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ABSTRACT: A retrospective study was conducted in order to characterize the reten-
tion of fibrous and nonfibrous mineral particles in the respiratory tract in subjects
with previous occupational exposure in the aluminium industry.

Bronchoalveolar lavage (BAL) fluid (three samples) or lung parenchyma (two sam-
ples) were studied using analytical transmission electron microscopy in five patients.

A high concentration of aluminium fibres (>107 fibres·g-1 dry lung) was identi-
fied in two lung tissue samples, and aluminium fibres were also identified in BAL
fluid in three patients. All fibres were short (mean length: 1–2 µm), with no fibre
longer than 5 µm. Some biopersistence of these fibres in the respiratory tract is sug-
gested from these observations, since fibres were identified in biological samples
collected more than 4 yrs after cessation of exposure in four out of five patients.

Occupational physicians should be aware of possible exposure to short, thin alu-
minium fibres during primary aluminium production. Further studies are needed
to assess the potential health effects of these fibres. Industrial hygiene measure-
ments should also be performed to document the potential sources of exposure to
aluminium fibres in this industry.
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Evidence concerning a relationship between work
in the aluminium industry and lung disease has been
documented by several studies [1–4]. Respiratory inves-
tigations have concentrated on four diseases: asthma syn-
drome, chronic obstructive lung disease, lung cancer and
pulmonary fibrosis [5]. However, other diseases have
also been reported, such as granulomatosis, desquama-
tive interstitial pneumonia and alveolar proteinosis [6–8].
Case series on aluminium potroom workers have iden-
tified an asthma-like syndrome, that appears to be due to
an irritative rather than an allergic mechanism. How-
ever, it is not possible to conclude whether potroom expo-
sure initiates asthma or precipitates asthma-like symptoms
in a predisposed individual [1]. The investigation of the
relationship between work in an aluminium smelter and
respiratory symptoms or lung function impairment sug-
gestive of obstructive lung disease, taking into account
tobacco smoking, has been documented by some cross-
sectional studies [2, 9]. It was concluded that impaired
lung function was observed in aluminium smelter work-
ers compared to unexposed control subjects. Some recent
studies have concluded that a true aluminium potroom
asthma exists [10, 11]. Although a close relationship has
been reported between the levels of fluoride exposure
and work-related asthma symptoms, there are also some
arguments to suggest a hypersensitivity reaction [10, 11].
According to experts from the International Agency for

Research on Cancer, despite the wide scatter of the results
of epidemiological studies, there is sufficient evidence
to suggest that certain exposures occurring during alu-
minium production can cause lung cancer in humans [12,
13]. In epidemiological studies, pitch volatiles have been
fairly consistently suggested as possible causative agents.
Finally, a few case reports of pulmonary fibrosis occur-
ring in workers exposed to aluminium dust in the alu-
minium industry or other industrial sectors have also been
published [3, 14–17].

Mineralogical analysis of bronchoalveolar lavage (BAL)
fluid or lung tissue provides an estimate of past exposure
to insoluble particles. Fibrous and nonfibrous mineral
particles (NFMP) may be counted by conventional light
microscopy (quantification of asbestos bodies) and ana-
lytical transmission electron microscopy (ATEM) [18–20].
This evaluation of the retention of mineral particles in
the lung has been shown to provide invaluable assistance
in some respiratory diseases, mainly asbestos-related dis-
eases, allowing the establishment of a dose-response rela-
tionship between lung cancer or parenchymal fibrosis
and the number of asbestos bodies in BAL fluid or lung
tissue [21, 22]. However, this type of mineralogical ana-
lysis has rarely been performed in aluminium industry
workers [14, 16].

We report the lung retention of fibrous particles and
NFMP as evaluated by ATEM in five subjects who had
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worked in the aluminium industry and whose aluminium
fibres (fibres containing only aluminium on chemical micro-
analysis) were identified in BAL fluid or lung tissue.

Patients and methods

Patients

The subjects included were those for whom a minera-
logical analysis of BAL fluid or lung tissue samples using
ATEM had been requested in our laboratory between
1990 and 1993, and for whom industrial exposure to alu-
minium minerals was evident on the basis of the occu-
pational questionnaire. Five patients were identified on
the basis of these criteria. For each patient, information
was collected about tobacco smoking, presumed diag-
nosis at the time of request for analysis of the samples,
and job history, including dates of beginning and end of
each occupation.

Patient No. 1. A nonsmoking 55 year old man, who had
worked for 30 yrs in the primary aluminium industry (3
yrs as potline operator with the Söderberg process and
27 yrs as a casthouse operator), was investigated. Pulmonary
function tests (spirometry) showed a restrictive syndrome
(total lung capacity (TLC) 53% of predicted value). An
impairment of carbon monoxide transfer was also noted.
The patient had stopped working 4 yrs before undergo-
ing surgery. Histological analysis of a lung biopsy spec-
imen led to the diagnosis of diffuse interstitial fibrosis.

Patient No. 2. A nonsmoking 55 year old man, who had
a 28 year history of working in the aluminium smelting
industry (Söderberg process), was sent to the emergency
unit of a Chest Department with massive haemoptysis.
Pneumonectomy was performed and the diagnosis of
pseudoneoplastic pulmonary amyloidosis was establish-
ed. He had stopped working 5 yrs before collection of
the lung tissue sample.

Patient No. 3. A nonsmoking 72 year old man, who had
a 31 year history of working in an alumina plant (bauxite
attack by chemical process), was found to have diffuse
interstitial fibrosis on high resolution computed tomo-
graphy (HRCT). Pulmonary function tests (spirometry)
showed a restrictive syndrome (TLC 50% pred). An imp-
airment of carbon monoxide transfer was also noted. The
patient had stopped working 10 yrs before collection of
BAL fluid.

Patient No. 4. A 26 year-old man, who had a 6 month
history of working in the aluminium smelting industry
as a crushed bath operator, was investigated for dysp-
noea at work. He was found to have bronchial hyper-
responsiveness confirmed by pulmonary function tests.
He stopped working 6 months before collection of the
biological sample (BAL fluid). He was a smoker with a
cumulative tobacco consumption of 10 pack-yrs.

Patient No. 5. A 68 year old man, who was an ex-smoker
(30 pack-yrs) and had worked for 9 yrs sorting scoria der-
ived from an aluminium foundry and 16 yrs sorting vari-
ous metals, was investigated for dyspnoea and crackles.

Chest radiograph and computed tomography (CT) scan
showed interstitial opacities. Pulmonary function tests
(spirometry) showed a mild restrictive impairment (TLC
79% pred) with no influence on carbon monoxide trans-
fer. The patient had stopped working 2 yrs before col-
lection of the BAL fluid sample.

Particle analysis

Preparation and mineralogical analysis of samples
were performed as described previously [20–22]. Briefly,
BAL fluid or lung tissue samples were collected in
flasks containing 10 mL of 10% formalin. Samples were
allowed to react at room temperature for 2 h with fresh-
ly filtered sodium hypochlorite until all organic materi-
al had been digested. The suspension was then filtered
through a membrane filter (Millipore 25 mm, 3 µm pore
size) or a carbon-coated polycarbonate membrane (Nucle-
pore, 0.4 µm pore size) for light microscopic and elec-
tron microscopic analysis, respectively. Two samples were
analysed for each patient. The first sample allowed quan-
tification of asbestos bodies in the BAL fluid or in dry
lung tissue by conventional light microscopy. The second
sample was analysed using a transmission and scanning
electron microscope (ATEM SCAN JEOL EX II) fitted
with an energy dispersive X-ray spectrometer (TRACOR
TN 5502). Briefly, three variables were determined for
the second sample. Firstly, the numerical concentration
of all types of NFMP, expressed per millilitre of BAL
fluid or per gram of dry lung tissue, and the relative per-
centage of different mineralogical species obtained from
the analysis of 50 particles in randomly selected fields
were determined. Each particle was identified by morpho-
logical features, electron diffraction pattern and micro-
analysis spectrum (allowing detection of elements with
atomic number greater than 10). The X-ray spectrum of
aluminium shows a major Kα peak at 1,487 eV. Particles
containing aluminium were counted regardless of the
other associated mineralogical species. As the relative
concentration of a given mineralogical species does not
reflect total lung load for this mineral, the absolute con-
centration of particles containing aluminium was calcu-
lated for each subject. This variable was obtained both
for BAL fluid samples and lung tissue samples as fol-
lows: absolute aluminium concentration=total numerical
concentration of all particles (per mL of BAL fluid or per
gram of dry lung tissue) × percentage of particles con-
taining aluminium (in BAL fluid or lung tissue). This
variable was considered to be a good estimate of the load
of aluminium-containing particles in the lung. Secondly,
the numerical concentration of fibrous mineral particles
containing only aluminium (hereafter referred to as "alumi-
nium fibres") expressed per millilitre of BAL fluid or per
gram of dry lung tissue, and their granulometry (length,
diameter, and length/diameter ratio) were determined. No
distinction was made between α and γ alumina. Thirdly,
the numerical concentration of other fibrous particles,
especially asbestos fibres was measured.

Results

Results of the mineralogical analysis in the five patients
are presented in Table 1. All but one of the patients had



ceased exposure to aluminium products for at least 4
yrs before collection of the biological sample. No sig-
nificant retention of asbestos bodies was observed in the
four cases in which this retention was studied by light
microscopic analysis. No case exhibited significant conc-
entration of asbestos fibres in BAL fluid or lung tissue us-
ing ATEM. A high concentration of nonfibrous mineral
particles was observed in the lung tissue samples analysed,
with a high percentage of particles containing alumini-
um (40 and 56% in case No. 1 and 2, respectively).

The most striking observation was obtained from TEM
analysis of aluminium fibres: the fibres were rather short
and thin, with a mean length of about 1–2 µm and no
fibres longer than 5 µm. The mean length: diameter ratio
of aluminium fibres ranged 8.6–25.6. Elementary chemi-
cal analysis with energy dispersive spectrometry (EDS)
revealed the presence of aluminium with no other asso-
ciated elements (fig. 1). The electron diffraction pattern
showed that the fibres were crystalline.

No other fibres were observed in lung tissue samples
of cases No. 1 and 2, whilst a low concentration of chry-
sotile fibres was identified in BAL fluid samples of cases
Nos. 3, 4 and 5 (6×102, 9×102 and 1.7×103 fibres·mL-1 in
cases No. 3, 4 and 5, respectively).

Discussion

The uses of aluminium are dictated by its chemical and
physical properties, which include low specific gravity,
high tensile strength, ductility, malleability, corrosion res-
istance and high electrical conductivity. It is widely used
in construction, transportation, transmission of electric-
ity, machinery, equipment and packaging [12, 23, 24]. The
potential sources of respiratory pollutants and the process-
es involved in the aluminium primary industry (con-
cerning patients Nos. 1–4 in our series) have been described
previously [23–25], and reviewed by KONGERUD et al.
[11].

The nature and level of contaminants and other agents
in the potroom may be influenced by the type of pot
(prebake or Söderberg), building ventilation, size of oper-
ation, and electric current used [12, 23]. However, some
of these substances have been identified, e.g. alumina,
aluminium fluoride, particles of aluminium metal, carbon
monoxide, chlorine, coke, cryolite, fluorides, oil mists,
hydrogen fluoride, pitch, petroleum, polynuclear arom-
atic compounds, sulphur dioxide and possibly asbestos.
Whilst there may be skin contact with various materials,
the main route of exposure is inhalation.
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Table 1.  –  Results of mineralogical analysis of BAL fluid samples and lung tissue samples

Case Biological Time since LM analysis TEM analysis
No. sample cessation of AB count*

exposure AB·g-1 NFMP Aluminium fibres

1 Lung 4 yrs 142 8.5×109 p·g-1 2.9×107 fibres·g-1

tissue (40% Al) Diameter (µm): 77% ≤0.05; 
9% 0.2–0.4; 12% 0.4–0.6; 2% 0.6–0.8

3.4×109 p Al·g-1 Length (µm): 2.3±1.4 
Ratio (length/diameter): 25.6±20.3

2 Lung 5 yrs <40 6.4×109 p·g-1 5.2×107 fibres·g-1

tissue (56% Al) Diameter (µm): 16% ≤0.05; 
22% 0.05–0.1; 46% 0.1–0.2;

3.58×109 p Al·g-1 12% 0.2–0.4; 4% 0.4–0.6
Length (µm): 1.4±0.8
Ratio (length/diameter): 13.2±8.6

3 BAL 10 yrs NP 1.6×105 p·mL-1 3×102 fibres·mL-1

fluid (7% Al) Granulometry not performed**

1.12×104 p Al·mL-1

4 BAL 6 mo ND 4.5×105 p·mL-1 9.6×103 fibres·mL-1

fluid (20% Al) Diameter (µm): 68%≤0.05;
18% 0.05–0.1; 14% 0.1–0.2

0.9×105 p Al·mL-1 Length (µm): 0.72±0.4
Ratio (length/diameter): 20.3±9.5

5 BAL 18 yrs ND 8.6×105 p·mL-1 2.1×104 fibres·mL-1

fluid (15% Al) Diameter (µm): 11%≤0.05; 
46% 0.05–0.1  

1.29×105 p Al·mL-1 43% 0.1–0.2
Length (µm): 0.79±0.4
Ratio (length/diameter): 8.6±4.9

The AB count was determined by light microscopy (LM). Analysis of nonfibrous particles was performed by transmission elec-
tron microscopy (TEM). Quantification of aluminium fibres and distribution of diameter and length of aluminium fibres were
assessed by TEM. All results are expressed per gram of dry lung tissue for lung tissue samples. NFMP: non-fibrous mineral par-
ticles; BAL: bronchoalveolar lavage; AB: asbestos bodies; p: particles; Al: aluminium; NP: not performed; ND: not determined.
*: Limit of detection of the method used in the laboratory for the quantification of AB was 40 AB·g-1 of dry lung tissue; a sig-
nificant lung retention of AB was considered to be greater than 1,000 AB·g-1 of dry lung tissue; **: due to a very low number of
fibres observed, granulometry was not performed.
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To our knowledge, aluminium fibres are not added at
any steps of the process. However, the presence of alu-
minium fibres in the air of potrooms during primary alu-
minium production has been reported [26]. One author
mentioned the presence of short (mean length 0.87 µm)
and thin (mean diameter 0.05 µm) fibres in the work
environment in this industry [26]. Energy dispersive X-
ray microanalysis revealed that only sodium and alu-
minium elements were detected. These fibres were,
therefore, assumed to be sodium aluminium tetrafluoride
fibres. The author suggested that these fibres were pro-
duced during recrystallization of fumes from the elec-
trolyte [26].

While aluminium is commonly encountered when
analysing mineral particles in BAL fluid or lung tis-
sue, the presence of this mineral in a fibrous form in
human lungs has been poorly documented [14]. GILKS

and CHURG reported a high concentration of aluminium
fibres in the lung tissue of a patient with lung fibrosis
[14]. They demonstrated these fibres consisted of α-alu-
minium oxide. They also reported a mean concentration
of 7×105 aluminium fibres per gram of dry lung in nine
reference cases. In our experience, in subjects without
any significant occupational exposure to mineral parti-
cles (either fibrous particle or NFMP), lung concentra-
tion of aluminium fibres was always less than 3.5×105

fibres per gram of dry lung tissue (five patients; range of
NFMP concentration 0.22×109 to 0.38×109 particles·g-1

with percentage of aluminium-containing particles less
than 2%; range of all fibres concentration: 3.4×106 to
5.7×106 fibres·g-1; range of mean length of fibres: 0.5
to 0.8 µm; fibres were identified as mullite and chrysotile
fibres) (Voisin et al., unpublished data). In BAL fluid,
no aluminium fibres were detected (three patients; range
of NFMP concentration 0.079×106 to 0.12×106 parti-
cles·mL-1 with percentage of aluminium-containing par-
ticles less than 8%; range of all fibres concentration:
0.25×103 to 0.5×103 fibres·mL-1; range of mean length
of fibres 0.65 to 0.8 µm; fibres were identified as chryso-
tile fibres). These data are consistent with those reported
by GILKS and CHURG [14].

In the present series, all five subjects employed in the
aluminium industry (four in the primary industry) exhi-
bited levels of aluminium fibre retention much higher
than those observed in control subjects. The exact nature
of these fibres could not be established but they were dif-
ferent from the short mullite fibres, which are common-
ly encountered in BAL fluid and lung tissue and are not
considered pathogenic to humans [27]. Some elements
(such as oxygen, hydrogen or fluorine) could be present
in aluminium-containing fibres in these subjects, but our
analytical system was unable to detect these elements (as
their atomic numbers are all less than 10). However, ele-
mental chemical analysis with EDS also failed to reveal
the presence of sodium. We cannot, therefore, confirm
that the chemical composition of aluminium-containing
fibres was similar to that described by GYLSETH et al.
[26], unless sodium was leached in the biological fluid
of the respiratory tract. Alternatively, our data are also
consistent with various forms of aluminium oxides (such
as alumina trihydroxide Al(OH)3 or crystallized alumina
Al2O3, either α or γ form). As the fibre parameters are
similar to those reported by GILKS and CHURG [14], we
consider that the most probable fibre composition was

a)

b)

c)

Al

Cu

0.000             VFS=256  10.240

Fig. 1.  –  Morphological features of aluminium fibres in lung
tissue on analytical transmission electron microscopy (ATEM).
Characterization of the fibre was based on: a) morphological
features; b) typical X-ray energy dispersive spectrum; and c)
selected area electron diffraction. Energy location of signifi-
cantly detected peaks: Al (Kα) 1.49 keV, Cu (Kα, Kβ) 8.04
keV, 8.90 keV The Al peak was attributed to the fibres, Cu
from the grid and apparatus. No peak was observed for Na
(Kα: 1.04 keV). (Internal scale bar=0.25 µm).



Al2O3. Industrial hygiene measurements should be per-
formed to document the presence of aluminium fibres
during the various steps of alumina synthesis.

The concentrations of aluminium nonfibrous particles
were also high in these five subjects, largely above mean
or median values reported for aluminium-containing
NFMP in BAL fluid samples or lung tissue samples of
controls in previous series analysed in the same labo-
ratory [18, 19]. The mean value of aluminium-contain-
ing NFMP in BAL fluid was 5.6×103 particles·mL-1

(range 0–1.28×104 particles·mL-1) in the first series of
42 controls [19]. Mean values of aluminium-containing
NFMP in BAL fluid and lung tissue were 1×104 parti-
cles·g-1 dry lung tissue in the second series of 10 patients
without any known recent occupational exposure to min-
eral particles [18]. The potential pathogenetic role of
this high level of aluminium-containing NPMP in the
respiratory tract remains open to question.

Only a few cases of parenchymal fibrosis in primary
aluminium industry workers have been reported in the
recent literature [14, 16]. Older and more controversial
data dealing with the fibrogenic potency of aluminium
dust were discussed by WALDRON [28]. However, in a rec-
ent experimental study in rats, using intratracheal instil-
lation of various alumina samples, the fibrogenic potency
of a chemical-grade alumina sample (different from ind-
ustrial aluminas) was demonstrated [29]. In contrast, no
fibrosis was noted with five other alumina samples used
in aluminium production. This was consistent with the
results of TORNLING et al. [30], who found no histologi-
cal signs of fibrosis in any of the animals instilled intra-
tracheally with alumina dust, either with or without
adsorbed fluorides. However, fibronectin concentrations
were significantly increased in BAL fluid 1 year after
exposure in animals treated with both alumina dust sam-
ples. Data concerning the potential role of aluminium
fibres in the development of lung fibrosis in humans are
limited to case reports from GILKS and CHURG [14] and
cases Nos. 1 and 3 in the present series. Although no other
aetiological factor (particularly asbestos) could be iden-
tified in these cases, no definite conclusions can be
reached. All aluminium fibres were rather short, measur-
ing less than 5 µm in all of the documented cases. This
is generally considered to be an argument against a fibro-
genic potency for a given fibre, independently of its
chemical composition [31]. In contrast, it is important to
emphasize that, in the present series, the latency since
cessation of exposure ranged from 6 months to 18 yrs,
indicating that these aluminium fibres exhibit a certain
biopersistence in man. Biopersistence has been shown to
be an important parameter in the lung pathogenicity of
minerals [32].

In conclusion, this series revealed a significant reten-
tion of aluminium fibres in biological samples from subj-
ects working in the aluminium industry. In some subjects,
these aluminium fibres remained in the respiratory tract
for many years after cessation of exposure suggesting bio-
persistence of this mineral. The role of these short fibres
in the development of parenchymal disease remains open
to question and should be documented by further inves-
tigations, which should also include industrial hygiene
measurements of aluminium particles in the potroom
atmosphere at different steps of the process, with deter-
mination of granulometric parameters.
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