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Introduction
Even today beryllium diseaseof the lung
is not well understood. This may be due
in part to its short history - the first
reported case occurred less than 60 yr
ago - and in part to the unusual mecha­
nisms of its toxicity.

Many havegood reason to be interested
in beryllium-induced disease. Industrial
workers and those seeking to protect
them have often found it a disabling, in­
curable disease. Epidemiologists have
been puzzled by its seemingly erratic
prevalence in exposed populations. In­
dustrial hygienists and manufacturers
have found difficulty meeting a Permis­
sible Exposure Limit of just 2 ug/m! of
air, a level that is lower than that of any
other metal. Clinicians wereinitially con­
fused by the seemingexistenceof2 differ­
ent diseases, an acute one and a chronic
one, and by early reports that it was in-
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haled fluoride and not beryllium that was
causing illness at beryllium plants. They
were also frustrated by the lack of effec­
tive strategies to treat beryllium disease.
To immunologists and respiratory biol­
ogists, beryllium demonstrated an un­
usual cell-mediated immunity and has
served as a model for other granuloma­
tous lung diseases.

This review summarizes research on
the pulmonary effects of beryllium and
integrates those results into a model of
its pulmonary toxicity that could help to
explain some of the puzzles that beryl­
lium disease has posed. The human clin­
ical and epidemiologic literature as well
as in vivo and in vitro experimental work
on nonmalignant respiratory effects of
beryllium are reviewed. Omitted are con­
siderations of beryllium's extrapulmo­
nary effects and its possible carcinoge­
nicity; these features have been discussed
elsewhere (1-4).

Background
The hazards of silica, coal dust, and as­
bestos have been recognized for many
years, and the spread of their pneu­
moconioses came about with the first In­
dustrial Revolution. In contrast, beryl­
lium disease is a product of the second
Industrial Revolution- the twentieth cen­
tury arrival of the "high" technologies of
nuclear power,aerospace, and electronics.

Discovered in France in 1798, beryl­
lium was not produced commercially in
the United States until the 1930s(5). The
metal's value stems from several useful
properties: it has an unusually high melt­
ing point, an exceptionally low density,
a high modulus of elasticity,a lowcoeffi­
cient of thermal expansion, and a high
stiffness-to-weight ratio, Beryllium has
good thermal and electrical conductivity.
It is relatively transparent to x-rays and
has a low neutron absorption cross sec­
tion. This last property makes it useful
as a moderator in nuclear reactors (5).

Beryllium occurs naturally in soils, at
an average concentration of 6 ppm, and

in coal (5). Coal combustion is the prin­
cipal source ofexposure to beryllium for
the public, accounting for more than
90% of the total beryllium emissions into
ambient air in the United States (5). But
air concentrations are low even in urban
areas, and occupational exposures rep­
resent the major health hazard to hu­
mans.

The beryllium industry initially relied
on domestic sources of the ore beryl (a
beryllium aluminum silicate) in the form
of very large crystals that were hand­
picked from surface deposits. As demand
outstripped this limited source of ore,
techniques for processing low-grade ores
were developed. A single domestic mine
now provides most of the ore consumed
in the United States. Ore is also imported
from about a dozen countries, the leaders
currently being Brazil and the People's
Republic of China (6).

The first major use for beryllium was
in phosphors for fluorescent lights. Be­
ginning in the late 1930s,numerous cases
of disability and death from beryllium
poisoning occurred among workers in the
fluorescent lamp industry (7). A disease
called "Salem sarcoid" (because it oc­
curred around Salem, Massachusetts and
resembled sarcoidosis) was shown sub­
sequently by Hardy (7) and others to be
caused by inhalation of beryllium. At the
same time, cases of acute pneumonitis
began to appear in workers at beryllium
refineries in Ohio and Pennsylvania (7).
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Starting in 1947,the disease was also ob­
served in residents living near the beryl­
lium refineries (8).

Much of beryllium's early history in
the United States is closely tied to the de­
velopment of nuclear weapons and nu­
clear power. It was used in early nuclear
reactors as a moderator to slow neutrons
so that they were more effective in ini­
tiating fission of uranium or plutonium.
During the early years after World War
II, the federal government was the ma­
jor consumer of beryllium, and the
Atomic Energy Commission (AEC) was
the agency that contracted for the govern­
ment's needs. The health and safety staff
of the AEC took an active interest in the
control of health hazards in the facto­
ries of their contractors; they performed
air monitoring and made recommenda­
tions on work practices, air concentra­
tions, and ventilation systems. In 1949,
the AEC set air standards for beryllium
that essentially are unchanged today (9).
For workplace air, an 8-h time-weighted
average maximum permissible level of
2.0 ug/m" was established, along with a
peak level of 25 ug/m", The beryllium
concentration in air around factories was
not to exceed 0.01 ug/rrr'. The AEC
demonstrated its intent to enforce these
standards by including them in all its con­
tracts for the supply of beryllium (10).

The adoption of adequate standards
and hygienic practices to control human
exposure to beryllium was delayed by
disagreement about the cause of the dis­
ease being observed in and around the
beryllium plants in the 1940s. In 1943,
the United States Public Health Service
(USPHS) released an influential study
which concluded that beryllium was not
itself toxic (11). This position was slowly
discredited (although the USPHS did not
publish a revised position on beryllium

toxicity until 1972 [12]), and in 1949, the
AEC set the aforementioned air stan­
dards. In 1970, the AEC guidelines were
incorporated into the standards of the
Occupational Safety and Health Ad­
ministration (OSHA) (13). In 1976, OSHA
considered lowering the 2.0 ug/rrr' stan­
dard to 1.0 ug/m", based largely on evi­
dence of carcinogenicity (13). But no new
standard was promulgated, and the is­
sue was tabled indefinitely.

Today,beryllium has many uses (table
1). Pure beryllium metal is found in the
aerospace and nuclear industries. But
beryllium is more widely used in alloys
(typically 1 to 4070 in copper) which are
used in springs, switches, bearings and
gears, and electrical contacts and con­
nectors. Domestic and international
beryllium production has increased since
the 1940s, albeit erratically, and prices
have risen along with this increase (6).

Workers are exposed to dusts and
fumes of many different beryllium com­
pounds during extraction and fabrica­
tion. Aside from the ore, which is rela­
tively nontoxic, all other commercially
important compounds of beryllium ex­
hibit significant pulmonary toxicity. How­
ever, a full understanding of the rel­
ative toxicities of the different com­
pounds and the influence of particle
composition, size, and solubility is lack­
ing. Early exposures that occurred in
beryllium refining and in the manufac­
ture of fluorescent lamps were chiefly to
beryllium oxide and to various beryllium
salts (fluoride, sulfate, and others). Inter­
nationally, exposure to these compounds
as intermediate products of refining may
still be important, but domestically, the
number of workers now exposed is small.
Less than 10070 of the U.S. workers esti­
mated to have exposure to beryllium ac­
tually work in primary production (14).

Rather, most workers are exposed in
industries that fabricate and machine
beryllium-containing alloys (14).

Toxicology
Early Studies

The earliest reports on the toxicity of
beryllium for laboratory animals were
contradictory. Fabroni (15), Weber and
Engelhardt (16), and others (17, 18)docu­
mented lung damage in experimental
animals during the 1930s and early 1940s.
But in a USPHS report in 1943, Hyslop
and coworkers (11) concluded that:

"... beryllium is of itself not toxic ... it
appears that whatever toxicity has been
found to occur with the beryllium salts is
due to the toxicity of the acid radical such
as the fluoride or oxyfluoride, or to an ob­
jectionable condition brought about by the
hydrolysisof certain salts, such as the chlo­
ride or sulfate."

Although the basis for these conclusions
is unclear, one phenomenon that may
have misled early investigators is that
different beryllium compounds have dif­
ferent degrees of toxicity. This reflects
variability in their solubility and thus in
the biologic availability of beryllium in
the different compounds (rather than the
relative toxicity of the nonberyllium
moieties).

Confusion about beryllium's toxicity
persisted as late as 1951 when the British
journal Lancet, ignoring the by then
numerous reports of human disease from
beryllium (8, 19-22), editorialized:

"Beryllium seems to be the Admirable
Crichton of metals.... To charge such an
admirable metal with having poisonous
properties is about as distasteful as accus­
ing a trusted butler of stealing the family
plate" (23).

TABLE 1

USES AND PROPERTIES OF SOME IMPORTANT BERYLLIUM (Be) COMPOUNDS·

Total Be
Consumption

Compound (%)

Beryllium (metallic) 33

Beryl
Bertrandite
Beryllium oxide 5

Beryllium fluoride t
Beryllium copper alloy 50

(typically 20Al beryllium in copper)

• From reference 5.
t Produced only as an intermediate.*Indefinite; softens at approximately 800° C.

Formula

Be

3BeO'AI203'6Si02

4BeO·Si02 •H20

BeO

Melting
Density Point
(g/cm3) (centigrade)

1.84 1290

2.70 1410
2.60
3.01 2530

1.99 *

Uses

Nuclear reactors and weapons, inertial guidance systems,
aircraft brakes, x-ray tube windows, turbine rotor blades

Principal beryllium ore
Another beryllium ore
Spark plugs, laser tubes, electrical components, rocket

engine liners, ceramic applications, intermediate in Be
refining

Intermediate in Be refining
Springs, bellows, gears, aircraft engines, bearings,

welding electrodes, electrical contacts
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Fig. 1. Chest radiographfrom patientwith chronic beryllium diseaseshowingirregular opacities in all lung zones,
enlarged hilus,andcardiacenlargement. Theprofusionwasclassified assis,2/2 in the ILO1980classification system.

The clean bill of health for beryllium
given by Hyslop and coworkers (11) was
not decisively refuted until 1950 when
Stokinger and colleagues (24-27) pub­
lished an extensive series of studies on
the toxicity of various beryllium com­
pounds. Much of our knowledge of be­
ryllium's toxicity in experimental animals
still comes from these studies. These in­
vestigators exposed 11 different animal
species to beryllium aerosols that were
characterized with respect to both con­
centration and particle size.

In the largest series (24), animals were
exposed to a beryllium sulfate aerosol for
14 to 100 days. They described the acute
response as having 2 phases. During the
first "highly acute (lethal)" phase, the
"more susceptible" animals died rapidly
and with little lung damage observable
histologically. Survivors of this phase
would, upon continued exposure, develop
increasingly severe pathologic changes in­
cluding weight loss, anemia, proteinuria,
and hypoxemia leading to death after
many weeks of exposure. At sublethal
doses the overt signs of toxicity were
anorexia, weight loss, and anemia. Most
of these signs were absent at the lowest
levels of exposure. When the investiga­
tors measured Pa02 in dogs exposed to
BeS04 at a dose equivalent to 40 ug/m"
Be, they found that 3 of 5 dogs had values
of Pao, that were 15 to 29070 of those
measured preexposure.

The data of Stokinger and colleagues
convincingly refuted Hyslop's conclusion
that beryllium was not toxic. Also, by cit­
ing unpublished studies performed by the
AEC, in which rats and guinea pigs were
exposed with minimal toxic effects to
aerosols of monosodium acid sulfate at
sulfate ion concentrations equivalent to
those used in his beryllium studies,
Stokinger further challenged Hyslop's
assertion that sulfate or fluoride ions
were responsible for the toxic effects of
beryllium salts.

In epidemiologic studies, different
forms of beryllium oxide had shown
different degress of toxicity, and Sto­
kinger and colleagues designed experi­
ments to explain why (26). They found
that the smaller particle size and more
soluble grades of BeO were more toxic.
There was higher mortality in rats as well
as greater weight loss and hypoxemia in
dogs exposed to smaller, highly soluble
aerosols compared with larger, less solu­
ble particles.

Clearance of Beryllium from The Lung
Beryllium particles are slowly cleared
from the lungs, a fact that is probably

central to the toxicity of the metal.
Sanders and associates (28) measured the
deposition, clearance, and retention of
inhaled BeO in rats and hamsters. They
also administered a radioactive aerosol
(l39PU02)after BeO inhalation, and mea­
sured the effect of BeO exposure on the
rate of clearance of the PU02. The results
showed considerable variation by species
and sex. Females of both species had
slower beryllium clearance than did males.
Reeves and Vorwald (29), studying reten­
tion of beryllium sulfate in rats, reported
similar sex differences in the rate ofclear­
ance. In both sexes, the clearance half­
time exceeded 63 days (29). The experi­
ments with PU02 showed that beryllium
exposure also compromises the ability of
the lungs to clear other particles.

Beryllium Disease in Humans

Clinical Studies
Acute disease. Acute exposure to beryl­
lium may affect the skin, the mucous
membranes, and the respiratory tract.
Beryllium is a direct irritant and may
cause inflammation and edema of any
contacted tissue; it can cause conjuncti­
vitis, periorbital edema, nasopharyngi­
tis, tracheobronchitis, and pneumonitis.

Dermal exposure may cause a primary
dermatitis as well as sensitize the skin to
subsequent beryllium contact. Dermati­
tis generally resolves after exposure stops,
but ulceration can occur if beryllium par­
ticles are retained in the skin.

When the concentration of beryllium
particles in air exceeds 100 ug/m', even
brief exposures can cause the rapid on­
set of a chemical pneumonitis (30). Then,
symptoms, signs, lung function, and ra­
diographic changes are similar to those
found in acute chemical pneumonitis
caused by other irritants (31). Common
features are dyspnea, cough and sputum,
chest pain, tachycardia, crackles, and cya­
nosis. Diffuse or localized infiltrates
are seen on the chest radiograph. Lung
volumes are reduced, and there is typi­
cally hypoxemia, even at rest.

Treatment of acute beryllium disease
includes removal from exposure, bedrest,
oxygen therapy and mechanical venti­
lation, if needed, and corticosteroids.
Seventeen percent of patients in one se­
ries with acute disease ultimately devel­
oped chronic disease, often after a de­
cade or more (31). Acute beryllium dis­
ease is now uncommon in the United
States because of improved industrial
hygiene.
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Chronic disease. Chronic beryllium
disease is a systemic,granulomatous dis­
ease with primary manifestations in the
lung. Exposure lasting for months to
years is usually required, and the latency
between the beginning of exposure and
the onset of symptoms ranges from a few
months to 25 yr.

Although interstitial granulomata are
typically found only in the lungs, non­
caseating granulomas may occur also in
the skin, liver,spleen, lymph nodes, myo­
cardium, skeletal muscles, kidney, bone,
and salivary glands (32). The most com­
mon presenting symptom of the disease
is dyspnea. This may be followed by
weight loss, chest pain, cough, arthral­
gias, and fatigue. Physical findings in­
clude bibasilar crackles, skin lesions, he­
patosplenomegaly, clubbing of the nail
beds, and lymphadenopathy. In severe
cases, cor pulmonale and right heart fail­
ure may occur.

Andrews and coworkers (33) studied
41 patients with chronic beryllium dis­
ease and reported 3 patterns of impair­
ment of lung function: an obstructive
pattern was found in 39% of the patients,
a restrictive defect was seen in 20070, and
in 36070 there wereputative changes in the
interstitium characterized by normal lung
volumes and air-flow rates, but reduced
carbon monoxide diffusing capacity.

Chest radiographs from workers with
chronic beryllium disease generally show
diffuse infiltrates and hilar adenopathy
(figure 1). Densities have been described
as granular, nodular, linear, and mixed
(34, 35). About 40% have hilar lymph­
adenopathy, which is typically mild,
bilateral, and associated with parenchy­
mal changes. Improvementof radiograph­
ic changes may occur after corticosteroid
therapy.

One of the most difficult clinical prob­
lems of chronic beryllium disease is its
differential diagnosis from sarcoidosis,
a systemic granulomatous disease of un­
known etiology (36). A recent report of
5 cases of beryllium disease in which 3
were initially misdiagnosed as sarcoid­
osis, underscores this problem (37). The
Kveim test is reported to be consistently
negative in beryllium disease (36), but
also has a high false negative rate (20070)
in sarcoidosis (38). Thus, a negative re­
sult cannot be taken as compelling evi­
dence of beryllium disease when signs
and symptoms are consistent with either
disease. An additional limitation on clin­
ical use of the Kveimtest is that the anti­
gen is not widely available.

The criteria for diagnosis of chronic
beryllium disease adopted by the Beryl-

lium Case Registry at the Massachusetts
General Hospital require at least 4 of the
following 6 features, and must include
at least 1of the first 2 (31): (1) epidemio­
logicevidence of significant beryllium ex­
posure; (2) presence of beryllium in lung
tissue, lymph nodes, or urine; (3) evi­
dence of lower respiratory tract disease
and a clinical course consistent with
beryllium disease; (4) radiologic evidence
of interstitial disease consistent with a
fibronodular process; (5) evidence of a
restrictive or obstructive ventilatory de­
fect or diminished carbon monoxide
diffusing capacity; (6) pathologic changes
consistent with beryllium disease on ex­
amination of lung tissue and/or lymph
nodes.

In the future, improved in vitro tests
of immune function (discussed below)
may enable the differential diagnosis of
"occult" beryllium disease (i.e., in patients
whose beryllium exposure cannot be
identified from history or biopsy), but
at present a diagnosis is difficult when
based only on clinical, radiographic, and
lung function evidence.

Epidemiologic Studies
Morbidity and mortality. Van Ordstrand
and coworkers (19), Hardy and Taber­
shaw (20), and Kress and Crispell (21)
first reported beryllium disease in the
United States in the early 1940s. By
1948, 400 cases of beryllium disease were
known in the United States, and many
of the characteristics of the disease es­
tablished. Machle and colleagues (22)ob­
served that the risk of disease was related
to the magnitude of the exposure and the
type of beryllium compound. They con­
cluded that the more soluble forms of
beryllium seemed to cause the acute dis­
ease, whereas the less soluble forms were
more likely to be associated with the
chronic disease.

Starting in 1947 and continuing into
the 1960s, cases of beryllium disease were
seen among residents living near beryl­
lium refineries in Ohio and Pennsylva­
nia (7). The disease also developed in
family members of workers who brought
beryllium home on their work clothes.
Air quality surveys were conducted in
communities near the plants, and at­
tempts were made to correlate the pat­
tern and frequency of disease with levels
of beryllium exposure (8, 39). Although
there was a clear dose-response relation­
ship between beryllium concentration in
ambient air and the risk of disease in
areas close to the Ohio plant, the disease
rates outside the plant wereunexpectedly
high compared with the rates among

workers (given that exposure levels out­
side the plant were far less than those in­
side the plant).

This observation was one piece of evi­
dence that led Sterner and Eisenbud (1)
to propose an immunologic mechanism
for beryllium disease in 1951. Citing great
variability in the incidence of disease
among workers, a toxicity far greater
than that of other industrial dusts, a long
latency between exposure and disease, a
lack of correlation between the amount
of beryllium in lung autopsy specimens
and the degreeof pathologic damage, and
the inability (at that time) of toxicolo­
gists to recreate the disease in animals,
they proposed that there was a mecha­
nism other than "straight chemical intox­
ication." Twomechanisms wereproposed
to explain beryllium toxicity: a typical
primary irritant reaction, and an im­
munologic reaction in which beryllium
was the specific antigen (1). Others dis­
puted this hypothesis (7), pointing out
that the pattern of variable response
could also be explained by differences in
the levelof exposure within the "exposed"
group, and a variable latency period.

It is now clear that beryllium can in­
deed trigger a cell-mediated immune re­
sponse in addition to being directly cyto­
toxic. Although Sterner and Eisenbud (1)
were largely correct, much of the epi­
demiologic evidence they cited to support
their hypotheses was inadequate. Lack­
ing both the ability to follow an exposed
cohort over time and to measure beryl­
lium levels in the air in the plants ac­
curately, serious selection and observa­
tion biases limited their ability to esti­
mate the true rates of disease in different
exposure groups.

The Beryllium Case Registry (BCR)
was established in 1952 by Dr. Harriet
Hardy (7). It now contains records of 900
cases of beryllium disease in the United
States. Studies from the BCR have ad­
dressed the clinical, epidemiologic, radio­
graphic, and differential diagnosis as­
pects of chronic beryllium disease (7, 33,
40,41). In 1974, Hasan and Kazemi (40)
described 76 new cases added to the BCR
since 1966.Approximately half of these
resulted from exposure to beryllium af­
ter 1949,when the current air standards
were generally adopted. Earlier entries
had been dominated by workers exposed
in the beryllium refining and fluorescent
lamp industries, but among the 36 cases
exposed after 1949, 81070 worked with
beryllium metal or beryllium alloys in the
aircraft, electronics, and nuclear indus­
tries. Typical operations for these work­
ers were grinding and machining. Other
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TABLE 2

A SUMMARY OF HISTOPATHOLOGIC CHANGES IN BERYLLIUM DISEASE

also a "reservoir of nonspecific respira­
tory disease" (46).

A follow-up study of this plant in 1974
found a substantial reduction in air lev­
els of beryllium in the plant. A total of
156 workers were tested, of whom 123
had been seen in 1971 (47). The investi­
gators reported that while there had been
no change in mean levels of pulmonary
function (FVC, FEV l , and PEFR), Pao2

and AaPo 2 had improved significantly in
those with hypoxemia in 1971. The latter
improvements could not be accounted for
by decreases in smoking, treatment for
beryllium disease, or changes in the place
of residence. There was also a suggestion
that radiographic abnormalities may
have resolved in some workers who had
mild interstitial infiltrates in 1971.

Kriebel and colleagues (48, 49) stud­
ied workers at a second U.S. beryllium
extraction plant. Pulmonary function
and blood gas measurements and chest
radiographs wereperformed on 297white
male workers in 1977. Historical indus­
trial hygiene data were used to estimate
lifetime beryllium exposure histories for
each worker (48). After adjusting for age
and smoking effects, a significant associ­
ation was found between beryllium ex­
posure more than 20 yr prior to the sur­
vey and decrements in FVC and FEV 1

(49).Berylliumexposure in the 10yr prior
to survey was associated with increased
AaPo 2 • These associations, which oc­
curred in workers with no radiographic
abnormalities, predicted small but sig­
nificant lung function changes caused by
long-term exposure. For example, a cu­
mulative exposure to beryllium of 100
ug/m" - yr occurring more than 20 yr
prior to the health survey was associated
with a mean loss of 220 ml of FVC, after
adjusting for the effectsofage and smok­
ing (49).

The studies of Kanarek and cowork­
ers (46), Sprince and associates (47), and
Kriebel and colleagues (49) taken to-

investigators have also reported cases of
beryllium disease caused by exposure to
beryllium alloys (42, 43). Exposure lev­
els are not known for these cases, but they
nevertheless demonstrate that some risk
remains even for those involved in rela­
tively"clean" operations using just beryl­
lium metal and its alloys. Industries
reclaiming metal scrap may also pose a'
risk of beryllium disease, and may be es­
pecially difficult to control because of
the highly variable composition of their
raw materials (37, 44).

Subclinical effects of beryllium. The
studies just described and others like
them established that occupational and
ambient air exposure to beryllium caused
a characteristic granulomatous lung dis­
ease. The risk of this disease among
workers exposed during the 1940s and
1950s has been estimated to be in the
range of 1 to 10% (45), although these
figures must be considered approximate
because they are not based on well­
defined cohorts. Whatever the precise
risks to workers and persons living near
plants were, these risks must now be
much lower because occupational and
environmental controls are more effec­
tive. It should not be presumed, however,
that current standards are controlling all
beryllium health hazards. For example,
only a fewstudies haveaddressed whether
measurable lung dysfunction (e.g.,a more
rapid decline in forced vital capacity than
expected) occurs in exposed persons who
do not develop clinical disease.
A cohort study designed to look for non­
malignant respiratory disease among be­
ryllium workers was begun in 1971 at a
beryllium refinery in Pennsylvania in
operation since 1957(46). Health exami­
nations wereoffered to all workers in the
plant in 1971 and again in 1974. At the
first examination, 214 of 245 workers
were seen. Tests of pulmonary function
and blood gases and posteroanterior
chest radiographs were obtained, and a
questionnaire wasadministered to assess
respiratory symptoms. Conditions in this
plant in 1971 were poor, with peak air
concentrations of beryllium frequently
well in excessof the 25 ug/m" peak stan­
dard. Four workers were found to have
beryllium disease and wereremoved from
exposure. Nine percent of those studied
werehypoxemic (Pao2 <80mm Hg), 15070
had radiographic abnormalities consis­
tent with interstitial disease, and 11%
reported symptoms of chronic bronchi­
tis. The investigators concluded that be­
ryllium exposure in this plant had caused
not only clinical beryllium disease but

Phase I.

Phase II.

Phase III.

Phase IV.

Nonspecific inflammatory responses. If exposure is severe, dense
cellular exudation, emphysema, and obliteration of normal archi­
tecture, may resolve to fibrosis. If exposure is mild, may have no
permanent effects.

"Foamy" macrophages containing phagosomes with beryllium par­
ticles. Peribronchial lymphoid tissue proliferation, lymphocytes
visible in intracellular septae and around dust particles.

Granuloma formation: focal accumulations of macrophages, epi­
thelioid cells, and multinucleated giant cells.

Interstitial fibrosis, hyperplasia of alveolar septae.

gether suggest that elevated exposure to
inhaled beryllium causes early, mild lung
disease characterized by hypoxemia and
mild interstitial infiltrates. Longer term
exposure may lead to fibrosis and restric­
tive defects. It should be stressed that
these effects are seen in workers who are
free of clinically defined chronic beryl­
lium disease, as described above.

Mechanisms of Disease
Lung Function

Wehave seen that the earliest functional
change reported in humans (46) and in
dogs (26) with chronic beryllium disease
is an increasedAaPo2 or mild hypoxemia.
Later changes, observed in clinicalstudies
of patients with beryllium disease, in­
clude a variety of pulmonary function
deficits. The occurrence of both restric­
tive and obstructive changes can plausi­
bly be explained by different anatomic
patterns of granulomatous lesions - in­
terstitial granulomas producing restric­
tive deficits and lesions in or around air­
wayscreating an obstructive deficit. De­
spite this mixture of patterns, restrictive
changes do appear to predominate (33,
35). Clinical consequences of late pro­
gressive beryllium disease are typical of
many fibrotic lung diseases: cor pul­
monale, pulmonary hypertension.

Histopathology
Many studies in animals have described
the histopathologic aspects of beryllium
disease (28, 50-57) (table 2). Animals
typically show an early inflammatory re­
sponse with histopathologic features in­
distinguishable from those caused by
other strong irritants. If the doses are
high enough, this phase may be rapidly
fatal. If not fatal, there may be either.
resolution or progression to the nexJ
phase, probably depending again on the
dose. Species differences exist, and the
work of Barna and coworkers (52, 53)
on guinea pigs (described below)suggests
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Fig. 2. Granulomas and mild interstitial infiltration in lung biopsy of a patient with chronic beryllium disease.

that these differences may be related in
part to the nature of the immune re­
sponses to beryllium. The second and
third phases in the response to beryllium
also include an immune component.
Granuloma formation, the hallmark of
the chronic disease in humans, develops
in a number of animal species (the rat
and guinea pig are the best studied) (28,
51-54, 56, 57) after either a single dose
or prolonged administration of a beryl­
lium compound (figure 2). The final
phase, like the first, is similar to that seen
with many other pulmonary toxins; it is
a progressive, often fatal, interstitial fi­
brosis.

Cellular Responses
The macrophage: uptake and clearance.
Alterations in the appearance of alveo­
lar macrophages are among the first
changes to be detected after experimen­
tal exposure to beryllium. Sanders and
associates (28)described the macrophage
early after beryllium exposure as being
"foamy" in appearance because it con­
tained many vacuoles. It is likely that the
persistence of beryllium inside macro­
phages for long periods explains the slow
clearance of inhaled beryllium particles
from the lungs (28, 29).

Hart and Pittman (58) showed that
beryllium uptake was reduced in the pres­
ence of inhibitors of glycolysis, respira­
tion, and microfilament formation (cyto­
chalasin B). In a later study, Hart and
colleagues (55) examined macrophages
in rats that were instilled with BeG and
then followed for as long as 21 days.

Total numbers of macrophages recovered
from lung lavage fluid dropped by two­
thirds 2 days after exposure, but returned
to normal within 21 days. Macrophage
phagocytic ability in vivo was impaired
during the first week, but increased well
beyond normal levels by Day 21.

Camner and colleagues (59, 60) stud­
ied the fate of inhaled Teflon spheres
coated with beryllium and other metals
in intact rabbits as well as in rabbit al­
veolar macrophages studied in vitro.
They found that beryllium-coated 5-J.1m
spheres were taken up less effectively by
macrophages than were similar spheres
coated with silver because the beryllium
layer was toxic to the macrophages.

Kang and colleagues (61)exposed rab­
bit alveolar macrophages to BeG and
BeSG4 in vitro and measured the produc­
tion and release of enzymes. Release of
lysosomal hydrolases was increased by
both beryllium compounds, although
higher doses of BeG wererequired. Both
compounds were toxic to the macro­
phages, and viability wasonly about 450/0
(Hart and Pittman [58] used lower con­
centrations of beryllium and had viabil­
ities of greater than 90%). Kang and
colleagues (61) reported that lysosomal
hydrolases were released without an in­
crease in intracellular levels,implying the
release of stored enzymes rather than an
increased production.

In summary, alveolar macrophages
take up particulate beryllium compounds
by phagocytosis, are damaged to some
extent in that process, and release ly­
sosomal enzymes. The beryllium depos-

ited in alveoli is not cleared very read­
ily. Macrophage phagocytic activity may
be decreased initially and then later
stimulated by beryllium exposure. These
findings suggest that macrophages se­
quester beryllium in the lung; in the pro­
cess they may become more active, with
potentially damaging effects on lung ar­
chitecture.Their role in immune response
to beryllium is discussed below.

Immune responses. The immunology
of beryllium disease is perhaps its most
interesting aspect and the one that is cur­
rently most heavily studied. Beryllium's
ability to trigger a cell-mediated immune
response in the lung (62-64) sets it apart
from most other toxic dusts.

As early as 1951 (65), it was shown that
a skin patch test could identify some
workers as "allergic" to beryllium. The
usefulness of this test has been limited
because sensitization and the presence of
pulmonary disease are not well corre­
lated, and because the test itself can in­
duce beryllium sensitization and thereby
provoke symptoms in previously healthy
workers (66).

More recently, in vitro tests for detect­
ing beryllium sensitization have been de­
veloped (65-69). These tests identify sen­
sitized T-cellsrecovered from peripheral
blood or from bronchoalveolar lavage
(BAL) fluid. The T-cells are cultured in
the presence of beryllium, and then ei­
ther macrophage migration inhibition or
enhanced lymphocyte transformation is
assessed (70). Peripheral blood lympho­
cytes generally test positive when ob­
tained from patients with beryllium dis­
ease, and negative in healthy unexposed
control subjects. However, there is con­
siderable variability in the ability to cor­
rectly identify patients with beryllium
disease among laboratories. These pa­
tients are often receiving corticosteroid
therapy, and this may inhibit the lympho­
cyte response. The percentage of patients
with beryllium disease who are not sen­
sitive to beryllium in such tests ranges
from zero (71) to 300/0 (67). Limited stud­
ies of lymphocytes recoveredduring BAL
suggest that the effect of beryllium on
lymphocyte function may be more pro­
nounced in the lungs than in peripheral
blood (62-64, 72, 73). Epstein and col­
leagues (72) first reported on lymphocyte
proliferation assays of BAL lymphocytes
from a worker with beryllium disease.
They found that a higher proportion of
BAL lymphocytes than of peripheral
lymphocytes were sensitive to beryllium,
and that the BAL lymphocytes trans­
formed more rapidly in the presence of



470 KRIEBEL, BRAIN, SPRINCE, AND KAZEMI

TABLE 3

A COMPARISON OF THE EFFECTS OF BERYLLIUM OXIDE IN TWO STRAINS
OF GUINEA PIG 6 WEEKS AFTER ENDOTRACHEAL INSTILLATION*

beryllium salts than did peripherallym­
phocytes. It has also been observed that
the ratio of helper-to-suppressor T-cells
in BAL fluid is increased in beryllium dis­
ease (63). It is not yet clear how to inter­
pret positive lymphocyte tests in persons
exposed to beryllium (66). Is lymphocyte
transformation a marker for past ex­
posure or for sensitization to beryllium?
If it is the latter, does the test identify
persons who are genetically predisposed
to this sensitization, or persons who have
become sensitized from prior beryllium
exposure? It would seem prudent to re­
move persons found to be sensitive to
beryllium from further exposure, but we
lack evidence that they are in fact at
higher risk of developing beryllium dis­
ease than anyone else.Prospective studies
of exposed populations who are initially
free of disease are needed to distinguish
among these possibilities.

Rom and colleagues (74) studied a co­
hort of 82 beryllium workers and exam­
ined the relationships between peripheral
blood lymphocyte transformation, beryl­
lium exposure, and lung function over
a 3-yr period. They found that lympho­
cyte transformation was correlated with
exposure, but not with the presence of
disease, and was reversible upon reduc­
tion of exposure. More studies with
longer follow-up and larger cohorts are
needed to clarify the significance of these
in vitro tests.

The role of the alveolar macrophage
in the immune response to beryllium was
investigated by Hanifin and colleagues
(69).Alveolar macrophages wereexposed
to BeO in vitro and then removed from
the beryllium suspension and rinsed thor­
oughly. When these macro phages were
introduced into a culture of lymphocytes
from subjects with chronic beryllium dis­
ease, lymphocyte blast transformation
was observed. Macrophages incubated
with saline did not transform lympho­
cytes in patients with beryllium disease.
These experiments suggest that lung mac­
rophages may present the "beryllium
antigen" to lymphocytes, although this
phenomenon has not yet been shown in
vivo. Hanifin and colleagues (69) also
reported that circulating monocytes re­
covered from subjects with beryllium dis­
ease and cultured in vitro developed into
mature macrophages more rapidly than
did monocytes from control subjects.
This may bebecausenewlyisolated mono­
cytes from subjects with beryllium hyper­
sensitivity were already larger and had
more granules. They concluded that the
"hyperactive monocyte" may lead to the

Skin reaction to BeS04

Lymphocyte transformation by BeS04

Histopathologic lung disease (0 to 4+)
Macrophage migration inhibition by

lymphocytes
Proliferation of normal fibroblasts by

lymphocytes
Proportion of T-cells in BAL lymphocytes
Macrophage bacteriacidal activity

• From references 51 to 53.
t Relative to control animals.

epithelioid macrophage and granuloma
of beryllium disease (69).

Because beryllium ions are too small
to be antigenic per se,it has been assumed
that they must bind to a protein to form
a hapten-carrier complex. Jones and
Amos (75)concluded that nonsensitized
lymph node cells could produce a beryl­
lium antigen upon exposure in vitro to
a colloidal beryllium compound. They
demonstrated the production of the an­
tigen by injecting lymph node cells (af­
ter sequential beryllium exposure and
washing) into guinea pigs, and then
showed that the animals had become sen­
sitized to subsequent beryllium exposure
by the dermal route. This sensitization
was not produced simply by injection of
the colloidal beryllium compound or by
a similar amount of beryllium bound to
erythrocytes. Because the sensitization
could be produced by lymphocytes from
strains of guinea pigs that were genet­
ically incapable of being sensitized di­
rectly, these investigators suggested the
production of an immunogen, possibly
on the lymphocyte surface.

Barna and colleagues (51-53) devel­
oped a useful animal model for studying
the immunologic aspects of beryllium
disease. They first showed that outbred
Hartley and inbred Strain 2 guinea pigs
developed granulomatous beryllium dis­
ease after endotracheal injection of beryl­
lium salts. These strains also showed
in vitro lymphocyte transformation to
beryllium salts. Oral or intravenous ad­
ministration of beryllium sulfate made
the guinea pigs more tolerant to subse­
quent endotracheal exposure. Another
inbred strain (strain 13)was found to be
resistant to the granulomatous disease;
the Fl hybrid (2 X 13)developed a milder
disease than did Strain 2 (table 3). The
investigators suggest that variation in the
susceptibility to beryllium in the 2 strains

Strain 2 Strain 13

lncreasedf No change
Increased No change

2+ or 3+ 0

Increased No change

Decreased No change
Increased No change
Increased Decreased

is related to differences in the Ia region
of the major histocompatibility complex;
expression of Ia may be an integral part
of the response to beryllium. Addition­
ally, Strain 13 demonstrated reduced al­
veolar macrophage activity after BeO
exposure. In contrast, Strain 2 was immu­
nologically responsive, developed gran­
ulomatous disease, and responded to
BeO with increased macrophage activity.

Although increased levels of serum
immunoglobulins have sometimes been
reported in humans with chronic beryl­
lium disease(66,76, 77), the findings were
inconsistent. There is currently no con­
vincing evidence that a humoral immune
response playsan important role in beryl­
lium disease.

The cutaneous hypersensitivity reac­
tion to beryllium is another intriguing as­
pect of beryllium immunology. Intra­
dermal or endotracheal injection with
beryllium causes a delayed hypersensi­
tivity-type skin reaction in guinea pigs
(52, 78). Induction of skin hypersensi­
tivity can confer resistance to pulmonary
disease after beryllium inhalation in
guinea pigs (78). The ability of guinea
pigs to become skin-sensitized appears
to be a heritable trait (79, 80), and genetic
studies suggest it is not sex-linked (79).
It is difficult to know how to interpret
the results of these animal studies. They
do demonstrate that it is important to
distinguish among beryllium's various
peripheral and pulmonary immune re­
sponses, but the meaning of each com­
ponent is not known.

In summary, the following evidence
supports the existence of cell-mediated
immune responses to beryllium: (1) lung
and lymph node histologic features simi­
lar to those caused by other cell-mediat~d
reactions (56), (2) the cutaneous sensi­
tivity reaction (65), (3) blast transfor­
mation and migration inhibitory factor
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Fig. 3. A model of the pulmonary toxicity of beryllium: the acute inflammatory mechanism (above dashed line)
and the T-cell-mediated immune response leading to granuloma development (below dashed line).

tigen. In the lung, an important mecha­
nism may be that beryllium particles are
taken up by macrophages that create an
antigen (of unknown form), which in
turn is presented to lymphocytes and
other macrophages. Once a population
of sensitized T-cells is created, these cells
transform and actively regulate subse­
quent events via the secretion of lym­
phokines. Transformed helper T-cellsre­
lease, in response to subsequent exposure
to beryllium antigen, a macrophage mi­
gration inhibition factor, a monocyte
maturation factor, and probably other
lymphokines as well. By inference from
other granulomatous diseases, it seems
reasonable to assume that interleukin-2,
for example, probably is also released by
helper T-cellsto stimulate the differenti­
ation of additional effector T-cells. These
mediators initiate and perpetuate the pro­
cess of granuloma formation in waysthat
are probably similar to other granuloma­
tous diseases.
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(MIF) production from lymphocytes (67),
(4) selectivestimulation ofT-lymphocytes
(81), and (5) skin sensitivity in guinea pigs
that is transferred by lymphocytes but not
by serum (66).

A Model of the Cellular Mechanisms of
Beryllium Toxicity

Some of the confusion that has sur­
rounded beryllium disease probably stems
from the existenceof two different but in­
terrelated disease processes. Sterner and
Eisenbud (1)characterized these processes
as a "regular, primarily irritant, chemical
intoxication, and a modified immunologic
response in which beryllium is the specific
antigen."The interplayof these2 processes,
regulated by dose, dose-rate, elapsed time,
and host factors (including genetics and
immune status) probably determines the
characteristics of the disease in a given in­
dividual. Since this concept was proposed
in 1951, experimental work on beryllium
and an improved understanding of under­
lyingimmune mechanismshaveconfirmed
and embellished the original hypothesis;
figure 3 summarizes some aspects of this
model.

The Inflammatory Response
Beryllium is toxic to cells,and acute beryl­
lium disease in humans is probably caused
by this cytotoxicityand by ensuing inflam­
matory responses. But cytotoxicity un­
doubtedly contributes to the chronic dis­
ease as well. The mild reversible effects
reported by Sprince and colleagues (47)
may be inflammatory responses that lead

to hypoxemia and radiographic changes.
Frequently the inflammatory and immu­
nologic components cannot be separated;
the inflammatory process may continue
even during the development of granu­
lomas in many laboratory animals.

The inflammatory responseto beryllium
probably has the following main steps.
Inhaled beryllium particles bind to the
plasma membrane of alveolar macro­
phages and are then ingested by them.
Macrophage function is severely com­
promised - some are killed and lysed,
others are damaged. The release of
lysosomal enzymes, chemotactic factors,
and mediators stimulates recruitment of
additional macro phages as well as poly­
morphonuclear leukocytes (the latter may
be less common than in the response to
other inflammatory agents). Inflammatory
mediators released by macrophages and
neutrophils can also increasecapillary per­
meability, resulting in pulmonary edema.
Acute disease in humans often reverses
completely with little or no residual scar­
ring, suggesting that fibrosis is not an es­
sential consequence of the inflammatory
response to beryllium.

The Immune Response
Comparable cytotoxic changes can also
be elicited by other particles such as
alpha-quartz. However, beryllium is un­
usual in that it also initiates cell-mediated
immune responses. Beryllium may func­
tion as a hapten, binding with some large
carrier molecule (for example, a cell­
surface or serum protein) to form an an-

Research Priorities
Epidemiology

The hygienicstandards for beryllium that
have stood for nearly 4 decades have un­
doubtedly prevented many cases of beryl­
lium disease. Whether the standards are
adequate to prevent all disease is less cer­
tain. If, for example, workers could be­
come sensitized by brief, very high ex­
posures, then an 8-h, time-weighted
average air concentration is not an ap­
propriate measure on which to base a
standard. There has always been a peak
standard at 25 J.1g/m3 (currently defined
by OSHA as the level not to be exceeded
for more than 30 min). Unfortunately,
enforcement of a peak standard is very
difficult.

In vitro lymphocyte transformation
tests are now available. However, before
they can be used in diagnosis and screen­
ing, longitudinal epidemiologic studies
must be performed that follow workers
with varying exposures to beryllium and
varying status on these tests. Is the sub­
ject with a positive test at higher risk of
disease from continued exposure (either
because of high previous exposure or be­
cause of some genetic predisposition)
or is he or she simply an individual who
has been more exposed to beryllium in
the past? Is lymphocyte transformation
a measure of subsequent risk or past
exposure?

Too little is known about the exis­
tence of subclinical effects of beryllium.
Sprince and colleagues (47) reported the
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existence of reversibleeffects. If this find­
ing can be replicated, it suggests that dis­
ease can be prevented through early de­
tection of these reversible effects, fol­
lowed by reduction of exposure. However,
the fact that some effects are reversible
does not preclude other progressive, ir­
reversible subclinical effects. Studies are
needed to examine whether workers ex­
posed to beryllium for a long time ex­
perience either elevated rates of loss of
pulmonary function or increased symp­
toms of respiratory illness.

Toxicology
Mechanisms of beryllium toxicity also re­
quire further study. Emphasis should be
placed on the keycells- the alveolar mac­
rophage and the helper T-cell. Important
research topics include: the chemical
form of the beryllium antigen, the spe­
cific steps in its production, the role that
macrophages play in this process, the
conditions of beryllium dose and bio­
availability under which the antigen is
produced, the importance of genetic vari­
ability in the production of a sensitized
population of T-cells, and the importance
of this variability in determining the
severityof diseaseproduced by beryllium.

Such research may help guide epidemi­
ologic studies and standard setting. For
example, delineating the importance of
dose-rate versus total cumulative dose is
difficult from epidemiologic data, yet it
is crucial to the setting of adequate
hygienic standards. It is also important
to know whether brief, high exposures
can sensitize individuals; then subsequent
low exposures would be more potent for
such a sensitized person than for an un­
sensitized person.

The relativetoxicities of different chem­
ical and physical forms of beryllium is
another area where toxicology can make
essentialcontributions. Today, most work­
ers exposed to beryllium in the United
States work with alloys containing just
a few percent beryllium. However, the
toxicity of these alloys is largely un­
known. Because most users of beryllium
alloys are small plants, it is unlikely that
a large cohort of workers with this ex­
posure could be assembled for prospec­
tive studies. The challenge for toxicolo­
gists is to compare the relative toxicities
of these beryllium alloys with the better­
studied beryllium oxide, hydroxide, and
salts. The results can guide the develop­
ment of standards for the alloys.

Immunology
Beryllium lung disease can also serve as
a useful model of a cell-mediated im-

mune response in the lung, and thus help
our understanding of the pathogenesis
of other granulomatous diseases. Beryl­
lium triggers a granulomatous response
very similar to that caused by the un­
known agent responsible for sarcoidosis.
Research aimed at both early detection
or treatment of beryllium disease will be
useful to sarcoidosis research. For exam­
ple, it is important for progress on both
diseases to understand the relationship
of T-cells recovered from the lungs to
those circulating in the periphery. That
knowledge might lead to more sensitive
and specific peripheral blood lympho­
cyte transformation tests.Such testswould
be preferable for screening to those using
lymphocytes recovered from BAL, since
BAL involves both expense and discom­
fort.

Prevention
Worldwide, beryllium continues to be an
important but preventable cause of lung
disease.With increasingly diverseuses for
this toxic metal, large numbers of work­
ers are exposed. The current hygienic
standards are strict, and usually expen­
sive engineering controls and persistent
monitoring are necessary. As a result it
is likely that in many smaller firms in the
developed world, and in most establish­
ments in developing countries, these stan­
dards are often not met. Consideration
must be given to substitution of less toxic
substances when possible; if not feasi­
ble, new approaches to controlling haz­
ards, careful monitoring of exposure lev­
els, and improved early detection of dis­
ease should be implemented.
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