and
intensity features of exposure by partitioning
cumulative exposure into components. Each
parameter may then be evaluated conditionally on all
covariates in the exposure response model.

Partitioning exposures by time
The same levels of exposure received at different times
during the period of employment may have different
potencies. To account for these time related differen-
ces, an exposure response model was used to estimate
separately the associations between lung function and
exposures that were received at different times before
the health survey. Cumulative exposure was divided
into three components representing the sum of annual
exposures in three periods (I to 10, 11 to 20, and 21 or
more years before the health survey in 1977). These
three parameters were:

10

CEl_l 0= E eij, (3)
j=l

20

CEI520= E eij, if n > I0, (4)
j=55

ni

CE;>21 = E e1j, if ni > 20, (5)
j=21

A given worker's cumulative exposure was therefore
represented by the sum of his CE,-,1, CE11,20, and
CE>21. By constructing exposure response models

using these time partitioned cumulative exposures, it
was possible to examine differences in the statistical
measures of association between beryllium exposures
at different times and measures of lung function
(equation 6).

y= bo + E bkxk+ bm+lCE,_1o +
k= 1

bm+2CE1i_20 + bm+3CE>2i (6)

Partitioning exposures by intensity
Cumulative exposure was partitioned also by the
intensity of exposures. Unless the dose response curve
is linear, and the assumptions of cumulative exposure

(see above) hold, exposures received at different
intensities may have different potencies. To allow for
this, exposures received at different levels of intensity
may be entered separately into the exposure response
model. A pair of exposure parameters coding for

exposures above or below 25 pg/m3 are shown in the
following equations.

n= er eiffeij < 25' (7)

Intensity <25
=

e%ij, where e'ij if e..72
j=1

0i i 5

Intensity_>25 = E e"ij, where e" j = e ifeij > 25 (8)
j=1 '~1ifej 2 8

Again, a given worker's total cumulative exposure was
given by the sum of his intensity<25 and intensity>25.
Also tested was a set of three parameters using 25 and
100 Mg/m3 as the cutoff levels.

Summary ofexposure parameters
Using the methods described above, several different
exposure parameters were constructed from each
worker's exposure vector: total cumulative exposure,
duration of employment, and cumulative exposure
partitioned by time and intensity (table 3).

Results

Estimated job and year specific exposure levels were
used to estimate lifetime exposure histories as just
described. For presentation here, however, the 102
jobs were collapsed into 16 departments and the 40
year history of the plant summarised in four periods
(table 4 and fig 3). The periods were chosen for the
relative stability ofexposure levels within each period.
These groupings of departments and years were used
only for presentation; in all analyses individual job
year estimates were used. The considerable decline in
exposure levels with time is apparent, generally about
one order of magnitude from the earliest to the most
recent period (table 4). Until the 1960s, beryllium
levels consistently exceeded the eight hour TWA

Table 3 Exposure parameters for use in exposure-response
models ofrespiratory effects ofberyllium

Exposure parameter Description

Cumulative exposure Sum of all annual exposures
Current exposure Average exposure in the two years

before survey
Years worked Total duration of employment
Cumulative exposure, Sum of all annual exposures in the 10

(CE1 1,) years before survey
Cumulative exposure,, 20 Sum of all annual exposures 11-20

(CE11 20) years before survey
Cumulative exposure , Sum of all annual exposures more than

(CE>21) 20 years before survey
Intensity <25 Sum of all exposures received in years

when average exposure was less than
25 pg/min

Intensity >'5 Sum of all exposures received in years
when average exposure was more
than 25 Pg/m3
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standard of 2-0 ig/mr, and in the dirtiest departments
(those engaged in calcining, sintering, and other
operations involving furnaces) the air levels averaged
well above the current peak level of 25 jig/m3, a level
that should not be exceeded for more than 30 minutes.
Nevertheless, low exposure jobs did exist, even in the
early period, in such departments as inspection,
laboratories, and shipping and receiving. For workers
in some of these departments the principal sources of
exposure in the early 1 960s were probably cross

Departments with hot processes

Kriebel, Sprince, Eisen, Greaves
contamination of common areas such as the lunch
room and lockers."
Departments were divided into three groups based

on the expected particle size of beryllium in the air:
those with the predominant beryllium exposure from
hot processes (beryllium fume), those with the primary
exposure from cold processes (beryllium dust), and
those with mixed exposures. Departments that con-
tained hot processes tended to have high air levels of
beryllium (fig 3). The most serious industrial hygiene

Departments with cold processes

(. '

c40 b

~ 7

4. 4 ,9a ~ 1
.,.

* ~ .t-
o 6G
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Departments with mixed exposures
7

0-11
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L.0340.
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Fig 3 Trend. in bervllium exposure levels in 16 departments with three diffrrent tvpes oJ exposure.
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89Pulmonary function in beryllium workers: assessment ofexposure

Table 4 Summary ofdaily weighted average exposure levels (pg/rm3) for 16 departments* infour periods

Approximate Period
No of No ofjobs in

Department workerst department 1935-54 I9SS-4 196S-76 197783

Oxide 46 14 46 16 8-8 0-5
Arc furnace room 26 6 80 51 11 0-7
Detroit furnaces 24 4 51 51 33 NAt
Foundry 27 5 19 19 13 NA
Meltandcast 105 6 18 18 76 1 1
Hot rolling 19 8 9-3 9-3 2 5 0-2
Cold rolling 29 8 9-2 5-7 2-5 0-2
Rod and wire 39 8 5-9 5-9 2-0 0-2
Annealing 10 5 13 13 5 7 0-1
Pickling 11 3 0o2 0-2 0-2 0 1
Machining, grinding 60 5 1 7 1-7 0 9 0 1
Maintenance 73 13 6-2 5 7 3-5 0 1
Inspection 12 7 1-6 1-6 0 9 0-1
Laundry - 1 2 5 2 5 1-0 0.1
Labs,RandD 28 6 14 14 1-2 02
Stores, shipping 20 3 3-6 3-6 2 0 0 1

Total for plant: 529 102

*Smaller departments were grouped for presentation.
tData are for 1943.
tNot applicable: these departments were not operational in this period.
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Fig 4 Beryllium exposure historiesforfour representative workers.
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Table 5 Summary statistics on exposure parametersfor 297
white men in the cohort

Geometric
Standard

Mean deviation Median Range

Years worked 17 10 17 2-39
Cumulative 37 10 65 01-4400

exposure (Ug/m3-
years)

Exposure in 1977 0-4 6 0-4 001-49
(pg/m3)

Mean lifetime 3 5 4-3 0-01-150
exposure (pug/m')

24-

22-
20-
18-

O-

° 16-

&C 1 4
o 12-
'Evl
0,10-

XL 8-

6-
4-

2
0

0.1 0.32 1 3.2 10 32 100 320 1000 3200 10000
Cumulative exposure (,ug/m3-years)

Fig 5 Distribution ofcumulative exposure to beryllium for
entire plant population (n = 309).

problems of this plant have always been in areas such
as the arc furnaces, Detroit furnaces, and sintering,
and calcining operations. Most of these high exposure

operations were closed from about 1970.
Exposures to beryllium since 1977 were consistently

below the standard of 2 0 .tg/m3, and usually well
below it.
The combination of greatly varying exposure levels

over time and considerable job rotation (the average
worker held three different jobs, whereas 25% of the
workforce had five or more) meant that a large variety
of patterns ofexposure occurred in this population (fig
4). Cumulative exposure had a median value of 65 pg/
m3-years. Mean exposure, the average annual
exposure level for a worker over his or her entire
career, had a median value of4 3 pg/m'. The mean and
median number of years worked for this population
was 17 (table 5).
The frequency distribution of cumulative exposure

for the entire population was grouped in classes of
equal size on the logarithmic scale for clarity of
presentation (fig 5). The cumulative exposure data had
an approximately log normal distribution.

Kriebel, Sprince, Eisen, Greaves

Discussion

Accurate estimation of exposure to a given substance
is crucial for the investigation of its possible health
effects. Without valid exposure information, neither
tests for the existence of an effect, nor estimation of its
magnitude, may be performed accurately. Inaccurate
exposure estimation is a common form of misclas-
sification bias.20 When the error in classification is non-
differential with respect to disease state, an underes-
timation of the exposure effect will result.2' In the
extreme, exposure effects may be obscured entirely
because of misclassification, even though an exposure
effect actually exists.

There are two levels on which misclassification may
operate in this study: in the retrospective determina-
tion of exposure levels and in the choice of an
appropriate exposure parameter for use in exposure
response models.

MISCLASSIFICATION IN ESTIMATION OF
EXPOSURE
The industrial hygiene data were collected by several
different agencies over a period of 40 years so some
variation in methodology and accuracy was likely.
Also, there were limited measurements for some jobs.
The range of exposures over the plant's history and
acrossjobs in the early years (when exposure data were
sparse), however, was so great that the relative ranking
of individual's exposures was probably valid even if
considerable error was present.
The use of data collected by two different sampling

methods introduced a potential source of error. Per-
sonal sampling data were used in this study to estimate
job exposures, primarily from the late 1960s until
1977. In most jobs data were available from the AEC
method for both the earlier and later periods. Figure 3
shows that the levels of exposure in the period covered
by personal sampling were not only bracketed between
the levels in periods measured by the AEC method but
that the former lay on a fairly linear trend of falling
exposures from the earliest to the most recent period.
It seems reasonable, therefore, to use both sets of data,
despite the difficulty of precisely converting the results
from one method to the other.
Job histories were collected by worker interview and

thus were subject to errors of recall. It is possible, for
example, that sicker workers would recall their past
work histories more accurately. This was unlikely to
be a serious problem for several reasons. Firstly,
workers were presented with a matrix listing all
departments and all years and were required to
account for their entire period of employment. This
restrictive form of questioning should be more com-
plete and less prone to recall bias than simply asking
workers to list all the jobs they could remember.
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Secondly, the jobs themsleves were not used as
indicators of exposure; instead, each job contributed a
certain amount to the cumulative exposure estimate.
Sick workers would have to remember jobs with high
exposures to beryllium not just "dirty" jobs, in order
to inflate artificially their cumulative exposure. The
quality of the recalled job histories appeared quite
good. Specific dates (such as the start of employment
or periods of layoff) were often provided by the
workers complete with day and month, even though
such dates were not requested.

MISCLASSIFICATION IN EXPOSURE PARAMETER
SELECTION
Valid exposure data summarised in an inappropriate
exposure parameter may result in serious misclas-
sification bias. For example, suppose a measure of
lung function is affected by the peak levels ofexposure
rather than by the average level or the cumulative
exposure. Then if the mean exposure was selected as
the parameter in an exposure response model the
model would fit poorly due to misclassification of
exposure. Avoiding this form of misclassification
requires an awareness of the pathophysiological
mechanisms underlying the outcome measure(s) being
studied.
Summation over the entire exposure history, E,, for

each worker is one of the simplest functions of an
exposure history. It has desirable statistical and
biological properties. Assuming that the minute ven-
tilation of the lungs and the fraction of particles
deposited in the lungs are approximately constant over
time, Smith et al have shown that cumulative exposure
is proportional to the cumulative dose to the lung.22
The major disadvantage of cumulative exposure, at
least for certain toxins, is that it assumes equal potency
for exposures experienced at any time whether these be
recently or in the remote past; recent and past
exposures, high exposures for a brief time, or low
exposures over a long time are all weighted equally.

Because the response of the lung to beryllium is
complex, probably including many time and concen-
tration dependent processes, knowledge of how injury
occurs is necessary so that the exposure data may be
modelled to reflect the known toxic mechanisms.
Exposure parameters carry with them assumptions
about the physiological mechanisms of the disease
process. These assumptions should manifest them-
selves in the form of the function chosen to summarise
the exposure history. The design of exposure
parameters should thus be seen as the selection of
functions of exposure histories that express
biologically important aspects of that history. By
modelling exposure response relation with exposure
parameters that have explicit biological assumptions
behind them, it should be possible to learn more about

the underlying disease process than if the parameters
are chosen simply for statistical convenience.
Given the uncertainty surrounding the mechanisms

of beryllium disease, and the paucity of data on the
subclinical effects of the metal, a single "best"
parameter cannot be chosen a priori. By testing a series
of different parameters in exposure response models,
however, some insights into the disease mechanisms
may be gained. Hypoxaemia appears to be an acute
effect of beryllium3 '9 that might be related to recent
exposures. Granulomatous parenchymal changes, on
the other hand, are more likely to be related to long
term exposure whereas recent exposures are relatively
unimportant.

In summary, exposure modelling may be seen as an
iterative process in which current knowledge of the
pathophysiology of a disease suggests the form for
exposure parameters, and the fit of these parameters,
in turn, improves the understanding of the disease and
its mechanisms.
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