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Abstract
Background: We established a causal relationship between indium exposure and 
lung interstitial and emphysematous effects. Lung cancer has been clearly demon-
strated in rats and mice exposed to indium phosphide and in rats exposed to indium 
tin oxide. However, no information is available on human indium‐related lung 
cancer.
Methods: The baseline studies were conducted on 381 indium‐exposed and 150 ref-
erent workers in 11 factories from 2003 to 2006. Items examined included indium 
concentration in serum (In‐S), occupational history, Krebs von den Lungen‐6 (KL‐6), 
chest high‐resolution computed tomography (HRCT), medical history, smoking hab-
its, and subjective symptoms. Subjects received follow‐up health checkups, and a 
total of 220 indium‐exposed and 26 nonexposed workers were examined at least 
once with chest HRCT from 2013 to 2018.
Results: Four lung cancer cases were identified only in indium‐exposed workers. 
Two were prevalent cases and two were incident cases. The averages (range) of age 
(years), exposure duration (years), In‐S (μg/L), and KL‐6 (U/mL) at the baseline 
survey were 58 (50‐74), 1.7 (0.3‐4.8), 3.1 (0.3‐9.7), and 663 (414‐942). The mean 
(range) latency from initial indium exposure was 5.3 (0.4‐11) years. The HRCT find-
ings in two incident cases were mild interstitial/emphysematous change and mild 
interstitial change. The standardized incidence ratio (SIR) of the incident cases was 
1.89 (95%CI 0.52‐6.88).
Conclusions: Although the SIR was not statistically significant, there was an unde-
niable possibility of indium‐related lung cancer due to the short follow‐up duration 
being insufficient to disclose lung cancer and the small number of lung cancer cases. 
Further follow‐up is necessary.
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1 |  INTRODUCTION

After the first fatal case of interstitial pneumonia due to 
indium exposure in 2001,1 a causal relationship was es-
tablished between indium exposure and lung interstitial2 
and emphysematous3,4 effects by epidemiological studies. 
Hardly soluble indium phosphide (InP)5 and indium tin 
oxide (ITO)6 showed lung carcinogenicity in a significantly 
dose‐dependent manner by 2‐year inhalation studies in rats 
and/or mice. In 2010, the Japanese Ministry of Health, 
Labour and Welfare (JMHLW) issued technical guideline 
for preventing health impairment of workers engaged in the 
ITO handling processes based on these reports.7 The Japan 
Society for Occupational Health proposed a Biological 
Exposure Limit (BEL) of 3 μg/L serum indium in 2007 and 
classified indium compounds (inorganic, hardly soluble) 
as Group 2A carcinogens (probably carcinogenic to hu-
mans) in 2014.8 The International Agency for Research on 
Cancer proposed InP as 2A9 and ITO as 2B10 in 2006 and 
2017, respectively. In 2018, the American Conference of 
Governmental Industrial Hygienists proposed new thresh-
old limit values of 0.1 μg/m3 for ITO respirable dust and 
placed it on the “notice of intended changes” list.11 It is 
likely that the human carcinogenicity of indium compounds 
will soon be a novel topic of research interest. However, to 
the best of our knowledge, lung carcinogenicity in humans 
has not yet been reported. In this article, we discuss lung 
cancer cases observed in an 11‐year multicenter cohort 
study.

2 |  METHODS

We conducted a baseline survey of 383 exposed workers 
and 159 nonexposed workers in 11 indium‐handling fac-
tories from 2003 and 2006.3 Items examined included in-
dium concentration in serum (In‐S), occupational history, 
Krebs von den Lungen‐6 (KL‐6), and surfactant protein 
D (SP‐D) as interstitial pneumonia markers, pulmonary 
function tests, chest high‐resolution computed tomogra-
phy (HRCT), medical history, smoking habits, and subjec-
tive symptoms using the Japanese version of the American 
Thoracic Society Division of Lung Disease questionnaire 
and supplementary questions. The In‐S levels of two ex-
posed and seven nonexposed workers were missing, and 
the In‐S levels of two nonexposed workers were suspected 
to be contaminated. The final numbers of workers who un-
derwent the baseline survey included 381 exposed and 150 
nonexposed workers, and they were followed up between 
2013 and 2018. During the follow‐up period, 23 nonex-
posed workers transferred to indium‐exposed job sites. 
Figure S1 shows the follow‐up flow of the study subjects. 

Two hundred and twenty indium‐exposed workers (male, 
204) and 26 referent workers (male, 25) were traced from 
the baseline survey to the last survey. The mean follow‐
up duration was 11.1 years. All followed up subjects were 
examined at least one with chest HRCT during the follow‐
up period. The diagnosis of lung cancer was confirmed by 
medical certificate to the extent possible.

The follow‐up duration of each exposed worker was de-
fined to be from the baseline survey to the year of diagnosis 
of lung cancer or the last survey, whichever came first. An 
expected number of lung cancer cases in the exposed worker 
cohort was calculated using the male, calendar year, and 5‐
year age‐specific incidence rates of lung cancer in the general 
male population in Japan.12 The observed number was the 
incident lung cancer cases that occurred during the follow‐up 
period.

This study was approved by the Ethics Committee of Keio 
University School of Medicine, and all individuals gave in-
formed consent. In a fatal case, we obtained informed con-
sent from family members.

3 |  RESULTS

At the baseline survey, two prevalent lung cancer cases (Case 
1 and Case 2) were disclosed only in the exposed workers. 
In 2009, we requested current medical histories of the study 
subjects to the factory staffs and knew that one exposed 
worker died by lung cancer (Case 3) in 2006. At a follow‐up 
health checkup in 2015, one exposed worker informed us that 
he had been diagnosed with lung cancer in 2014 (Case 4) and 
his chest HRCT showed a finding after lobectomy for lung 
cancer. Another exposed worker (Case 5) was not a cohort 
member in this study, but he had undergone measurements of 
In‐S, KL‐6, and SP‐D in 2007. At the time of the follow‐up 
survey, his family informed us that he had died due to lung 
cancer in 2015. With consent from his family, we obtained 
a medical certificate from his doctor and confirmed that he 
had lung cancer. As Case 5 was not a cohort member, we 
excluded him from the statistical analysis but included him 
in the case presentation.

Table 1 shows the characteristics, exposure levels, bio-
markers for interstitial change, and chest HRCT findings of 
nonexposed subjects, indium‐exposed subjects, and four lung 
cancer cases at the baseline survey. The four cases were older 
than other exposed workers and their exposure duration was 
shorter than that of other exposed workers. KL‐6 in all cases 
fell into the fourth quartile (KL‐6 ≥ 414 U/mL) of the entire 
study population.

Table 2 lists the characteristics, indium exposure levels, 
biomarkers for interstitial change, and pathological types and 
stages of the five lung cancer cases. The five cases occurred 
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at five different factories. All were males, with an average age 
of 64 years (range 50‐75) and had no other history of dust ex-
posure possibly affected their lungs. Two were smokers and 
Case 5 was an extremely heavy smoker (171 pack‐years). 
Their jobs were as follows: two worked with a molding pro-
cess of indium oxide and tin oxide mixed powder; one per-
formed an ITO grinding process; and two worked an ITO 
waste plate recycling process. The mean duration of indium 
exposure was 2.1 years (range 0.3‐4.8). Mean In‐S in their 
baseline survey was 4.5 μg/L and In‐S of three cases was less 
than 3 μg/L recommended the BEL by JSOH.8 Mean KL‐6 
level was 654 U/mL (range 414‐942), and mean SP‐D level 

was 100 ng/mL (range 52‐162). Mean latency from initial in-
dium exposure was 9.1 years (range 0.4‐24). When excluding 
one case of 0.4 years since an initial exposure, the mean la-
tency was 11.2 years.

Pathological types (stages) of lung cancer were one bron-
chioloalveolar carcinoma13 (stage IA; T1aN0M0, Right S3), 
two adenocarcinoma, and two unknown due to the information 
being unavailable. The findings on chest HRCT at the base-
line survey in Case 3 showed small centrilobular node, inter-
lobular septal thickening throughout the lungs (<10%/Slice), 
ground glass opacity in the bilateral lower lung field (<50%/
Slice), and paraseptal and centrilobular emphysematous 

T A B L E  1  Characteristics, exposure levels, biomarkers, and chest high‐resolution computed tomography (HRCT) of nonexposed, indium‐
exposed, and diseased subjects at the baseline survey

Nonexposed (n = 150) Exposed (n = 377) Incident Casesa  (n = 2) All Casesb  (n = 4)

Age, y (SD) 40.9 (11.8) 38.0 (12.0) 55.0 (11.3) 58.0 (7.4)

Category, n (%)

19‐29 34 (22.7) 102 (27.1) 0 (0.0) 0 (0.0)

30‐39 35 (23.3) 132 (35.0) 0 (0.0) 0 (0.0)

40‐49 34 (22.7) 70 (18.6) 1 (50.0) 1 (25.0)

50‐59 40 (26.7) 49 (13.0) 0 (0.0) 0 (0.0)

60‐70 6 (4.0) 23 (6.1) 1 (50.0) 3 (75.0)

Missing 1 (0.7) 1 (0.3) 0 (0.0) 0 (0.0)

Male, n (%) 120 (80.0) 346 (91.8) 2 (100) 4 (100)

Duration, year (SD) from 
initial exposure

— 4.9 (5.3) 1.0 (0.1) 1.7 (2.0)

Serum indium, In‐S, μg/L 
(range)

0.6 (<0.1‐3.0) 8.6 (<0.1‐117) 1.0 (0.3‐1.7) 3.1 (0.3‐9.7)

Smoking, n (%)

Never smokers 50 (33.3) 112 (29.7) 1 (50.0) 3 (75.0)

Ex‐smokers 33 (22.0) 51 (13.5) 0 (0.0) 0 (0.0)

Current smokers 67 (44.7) 214 (56.8) 1 (50.0) 1 (25.0)

Biomarkers of effect, n (％)

KL‐6, U/ml

Quartile 1 (92‐193) 49 (32.7) 83 (22.0) 0 (0.0) 0 (0.0)

Quartile 2 (194‐258) 48 (32.0) 85 (22.5) 0 (0.0) 0 (0.0)

Quartile 3 (259‐413) 44 (29.3) 88 (23.3) 0 (0.0) 0 (0.0)

Quartile 4 (414‐8140) 9 (6.0) 121 (32.1) 2 (100) 4 (100)

SP‐D, ng/mL

Quartile 1 (<17.2‐35.3) 43 (28.7) 89 (23.6) 0 (0.0) 0 (0.0)

Quartile 2 (35.4‐53.8) 44 (29.3) 88 (23.3) 1 (50.0) 1 (25.0)

Quartile 3 (54.0‐83.6) 38 (25.3) 94 (24.9) 0 (0.0) 1 (25.0)

Quartile 4 (84.3‐520) 25 (16.7) 106 (28.1) 1 (50.0) 2 (50.0)

HRCT findings, nc  (%)

Interstitial change 13 (11.1) 43 (23.1) 2 (100) 2 (50.0)

Emphysematous change 5 (4.3) 19 (10.2) 1 (50.0) 1 (25.0)
aCases 3 and 4. 
bCases 1‐4. 
cNumber of nonexposed, exposed, and diseased workers are 117, 186, and 4 (total 307), respectively. 
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change (<5%/Slice) in the same area as bullae (<5%/Slice) in 
the bilateral upper lung field and right middle lung field. The 
findings at the baseline survey in Case 4 showed small cen-
trilobular node and interlobular septal thickening throughout 
the lungs (<5%/Slice), but no emphysematous changes. Case 
5 has not undergone chest CT.

The expected number of lung cancer cases calculated for 
the Japanese general population was 1.06, and the SIR was 
1.89 (2/1.06) (95% confidence interval 0.52‐6.88).

4 |  DISCUSSION

This is the first report of lung cancer in a multicenter co-
hort study. Lung cancer cases occurred only in indium‐ex-
posed workers. We confirmed five cases of lung cancer in the 
course of 11 years of observation.

Lung carcinogenicity in rats and/or mice exposed to 
hardly soluble InP and ITO has been clearly demonstrated, 
and showed a dose‐dependent relationship between exposure 
concentration and incidence of lung carcinoma.5,6 However, 
no information is available on human indium‐related lung 
cancer.

Latency is important for assessing any causal relationship 
between exposure and occupational cancer. Occupational 
lung cancer mostly occurs after a latent duration of at least 

10 years. Based on this knowledge, Case 1 was not consid-
ered to be associated with indium exposure, since the latency 
as well as the duration of indium exposure was very short. 
The In‐S levels for the two cases (Case 4 and Case 5) with 
the latency of more than 10 years were 1.7 and 10.1 μg/L, 
respectively. Although the In‐S level (1.7 μg/L) in Case 4, 
who never smoked, was less than the BEL,8 the level of KL‐6 
was high (847 U/mL). As this indicates interstitial inflamma-
tion in the lungs, we were concerned that lung cancer might 
occur at an In‐S of 1.0‐2.9 μg/L. Case 5, a non‐cohort mem-
ber, was a 75‐year‐old extremely heavy smoker. While this 
case's duration of indium exposure was as short as 1 year, the 
In‐S level measured 16 years after the cessation of indium 
exposure was as high as 10.1 μg/L. It is presumed that this 
patient was a short‐term highly exposed case, so it is difficult 
to conclude that the causality of lung cancer in this case was 
smoking alone.

Although the SIR of lung cancer was 1.89 (95% CI 
0.52‐6.88) and was not statistically significant, it may be rash to 
conclude that this represents a negative result. Firstly, pulmo-
nary inflammation and pulmonary diseases, including intersti-
tial lung diseases, are known to be a risk for lung cancer,14 and 
indium‐exposed workers showed interstitial changes on chest 
HRCT and elevation of KL‐6 and SP‐D2 which are unique 
serum markers of interstitial pneumonia. In the five lung can-
cer cases, KL‐6 and SP‐D were high, and KL‐6 in all cases 

T A B L E  2  The characteristics and occupational history of the worker in each lung cancer case

Case 1 Case 2d Case 3 Case 4 Case 5a 

Information collection timing First survey First survey Follow‐up survey Follow‐up survey

Age at diagnosis 60 62 50 74 75

Smoking history Nonsmoker Non‐smoker 1 pack‐25 y Nonsmoker 3 pack‐57 y

Job type ITO waste plate 
recycling

ITO waste plate 
grinding/recycling

Moldingb (dry) Moldingb (dry/wet) ITO grinding

Indium exposure duration, y 0.3 4.8 1.0 3.2 1.0

In‐S at baseline (μg/L) 0.7 9.7 0.3 1.7 10.1

KL‐6 at baseline (U/mL) 414 942 447 847 620

SP‐D at baseline (ng/mL) 56.8 141 52 162 88.3

Finding on chest high‐resolution computed tomography (HRCT) at baseline

Interstitial change Nonec Noned <10%/Slice <5%/Slice NA

Emphysematous change Nonec Noned <5%/Slice None NA

Latency from initial indium 
exposure, y

0.4 4.8 5 11 24

Pathological types and stages 
of lung cancer

Adenocarcinoma/1A Bronchioloalveolar 
carcinoma/1A

NA NA Adenocarcinoma/4

NA: Not available.
aCase 5 is non‐cohort member. 
bIndium oxide and tin oxide molding. 
cThe findings of chest HRCT showed neither interstitial nor emphysematous changes at three lung levels (the upper, middle, and lower lung fields); however, lung cancer 
on other slices was pointed out. 
dReference 13. The findings showed neither interstitial nor emphysematous changes; however, a ground glass opacity (small nodular shadow) was shown in the right 
upper lobe. 
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fell into the fourth quartile (KL‐6 ≥ 414 U/mL). Secondly, the 
estimated half‐life of In‐S was 8 years4 and indium compounds 
would have to remain in the lungs for a long time. Thirdly, 
the observation period of this cohort was not long enough 
to assess a causal relationship between indium exposure and 
lung cancer. Finally, a 2‐year inhalation study of InP in rats 
and mice revealed the presence of lung cancer, and a carcino-
genic mechanism was proposed. InP inhalation demonstrated 
the development of oxidative stress, identified by elevated 
levels of inducible nitric oxide synthase, cyclooxygenase‐2, 
glutathione‐S‐transferase Pi, and 8‐hydroxydeoxyguanosine, 
resulting in pulmonary inflammation in progression to atyp-
ical hyperplasia and lung cancer.5 Mouse macrophages with 
indium oxide in vitro suggested that endocytosis and NO gen-
eration participate in indium‐induced 8‐nitroguanine (a muta-
genic DNA lesion formed during inflammation formation).15 
These results suggest that inhalation of indium compounds, 
causing pulmonary inflammation associated with oxidative 
stress, endocytosis, and NO released from indium‐exposed in-
flammatory cells, may induce DNA damage in adjacent lung 
epithelial cells and contribute to carcinogenesis. However, the 
development of interstitial fibrotic changes and its relationship 
with the carcinogenesis needs to be further explored.

This study had several limitations. First, the number of 
cases was small, and the duration of indium exposure was 
short in most cases. Next, we may not have been able to track 
the incidence of all lung cancer. Finally, the follow‐up period 
was about 11 years, and further long‐term observation will 
be very important.

5 |  CONCLUSIONS

Although the SIR was not statistically significant, there was 
an undeniable possibility of indium‐related lung cancer due 
to the short follow‐up duration being insufficient to disclose 
lung cancer and the small number of lung cancer cases. 
Further follow‐up is necessary.
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