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Two cases of pulmonary alveolar proteinosis, including one death,
occurred in workers at a facility producing indium-tin oxide (ITO),
a compound used in recent years to make flat panel displays. Both
workers were exposed to airborne ITO dust and had indium in lung
tissue specimens. One worker was tested for autoantibodies to
granulocytemacrophage–colonystimulating factor (GM-CSF) and
found to have an elevated level. These cases suggest that inhala-
tional exposure to ITO causes pulmonary alveolar proteinosis, which
may occur via an autoimmune mechanism.
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Indium is a relatively rare element that has been used for
decades as a metal, in alloys, and for electronics applications.
More recently, indium-tin oxide (ITO), a sintered material
typically consisting of 90% indium oxide (In2O3) and 10% tin
oxide (SnO2), has been used for the production of flat panel
displays including liquid crystal displays (LCDs). In these
applications, a thin film of ITO is used as a transparent
conductive coating. In 2003 and 2005, Japanese investigators
reported two cases of interstitial lung disease in young men who
worked with ITO at a metal plant (1, 2). In this article, we
describe two cases of pulmonary alveolar proteinosis, including
one death, occurring in ITO workers at a United States metal
manufacturing facility. Our investigation was prompted by
inquiries made by treating physicians to the National Institute
for Occupational Safety and Health (NIOSH) and involved
a review of medical records and workers’ compensation docu-
ments. Some information on one of the cases was initially
reported in the form of an abstract (3).

The documents describe that the production of ITO for
planar tiles began in the facility’s refinery, where solid indium
metal was used to make indium oxide powder (4). In the ITO
department, indium oxide, tin oxide, and other compounds
including ammonium hydroxide were mixed in a ball mill. The
resultant liquid was agitated in a series of high-speed mixers and
poured into molds to harden. The castings were sanded by hand
to eliminate rough edges and then fired. The resulting tiles, now

sintered, were transferred to the grinding room, outside of the
ITO department, where they were shaped to the customer’s
specifications. Final deburring took place in the ITO depart-
ment.

The facility also had an indium reclamation process run by
the hydrogen furnace operator. Indium oxide produced in the
refinery that did not meet specifications, cuttings and grindings
from tile processing, and rejected tiles were collected. Solid
pieces were crushed by machine or by hand with a hammer and
were placed in crucibles, along with the powders. A conveyor
belt carried the crucibles into the furnace where an oxygen-
deficient atmosphere promoted the reduction of ITO to indium-
tin metal alloy. The hydrogen furnace was eliminated after the
mid-2002 purchase of the facility by the current owner. About
15 workers at the facility were involved in the production of
ITO and reclamation of indium.

CASE REPORTS

Case 1

A healthy 49-year-old nonsmoker began working at the facility
in March 1999. He had previously worked in the warehouse of
a toy company, installing vinyl siding and cellulose insulation,
and driving a forklift at a steel plant. At the metal manufactur-
ing facility, he packed finished cadmium bars for 4 months and
then became a hydrogen furnace operator. He described the
hydrogen furnace room as being 20 3 80 feet in size, without
windows. The room’s four doors were generally kept closed,
and he noted that its ventilation system rarely functioned. He
described smoke and dust coming from the furnace door when
crucibles went in and out. He reported that he did not wear
respiratory protection when operating the furnace, and he
described being exposed to ‘‘intense and irritating fumes’’ when
he had to open the oven in the event of a conveyor belt
malfunction. He did use respiratory protection when operating
the crushing machine, necessitated, he stated, by the amount of
dust generated. The facility did not conduct air sampling in the
hydrogen furnace room during his employment. Air sampling
conducted in the crushing area in early 2005 showed that levels
of indium exceeded the NIOSH recommended exposure limit
(REL) (5).

After approximately 9 months as a hydrogen furnace oper-
ator, the worker noted the onset of dyspnea on exertion and
paroxysmal nocturnal dyspnea. These symptoms increased over
several months and were accompanied at times by substernal
chest pressure and dry cough. In September 2000 he was
admitted to the hospital for suspected myocardial infarction.
Cardiac evaluation did not reveal acute issues, but a chest
radiograph showed a diffuse micronodular interstitial process.
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High resolution computed tomography scan of the chest demon-
strated extensive ground glass opacity bilaterally, centrilobular
nodules, and intralobular and interlobular septal thickening
(Figure 1). Pulmonary function tests showed FVC of 3.47 L
(73% predicted), FEV1 of 3.11 L (82% predicted), FEV1 to
FVC ratio of 90%, total lung capacity (TLC) of 4.83 L (75%
predicted), resting room air oxygen saturation of 86 to 89%, and
a single-breath carbon monoxide diffusing capacity (DLCO) of
10.70 ml/min/mm Hg (37% predicted). Arterial blood gas on
40% inspired oxygen showed pH of 7.40, PCO2 of 46 mm Hg,
and PO2 of 59 mm Hg. Serum lactate dehydrogenase (LDH) was
elevated at 318 IU/L.

During his initial hospitalization, the worker underwent
bronchoscopy with bronchoalveolar lavage, which demonstrated
a predominance of vacuolated macrophages and lymphocytes. A
subsequent open-lung biopsy revealed intraalveolar proteina-
ceous material and globules positive with periodic acid-Schiff
(PAS) stain consistent with pulmonary alveolar proteinosis
(Figure 2). Additional pathological evaluation using a scanning
electron microscope and energy dispersive x-ray analyses (6)
identified particles within the proteinaceous material as primarily
indium (Figure 3). He was treated with oral steroids and initially
opted for segmental lung lavage in early 2001. In August 2001 he
underwent whole lung lavage of the right lung with 15 L of saline,
followed 2 weeks later by whole lung lavage of the left lung with
14.5 L of saline. The worker remained dependent on supplemen-
tal oxygen and was unable to resume employment but expressed
a reluctance to undergo a repeat whole lung lavage. In August
2006, due to worsening symptoms, he underwent whole lung
lavage of the right lung with 9 L of saline, followed by whole lung
lavage of the left lung with 7.5 L of saline. He died in October
2006 of respiratory failure due to pulmonary alveolar proteinosis.

Case 2

A healthy 39-year old smoker began working at the facility in
January 2004 in the ITO department. He had no prior industrial
experience, having previously worked as a food sales represen-
tative. A chest radiograph done in 2001 as part of an evaluation
for trauma was interpreted as unremarkable, without lung in-
filtrates. He described the ITO department as ‘‘dusty,’’ particu-
larly in the area where castings were sanded before firing. He
reported that he did not routinely wear respiratory protection.
Air sampling conducted in the sanding area in early 2005 showed
that levels of indium exceeded the NIOSH REL (5).

The worker described that, approximately 6 to 9 months
after hire, he noted the onset of intermittent dry cough, chest
tightness, and shortness of breath for which he did not seek
care, attributing the symptoms to the common cold. In May
2005, a plasma indium level, part of a workplace surveillance
program, was undetectable. In September 2005, he experienced
cough, sore throat, nausea, shortness of breath, and chest
heaviness after an inhalational exposure to ammonium hydrox-
ide in the vicinity of the ball mill. He was evaluated that day in
a clinic, treated with oxygen, and sent home. The following day
he was referred for persistent respiratory symptoms to the
emergency room, where his oxygen saturation was 96% on
room air and a chest radiograph showed moderate to marked
increase in interstitial markings. Two days later, he underwent
bronchoscopy for airway examination, which revealed hyper-
emic mucosa but no airway edema.

Over the course of the next month, he was treated with oral
steroids and an inhaled beta-agonist, but had little improvement
in his dyspnea on exertion and worsening infiltrates on chest
radiograph. High resolution computed tomography scan of the
chest demonstrated bilateral alveolar and interstitial abnormal-
ities (Figure 4). Pulmonary function tests showed FVC of 3.66

(77% predicted), FEV1 of 3.18 L (83% predicted), FEV1 to
FVC ratio of 87%, TLC of 4.47 L (66% predicted), resting room
air oxygen saturation of 94% that fell to 90% with exercise, and
DLCO of 19.07 ml/min/mm Hg (63% predicted).

In December 2005 the worker underwent bronchoscopy with
bronchoalveolar lavage, which revealed the presence of granu-
lar eosinophilic material. Video-assisted thoracoscopic lung
biopsy performed 2 days later demonstrated pathological find-
ings consistent with pulmonary alveolar proteinosis (Figure 5).
The presence of indium in the lung was confirmed using
inductively coupled plasma/mass spectrometry and reported
as 29.3 mg per gram of lung tissue. One month later, arterial
blood gas on 100% inspired oxygen showed pH of 7.51, PCO2 of
26 mmHg, and PO2 of 509 mm Hg. In June 2006, due to
progressive dyspnea and hypoxia, he underwent whole lung

Figure 1. High resolution computed tomography scan of the (A) left

and (B) right chest showing bilateral ground glass opacities, centrilob-

ular nodules, and intralobular and interlobular septal thickening. The
changes were most prominent in the lower lobes.
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lavage of the left lung with 22 L of saline, followed 2 days later by
whole lung lavage of the right lung with 24 L of saline. He had
subsequent clinical and radiographic improvement but remains
limited in his activities and unable to resume employment. An
enzyme-linked immunosorbent assay (ELISA) of the worker’s
serum in September 2009 was positive for autoantibodies against
granulocyte macrophage colony–stimulating factor (GM-CSF),
with a level of 52.9 mg/ml (normal 5 ,3 mg/ml).

DISCUSSION

In the past decade, the demand for indium has grown world-
wide, driven by the popularity of LCDs (7). Although ITO
substitutes that provide the dual functions of transparency and
conductivity are available, they are regarded as technically
inferior (zinc-tin oxide) or untested for mass production (car-
bon nanotubes) (7). Thus, an understanding of the health effects
of ITO production is imperative.

We describe two cases of pulmonary alveolar proteinosis in
workers involved in the production and recycling of ITO.
Pulmonary alveolar proteinosis is a rare disease, characterized
by an intraalveolar accumulation of surfactant components and
resultant impaired gas exchange (8–10). Progressive dyspnea
and cough are common presenting symptoms, and chest imaging
typically shows alveolar infiltrates, although interstitial patterns
are seen (10). Since the introduction of whole lung lavage, in
which saline is used to physically remove excess alveolar
material, survival has improved, but the therapy is not curative
and residual impairment and recurrence are observed (9, 10).
Although most cases of adult pulmonary alveolar proteinosis
traditionally have been considered idiopathic, a minority is
classified as secondary to another disease, such as a hematolog-
ical disorder (8–10). Cases of pulmonary alveolar proteinosis
also have been reported in association with occupational
exposures, including silica, titanium, aluminum, cement, and
tin (11–16). Recent investigations into the pathophysiology of
idiopathic pulmonary alveolar proteinosis have implicated au-
toantibodies against GM-CSF that lead to impaired alveolar
macrophage function and decreased surfactant clearance (8–10).

Previous reports have provided evidence that exposure to
indium can result in pulmonary pathology. Animal studies have
demonstrated that exposure to indium oxide, indium phosphide,
and ITO results in a spectrum of lesions including alveolar
proteinosis and interstitial fibrosis (17–20). Lison and colleagues
recently suggested that ITO is particularly reactive (21). In rats,
a single administration of ITO, indium oxide, tin oxide, or
a nonsintered mixture of indium oxide and tin oxide resulted in
alveolitis that persisted at 60 days, accompanied by proteina-
ceous material in the alveolar lumen; the response to ITO
appeared more marked than the responses to its components or
the nonsintered mixture (21). The authors also reported that
ITO was cytotoxic to cultured alveolar macrophages but not
cultured lung epithelial cells (21), which is notable given the
role of macrophage impairment in the pathogenesis of pulmo-
nary alveolar proteinosis.

In the two cases of lung disease in Japanese ITO workers,
the pathology was described as interstitial pneumonia in the first
worker, who ultimately died of bilateral pneumothorax (1), and
pulmonary fibrosis in the second (2). Both of those workers
were engaged in surface grinding of ITO, each had elevated
serum indium levels, and the presence of indium in their lungs
was confirmed (1, 2). A subsequent investigation found in-
terstitial changes on high-resolution computed tomography
scans of the chest in 23 (21%) of 108 tested current and former
workers from the same workplace and a positive correlation
between serum indium concentration and degree of radio-

Figure 2. Histopathological sections of lung biopsy, hematoxylin and

eosin stain. (A) Low-power overview showing filling of alveolar spaces by

eosinophilic material (magnification 310). (B) High-power view showing

granular eosinophilic material and cholesterol clefts. Note the particulate
material within the intraalveolar exudate (magnification 3200). Birefri-

gent particles were identified with polarizing microscopy, consistent

with the presence of crystalline indium-tin oxide. (C) Periodic acid-Schiff

(PAS) stain after diastase digestion, showing granular, PAS-positive
intraalveolar material, and cholesterol clefts (magnification 3100).
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graphic changes (22). More recently, a cross-sectional study of
93 indium-exposed and 93 nonexposed workers in ITO
manufacturing and recycling plants in Japan did not find an
association between radiograph changes and indium exposure
but did demonstrate exposure–response relationships between
serum indium concentrations and serum markers of lung in-
flammation (23).

We were unable to find other reports of pulmonary alveolar
proteinosis in ITO workers. In addition to the corroborative
results of animal exposure studies and previous reports of lung
pathology, several lines of evidence suggest that these cases
resulted from workplace exposures. Pulmonary alveolar protei-

nosis is an exceedingly uncommon disease: there have been
fewer than 800 cases reported in the literature since its first
description in the 1950s (8, 9, 24). Estimates of the disease’s
annual incidence and prevalence vary from 0.24 to 0.49 and 2.0
to 6.2 per million population, respectively (8, 24). Thus, the
occurrence by chance of two cases in a single facility’s small
workforce is highly unlikely. The temporal relationship to
employment is also compelling: neither worker had a history
of respiratory symptoms or disease before being hired, and each
became symptomatic months into employment. Furthermore,
the finding of indium particles within their lungs, although not
irrefutable evidence of causation, confirms occupational re-

Figure 3. (A) Negative backscat-
tered electron image obtained

with the scanning electron micro-

scope in an area of proteinosis

shows numerous (dark) angulated
particles within the respiratory size

range (magnification 32300). (B)

Energy dispersive x-ray analyses of
dozens of these particles identified

only indium (In) and tin (Sn). A

representative energy dispersive

spectrum from one of these parti-
cles shows multiple peaks for In

(including the small peak at 2.920

keV). There is overlap of the peaks

between In and Sn, but the small
right-most peak almost certainly

represents Sn.
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spiratory exposure and is consistent with a case-control study
that found higher concentrations of inorganic particles in the
lung tissue of patients with pulmonary alveolar proteinosis than
in the lung tissue of control subjects (25). Finally, we are aware
of two additional young workers from the same facility who had
diffuse abnormalities on chest imaging studies detected through
a workplace medical surveillance program; whereas their sub-
sequent work-ups were insufficient to establish a diagnosis, the
overall burden of lung disease in this small group of workers
serves to implicate shared workplace exposures.

There are several challenges to be addressed. The worker in
Case 1 had previous occupational experience installing cellulose
insulation, and pulmonary alveolar proteinosis related to house-
hold exposure to cellulose insulation dust has been reported
(26). However, his work with insulation preceded the symptom
onset by years, he reported consistent use of respiratory pro-
tection in that job, and pathological examination did not reveal
fibrous material, all which indicates that his prior occupational
experience is likely noncontributory. In addition, early in his
employment at the facility he worked with cadmium, which has
been found to cause pathological changes similar to pulmonary
alveolar proteinosis in animals (27). Yet cadmium is an unlikely
cause of his disease, given the relatively short period he worked
with the substance and the minimal exposure expected with
packing finished product. In Case 2, the worker’s diagnosis was
prompted by an inhalational exposure to ammonium hydroxide,
which raises questions about that compound’s role in his
development of pulmonary alveolar proteinosis. However, it is
difficult to reconcile his brief exposure to ammonium hydrox-
ide, a well-recognized irritant that damages the respiratory
epithelium through chemical and thermal mechanisms (28,
29), with his earlier onset of respiratory symptoms and the
diffuse interstitial changes on chest radiograph detected within
a day of the exposure. Far more plausible is the notion that the
ammonium hydroxide exposure served to bring an underlying
condition to medical attention. Another issue is that this worker
did not have a detectable blood indium level when tested, in
contrast to the Japanese experience (1, 2, 22, 23). Whether
technical differences, such as use of plasma or serum, signifi-
cantly affect results remains to be determined. Nonetheless, the
detection of indium in his lung tissue confirms his exposure.

Why some ITO-exposed workers appear to have developed
interstitial lung disease and others pulmonary alveolar protei-
nosis is unclear. Both of the Japanese case reports described

histopathological features suggestive of pulmonary alveolar
proteinosis (30): intraalveolar accumulation of cholesterol clefts
and particle-laden alveolar macrophages (1, 2). Furthermore,
although the abnormalities in pulmonary alveolar proteinosis
are classically confined to the alveolar spaces, interstitial in-
filtration and fibrosis have been described (9, 31–33). Thus, the
Japanese cases may represent pulmonary alveolar proteinosis
with associated interstitial involvement. Given the possible
variations in disease manifestions, pulmonary alveolar protei-
nosis should be considered in the differential diagnosis of un-
explained interstitial lung disease generally (31) and in patients
with ITO exposure specifically.

Pulmonary alveolar proteinosis associated with occupational
exposure has traditionally been categorized, along with that
associated with hematological disorders and other conditions, as
secondary disease (8–10). Whereas autoantibodies to GM-CSF
have been found to be absent in secondary pulmonary alveolar
proteinosis, the secondary cases studied have been limited to
those with implicated comorbid diseases (24, 34, 35). Inoue
and colleagues recently described a large pulmonary alveolar
proteinosis cohort with autoantibodies to GM-CSF (24). The
observation that 26% of this group reported a history of
inhalational dust exposure (24) raises the possibility that auto-

Figure 4. High resolution computed tomography scan of the chest

showing bilateral alveolar ground-glass opacities and interstitial thick-

ening in a mosaic pattern. These findings, commonly referred to as
‘‘crazy paving,’’ are consistent with, but not specific for, pulmonary

alveolar proteinosis (10).

Figure 5. Histopathological sections of lung biopsy. (A) Hematoxylin

and eosin stain showing filling of alveolar spaces with eosinophilic
material (magnification 340). (B) Periodic acid-Schiff (PAS) stain after

diastase digestion, showing granular, PAS-positive intraalveolar mate-

rial and cholesterol clefts (magnification 3400).
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immunity plays a role in the pathophysiology of exposure-
related pulmonary alveolar proteinosis and highlights the
limitations of the conventional categorizations of this disease.
The concept of a chemical exposure triggering an autoimmune
response is not new; indeed, a growing literature links heavy
metals and other xenobiotics to immune activation and loss of
self-tolerance (36, 37, 38). We were unable to find other reports
of GM-CSF antibody testing in patients with exposure-related
pulmonary alveolar proteinosis. Although the test was not
performed in the first case we describe, the presence of
autoantibodies to GM-CSF in Case 2 serves to tie the ITO
exposure to an autoimmune disease mechanism. Yet this in-
triguing finding prompts many further questions: for instance,
do all cases of ITO-related disease involve autoimmunity; what
is the pathophysiologic relevance of the direct macrophage
toxicity of ITO (21); and what is the role of exposures, more
generally, in autoimmune pulmonary alveolar proteinosis?
Ultimately, an investigation into how exposure to ITO and
other compounds might lead to the development of GM-CSF
autoantibodies would shed needed light on disease mechanism.

In conclusion, these cases, as well as previous experimental
and clinical reports, suggest that inhalational exposure to ITO
causes pulmonary alveolar proteinosis. Clinicians and public
health officials should be alert to the potential for pulmonary
toxicity with ITO exposure, and effective control measures
should be determined and implemented in workplaces where
ITO is used. The role of autoantibodies to GM-CSF in ITO-
related pulmonary alveolar proteinosis specifically, and exposure-
related pulmonary alveolar proteinosis more generally, should be
explored further.
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