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Abstract Objectives: The reasons for the slow progress
and lack of new knowledge in the biological monitoring
of beryllium (Be) are to be found in the presumed small
number of working activities involving exposure to the
metal, and the lack of adequate analytical methods.
The reference values for urinary Be reported earlier in
the literature appear to be too high, due to the poor
specificity and sensitivity of the adopted methods. The
aim of this study was to correlate Be air concentrations
and Be urinary levels to ascertain whether the biological
indicator was suitable for assessing occupational expo-
sure to the metal. Methods: To investigate the relation-
ship between the Be concentrations in air and those
excreted in urine, we examined 65 metallurgical workers
exposed to very low levels of the metal, and 30 control
subjects. The exposed workers were employed in two
electric steel plants and two copper alloy foundries. The
alloys were produced in electric furnaces, starting with
scrap containing Be as an impurity. The Be concentra-
tions in the air were monitored by area samplers and the
levels of Be in the urine of the workers were determined
in samples taken at the end of the shift. Both determi-
nations were carried out by ICP-MS. Results: The me-
dian airborne Be concentrations in the copper alloy
plants were 0.27 pg/m> in the furnace area and 0.31 pg/
m? in the casting area. Median values of 0.03 to 0.12 pg/
m® were determined in the steel plants, the relatively
wide range probably due to differing amounts of Be in
the scrap. Regression analysis was performed on the
median values from four work areas and the corre-
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sponding urinary samples. A significant correlation was
found for the relationship between external and internal
exposure. The urinary Be levels were in the range
between 0.12 and 0.15 pg/l with observation of the
recommended TLV-TWA for inhalable dust of 0.2 pg/
m’ (0.2 pg/l at the upper 95th percentile). Conclusions:
Sufficient data are not currently available to be able to
propose a BEI for urinary Be. Our results show that new
investigations are necessary to improve the evaluation of
dose indicators and the relationship between external
and internal exposure to Be.
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Introduction

Ten years ago the monograph on Beryllium (Be) for the
CEC series on “Biological Indicators for the Assessment
of Human Exposure to Industrial Chemicals” [6], stated
that the urinary excretion of Be was higher in exposed
subjects than in the general population, although occu-
pational exposure to the metal was low and the urinary
Be levels were higher at the end of the work shift. The
relationships between internal and external exposure
and between internal exposure and (early) effects were,
however, not known, and the need for more research
was emphasized.

Advancements in the biological monitoring of Be
have been quite modest over the past decade, as dem-
onstrated by the small number of papers published on
the subject. When, for example, the articles quoted in the
period 1989-1999 in the MED LINE data bank are
examined, one finds few references regarding Be and
human health [1, 8, 9, 14, 18-20, 25]. Some of these
articles deal with ambient pollution or Be diseases, but
without using any biological indicator of the metal.

Two papers mention the biological monitoring of
Be: the first in the context of an investigation about



the urinary reference values for 13 metals in the gen-
eral population of the USA [24], the second in the
context of the theoretical significance of biomonitoring
for carcinogenic metals [25]. In addition we found a
recent article on gemstone cutters exposed to beryls
in which urinary Be is specifically investigated as a
biological indicator in occupationally exposed subjects
[30].

In our opinion the range of industrial processes in
which occupational exposure to Be occurs has, on the
contrary, increased over the past two decades, and it is
very likely that unknown or not easily identifiable
sources of exposure to the metal exist. This is confirmed
by the recent evaluation carried out by Kauppinen et al.
[17] of the number of EU workers exposed to carcino-
gens: in this review the number of individuals occupa-
tionally exposed to Be is given as 67,000 and Be is
classed as a carcinogen of the same potency as ceramic
fibres and styrene-7,8-oxide.

The environmental sources of Be may also be of
interest for the general population, in particular the
emissions from plants directly or indirectly processing
Be, from incinerators and from electric power plants
using coal or mineral oil. There are, however, conflicting
data about the presence and amount of Be in the envi-
ronment. Another important non-occupational source
of the element is tobacco smoke [1, 11, 26].

The effects of Be on human health has long been a
concern of occupational medicine. Of the diseases rela-
ted to Be, only the acute Be pulmonary syndrome is
clearly dose-related, being caused by short-term expo-
sure to high concentrations of Be [12]. Pulmonary
chronic Be disease (CBD), on the other hand, is an
immunologically mediated syndrome, defined as the
occurrence of lymphocyte proliferation coupled with the
presence of alveolar granulomas. This proliferation can
be detected using the beryllium lymphocyte proliferation
test (BLPT) and the granulomas are harvested by
transbronchial biopsy [22, 23].

As suggested some years ago [13], it has not been
possible to diagnose many cases of disease induced by
exposure to Be. Particularly with cases of pulmonary
granulomatous diseases, it is advisable to investigate the
possible existence of occupational exposure to Be. At a
symposium organized by the ACGIH entitled “Berylli-
um: Effect on worker health”, held on September 23rd,
1999, in Washington, D.C., it was suggested that posi-
tive results in the BLPT is the most appropriate effect
indicator (critical endpoint) upon which to base the
occupational limit for Be in air [2].

The other well-known effect of occupational exposure
to Be is lung cancer. For this reason Be is classified as an
A1 human carcinogen by the ACGIH, and a carcinogen
of group 1 by the IARC. When we consider CBD and
cancer, exposure to low and very low concentrations
may be of great interest, and the ACGIH is going to
propose a ‘“‘notice of intended changes” for Be, with a
TLV-TWA of 0.2 pg/m’ as inhalable particulate, instead
of the current TLV-TWA of 2 pg/m?3 [2].
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Crucial for the assessment of low exposures on the
basis of ambient and biological monitoring, is the
availability of adequate analytical methods. For the bi-
ological monitoring of subjects with low exposure to Be,
the sensitivity and specificity of the analytical method
determines the accuracy with which the amount of Be in
biological matrices is measured.

The determination of Be has generally been per-
formed wusing graphite furnace atomic absorption
spectrometry (GFAAS) and more recently by induc-
tively coupled plasma atomic emission or mass spect-
rometry (ICP-OES/MS).

Direct analysis by GFAAS is, however, the technique
most frequently used for biological samples, and when
correctly performed allows detection limits to be reached
adequate to determine Be concentrations in urine, for
example in the range 0.1-1 pg/l [4, 7, 15, 24].

Therefore, analytical performance and the identifi-
cation of possible exposures are critical for Be biological
monitoring, and would appear mandatory for assessing
the new threshold limits for Be in air and (possibly)
related biological limit values.

To assess the feasibility of the biological monitoring
of occupational exposure to Be it would therefore be
useful to take into consideration some of the investiga-
tions carried out in working environments with low and
very low exposure to the metal as a starting point.

Materials and methods

Groups and workplaces

We investigated four groups of metallurgical workers, and a con-
trol group of mechanical workers employed in activities without
exposure to metals (in particular Be). The exposed workers (n = 65)
were employed in two electric steel plants and in two copper alloy
foundries. Steel and non-copper alloys were produced in electric
furnaces starting with scrap. In each plant we examined the more
highly polluted working areas: furnace charging, melting and
casting.

The furnace workers were exposed to metals during the fol-
lowing process phases: selection and preparation of raw materials,
scrap charging, refining and melting.

The casters were employed in pouring of molten metal into the
tundishes or the ingots. Both groups were therefore exposed to a
mixture of metals, including Be. Possible sources of Be is the
presence of the element in dust and smoke from raw materials or
from steel and copper alloys during and after the melting process.

The exposure to dust and smoke containing the metals was not
constant during the work shift and all workers used respiratory
protective devices irregularly.

Our control group was composed of workers employed in
mechanical activities (assembling, finishing trucks) known not to
be exposed to metals.

The general characteristics of the groups investigated are
reported in Table 1.

Ambient monitoring

The very low Be concentrations in the air meant that great volumes
had to be sampled. Consequently, personal samplers could not be
used. Stationary samplers with a flow rate of 10—15 I/min were used
for periods of 5-6 h.
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Table 1 Characteristics of the studied groups

Workplace n Age (years) Job duration (years) Smoking habits® Alcohol consumption®
Mean SD Mean SD % Mean Mean SD

Electric steel plants

Furnace 25 39.5 10.3 13.4 6.3 56 22 0.7 0.5

Casting 18 38.6 9.8 12.5 6.5 45 19 0.6 0.4
Copper alloy foundries

Furnace 12 43.1 6.7 15.3 7.4 62 21 0.7 0.6

Casting 10 44.5 7.9 16.8 7.6 58 18 0.6 0.5
Controls 30 38.3 11.5 12 6.6 52 17 0.5 0.3

0.6

4 Percentage of smokers and mean no. of cigarettes smoked per day
Consumption of wine (I/day)

The airborne particles (previous evaluations yielded particle
sizes below 5 um for 30 to 40%) were collected on cellulose
membrane filters (size 25 mm, pore size 0.8 pum).

The filters were dissolved by overnight digestion with nitric
acid, cc. Suprapure. The digestion solutions were diluted with water
before analysis by ICP-MS. The method is characterized by a de-
tection limit of 1 ng/m> (0.01 pg/l) and by a precision within series
of 5% and between series of 8% at 100 ng/m® (10 ug/l).

The accuracy of the method was checked by certified material
from NIST, in which Be was certified for a concentration of
12.5 pg/l. The precision between series was around 10%.

Biological monitoring

The levels of Be were determined in urine spot samples collected at
the end of the work shift from workers employed in areas moni-
tored by static samplers. The urinary specific gravity was measured
by optical refractometry and only samples with a specific gravity
between 1015 and 1035 were examined.

The urinary Be analysis was carried out by ICP-MS adapting
the method of Schramel et al. [28]. The detection limit was 0.03 pg/l
and the precision between series for a concentration of 0.5 pg/l
9.5%. Twenty percent of the samples were also measured using
atomic absorption spectroscopy according to our previously pub-
lished method [7], and the results were found to correlate well.

Results

The results of ambient and biological monitoring are
reported as medians and ranges in Table 2. The urinary
Be concentrations for the occupationally exposed sub-
jects were different from the values in the general
population, which, according to our experience, are
below 0.03 pg/l urine.

The ambient Be concentrations exceeded the proposed
TLV-TWA of 0.2 pg/m® only in the copper alloy
foundries: four stationary measurements at the copper
alloy furnace yielded values in the range from 0.4 to
0.8 pg/m?, three at the casting area from 0.3 to 0.9 pg/m°.

Analysis of the relationship between external and
internal Be exposure revealed a significant correlation
(Fig. 1). For the recommended TLV-TWA of 0.2 pg/m°,
urinary Be excretion corresponded to approximately
0.15 pg/l.

Discussion

As a result of the increasing industrial use of Be, occu-
pational exposure to the metal may be an important
issue. Owing to its physical-chemical characteristics, Be
is ideal for use in alloys with other metals (in particular
Cu and Ni, and to a lesser extent Co, Cr, Fe and Mg),
for improving hardness and resistance to corrosion,
wear, vibration and collision [2].

In addition to the traditional processes in which Be is
intentionally used, other working activities also have to
be considered, mainly in the metallurgical sector, in
which the metal may be present in traces (impurities),
sometimes not suspected. Also for these reasons, the
presence of Be does not appear to be regularly investi-
gated at various workplaces, and recent estimations,
such as that of Kauppinen et al. [17], might not correctly
evaluate the number of workers subject to Be exposure.

The Be levels usually encountered in past years at
workplaces were in the order of micrograms per cubic

Table 2 Results of ambient

: 3
and biological monitoring Groups n Be-Air (ng/m”) n Be-U (ng/)
(Be-Air ambient beryllium . ] . j
concentrations, Be-U renal Median Range Median Range
beryllium excretion, DL Electric steel plants
analytical detection limit) Furnace 14 0.11 003018 25 0.09 <0.03-0.45
Casting 10 0.025 0.02-0.05 18 0.06 <0.03-0.40
Copper alloy foundries
Furnace 12 0.4 0.04-0.8 12 0.25 <0.03-0.49
Casting 9 0.2 0.1-0.9 10 0.125 <0.03-0.54
Controls - - - 30 <0.03(DL) -
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Fig. 1 Correlation diagram for the relationship of ambient beryllium
concentrations (Be-Air) and renal beryllium excretion (Be-U).
(Median values from 4 work areas)

metre, while at the present it ranges between some
nanograms to some hundred nanograms per cubic metre
[5, 6, 10, 16, 27]. Also, under these exposure conditions
the use of biological monitoring for the assessment of
internal exposure may be interesting, but the significance
of Be determination in biological media, urine in par-
ticular, has not yet been clearly stated. It is generally
accepted that the urinary Be levels of groups of exposed
subjects differ significantly from those observed in the
general population. Considering the reference values
defined in the 1990s, we can observe that the urinary Be
levels measured in the general population (Table 3)
range from undetectable (0.03-0.06 pg/l) to ca. 0.5 pg/l.

In a survey from the beginning of the 1990s [7], uri-
nary Be was measured in a population not occupation-
ally exposed, and a mean value of 0.2 ug/l (SD 0.16;
range <0.03-0.8) was found. 15-20% of the individuals
were found to have undetectable levels.

With the analytical methods used in the present
study, all the controls were found to have urinary Be
levels below the detection limit (<0.03 pg/l).

This is in agreement with the experience of the lab-
oratories of the Institute of Occupational, Social and
Environmental Medicine of the University of Erlangen-
Nuremberg, and with the study of Wegner et al. [30],
which reports for the general population urinary Be
concentrations below the analytical detection limit of
0.06 pg/l urine.
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The survey by Wegner et al. [30] is worthy of detailed
examination. The authors investigated in a cross-
sectional study 57 gemstone cutters, employed for
24.8 + 15.4 years in 12 German workshops. For 27
cutters working on average 21 & 13 h/week with beryls,
Be could be detected in 17 pre-shift and 12 post-shift
urine specimens. The median for the pre-shift urine
samples was 0.09 pg/l; the values were in the range from
<0.06 to 0.56 pg/l. The corresponding median for
the post-shift urine samples was <0.06 pg/l (detection
limit); the range was <0.06 to 0.029 pg/l urine. For a
second group of 30 cutters employed in the treatment
of beryls for 0.7 £ 1.2 h/week, Be was not detectable in
any of the urine specimens. The Be concentrations in air
were in the range from <0.4 to 20 pg/m®. At the
workshop with the highest level of external exposure,
urinary Be could be quantified for all employees (n = 9,
mean £ SD 0.18 £+ 0.19 pg/l in the pre-shift samples,
and 0.12 £ 0.15 pg/l for the post-shift samples). Anal-
ysis of the correlation between external and internal
exposure was not carried out.

Also in our study stationary air sampling was per-
formed, and only workers employed in areas monitored
by stationary air monitoring were considered for
biological monitoring.

The Be concentrations in the air samples exceeded the
proposed TLV-TWA of 0.2 pg/m? only in some samples
from the copper alloy foundries, where the medians of
0.27 ug/m® (furnaces) and 0.31 pg/m’ (casting) were
above this limit (Table 2). Much lower values were de-
termined in steel plants, probably due to the different
amounts of Be present in the raw materials for two
different metallurgical processes.

Regression analysis was performed with the median
values from four work areas, and the corresponding
median urinary Be concentrations. A significant cor-
relation (r =0.991) was found for the relationship
between external and internal exposure (Fig. 1). It
must be taken into consideration, however, that 19
values for the urinary Be concentration were below the
analytical detection limit. The confidence limits for the
regression line show the wide range of scatter of the
values.

For the recommended TLV-TWA of 0.2 pg/m> for
inhalable dust, the corresponding Be levels in urine were
between 0.12 and 0.15 pg/l. Taking into account the
upper 95th percentile, a corresponding urinary excretion

Table 3 Urinary beryllium

concentrations of persons not Authors Year Subject  Method Values pg/l
occupationally exposed (data no.
from literature published after Mean SD
1990) (DL detection limit) Minoia et al. [21] 1990 579 GF-AAS 0.4 (range <0.02-0.82) -
Apostoli et al. [7] 1992 163 GF-AAS 0.2 (range <0.03-0.8) 0.16
Aitio et al. [3] 1997 - GF-AAS 0.13 (reference limit) -
Paschal et al. [25] 1998 496 ICP-MS 0.28 -
25th percentile <0.07 -
95th percentile 0.79 -
Wegner et al. [30] 2000 34 GF-AAS <0.06 (DL) -
This study 2000 30 ICP-MS <0.03 (DL) -
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of 0.2 pg/l was evaluated. These calculations are based
on a limited database and can be interpreted only with
reservations.

To conclude, the aspects to be discussed when eval-
uating a biological limit value for urinary Be may be
summarized as follows:

— The ‘“‘normal” urinary Be concentrations reported
earlier in the literature are too high, mainly as a result
of the poor specificity and sensitivity of the analytical
methods previously adopted. Using adequate GF-
AAS or ICP-MS techniques, the Be concentrations in
urine samples of persons not occupationally exposed
are below the detection limits of 0.06 pg/1-0.03 pg/l.

— The amount of Be taken in at the workplace in view
of the current TLV, and the proposed TLV of 0.2 ng/
m>. Assuming exposure at the level of the latter TLV,
ventilation of 10 m® per shift and 100% absorption,
intake of the metal might be ca. 2 pg/day, and uri-
nary excretion of the same order or lower.

— The significance in preventive and diagnostic terms of
the availability of ways of measuring the toxicologi-
cally relevant concentration of the metal for the more
interesting clinical and epidemiological features of Be,
i.e. the immunologically mediated diseases and cancer.

The BLPT, for example, is strongly recommended in
health surveillance programmes [29]. Wegner et al. [30]
showed that for one subject the BLPT was positive, and
stimulation indices were significantly higher in subjects
with detectable Be in urine than in those with urinary Be
below the detection limit.

The determination of Be in urine may therefore be
useful, together with other laboratory tests, also on an
individual basis, in improving health surveillance
programmes or diagnostic pathways.
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