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ABSTRACT
Indium-tin oxide production has increased greatly in the last 20 years subsequent to
increased global demand for touch screens and photovoltaics. Previous studies used meas-
urements of indium in blood as an indicator of indium exposure and observed associations
with adverse respiratory outcomes. However, correlations between measurements of blood
indium and airborne respirable indium are inconsistent, in part because of the long half-life
of indium in blood, but also because respirable indium measurements do not incorporate
inhalable indium that can contribute to the observed biological burden. Information is lack-
ing on relationships between respirable and inhalable indium exposure, which have implica-
tions for biological indicators like blood indium. The dual IOM sampler includes the foam
disc insert and can simultaneously collect respirable and inhalable aerosol. Here, the field
performance of the dual IOM sampler was evaluated by comparing performance with the
respirable cyclone and traditional IOM for respirable and inhalable indium and dust expos-
ure, respectively. Side-by-side area air samples were collected throughout an indium-tin
oxide manufacturing facility. Cascade impactors were used to determine particle size distri-
bution. Several statistical methods were used to evaluate the agreement between the pairs
of samplers including calculating the concordance correlation coefficient and its accuracy
and precision components. One-way ANOVA was used to evaluate the effect of dust
concentration on sampler differences. Respirable indium measurements showed better
agreement (concordance correlation coefficient: 0.932) compared to respirable dust meas-
urements (concordance correlation coefficient: 0.777) with significant differences observed
in respirable dust measurements. The dual IOM measurements had high agreement with
the traditional IOM for inhalable indium (concordance correlation coefficient: 0.997) but
lower agreement for inhalable dust (concordance correlation coefficient: 0.886 and accuracy:
0.896) with a significantly large mean bias (-146.9 mg/m3). Dust concentration significantly
affected sampler measurements of inhalable dust and inhalable indium. Results from this
study suggest that the dual IOM is a useful single sampler for simultaneous measurements
of occupational exposure to respirable and inhalable indium.

KEYWORDS
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Introduction

Indium–tin oxide (ITO) is manufactured by blending,
compacting, and sintering indium oxide and tin oxide
powders. Because ITO has exceptional optical and elec-
trical properties, it is used as a transparent thin film
conductor in consumer electronics such as liquid crystal
display (LCD) and touch screens, as well as in coatings
for solar cells and architectural glass.[1] Workers
exposed to indium compounds including ITO can
develop indium lung disease, which is characterized by

pulmonary alveolar proteinosis that may progress to
fibrosis with or without emphysema.[2] Previous epide-
miologic studies have used measurements of indium in
blood, i.e., in plasma, serum, or whole blood, as a bio-
logical indicator of indium exposure and have observed
associations with adverse respiratory health out-
comes.[3,4] A recent study observed that plasma indium
concentration is correlated with cumulative respirable
indium exposures and higher cumulative respirable
indium exposures were associated with shortness of
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breath, lower spirometric parameters, and higher blood
levels of biomarkers of lung disease.[5] Further, another
recent study reported significant associations between
current indium exposure and increased DNA damage
and chromosome aberrations in the lymphocytes of
exposed workers.[6] However, the correlations between
measurements of indium in blood matrices and cur-
rent respirable indium exposure are inconsistent.[7]

Differences between these measurements may be due
to differences in chemical forms of indium as well as
not accounting for larger, inhalable indium particles
that deposit in the upper and conducting airways and
contribute to blood indium levels. Additionally,
indium in blood reflects current ongoing exposures as
well as past exposures that may have occurred in dif-
ferent working conditions. Hoet et al. observed that
with a half-life of 65 days in blood, indium may accumu-
late in the body and contribute to blood indium levels
observed in exposed workers after exposure ceases.[7]

Previous work by Leach et al. observed a biological half-
life for indium oxide, a common form of indium found
in ITO manufacturing, of 2.5 months in the lungs and
1.75 months in the tracheobronchial lymph nodes.[8]

Because indium lung disease manifests in the alveolar
region of the lung,[2,9] sampling for respirable indium is a
logical choice for this health endpoint. However, evaluat-
ing occupational exposure to both respirable and inhal-
able indium would help characterize (i) the effects of
both size fractions on measurements of indium in blood
and (ii) sources of exposure to both respirable and inhal-
able particle size fractions.

Sampling for multiple aerosol size fractions often
requires more than one sampling device and can present
an increased burden on workers asked to wear multiple
samplers during an exposure assessment survey. A
single sampler that can provide both respirable and
inhalable exposure measurements is desirable because it
minimizes the burden on workers and can thereby
enhance study participation.[10] The IOM sampler is
often used for sampling inhalable aerosol,[11–13] and
multiple studies have used it to measure exposure to
inhalable dust in widely varied occupational settings
including woodworking, metal refineries, metal foun-
dries, paper mills, textile mills, food processing, and
agricultural industries.[14–18] The dual IOM sampler
(IOMd) includes the MultiDust Foam Disc (a polyureth-
ane foam) insert and can simultaneously collect respir-
able and inhalable aerosol with a single sampling device.
Previous studies have evaluated the laboratory and field
performance of the IOMd in measuring respirable and/
or inhalable dust.[10,14,19–21] However, to the authors’
knowledge, only one study to date has evaluated the

field performance of the IOMd sampler in measuring
both respirable and inhalable exposure to metal dusts in
a metal manufacturing facility by comparing its per-
formance to other acceptable samplers.[14]

This study evaluates the field performance of the
IOMd sampler by comparing it to the (i) respirable
cyclone and (ii) traditional IOM sampler when sam-
pling for respirable and inhalable indium and dust
exposure, respectively. Field performance of samplers
was assessed by collecting side-by-side area air sam-
ples from multiple locations and processes throughout
an ITO manufacturing facility. Several statistical meth-
ods were used to evaluate the agreement between the
pairs of samplers and sources of disagreement to char-
acterize performance of the different samplers. In add-
ition, the effect of humidity, dust size, and inhalable
dust concentration were also evaluated to understand
the impact of these factors on sampler performance.

Methods

An exposure and health assessment was performed at an
ITO manufacturing facility to characterize exposure to
indium and indium compounds and their associations
with measures of indium lung disease. A comprehensive
exposure assessment survey was performed during a visit
to the facility in the summer of 2014. A sampler compari-
son study was conducted as part of the exposure assess-
ment, to evaluate the field performance of the IOMd in
measuring the respirable and inhalable indium and dust
exposure by comparisons with respirable cyclone and the
traditional IOM sampler.

The ITO manufacturing facility processes indium
oxide and tin oxide into ITO ceramic tiles used by
customers for sputtering applications. The major steps
in the production of ITO ceramic tiles and reclam-
ation of indium starts in the refinery, where indium
oxide is produced from solid indium metal[22] and
have been described previously.[23,24] In the ITO area,
indium oxide and tin oxide are mixed together. The
resulting mixture is formed into planar or cylindrical
tiles in the casting areas or spray dried followed by
cold isostatic pressing. These tiles undergo limited
cutting and sanding, and are then fired to sinter the
ITO. After firing, the sintered tiles are ground and cut
to customers’ specifications in the grinding areas.
Once cut, a backing material is applied to the tiles in
the bonding area, after which the tiles are packaged
and shipped. In the reclaim area, spent tiles and waste
materials from all production areas are converted to
indium metal. Molten metal is then cast into ingots
and finally into shot to be used in the refinery. Other
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production-related processes include quality control
(QC) and research and development (R&D).

Air sampling for physical and chemical
characterization of aerosols

Cascade impactors were used to collect air samples to
characterize the aerosol size distribution during the
exposure assessment survey. Eight-stage Marple Cascade
Impactors (Marple series 290, MSP Corporation,
Shoreview, MN) were used to collect 26 area air samples
from production and production support locations and
included the planar bond shop, rotary bond shop, planar
grinding, ITO, forming, reclaim, refinery, rotary grind-
ing, forming, QA and QC lab, and shipping and receiving
areas. Area air samples were collected for 4.5–5.4 hr dur-
ation. Marple Cascade Impactors were operated at a flow
rate of 2 Lpm and equipped with pre-greased 34mm
PVC filters. Samples were analyzed gravimetrically and
for mass of indium. Chemical composition of the aerosol
was assessed with three-piece 37-mm open-faced cassette
samplers (SKC, Inc., Eighty Four, PA) loaded with poly-
tetrafluoroethylene (PTFE) filters. The open-faced cas-
sette samplers were used to ensure an even distribution
of the aerosol across the filter face. Open-faced cassette
samples were collected from production and production
support locations and were co-located with cascade
impactors. Open faced cassette samples were collected
for 6.1–38.8 hr and operated at a flow rate of 2 Lpm and
analyzed for elemental composition. A minimum of one
field blank and one media blank was used for every 10
samples of each cascade impactor or open-face cassette.

Air sampling for sampler comparison

Side-by-side sets of area air samples were collected dur-
ing the 2014 exposure survey using the respirable cyc-
lone GK2.69 (BGI Inc., Waltham, MA) and the IOMd

(IOM with polyurethane foam insert) and traditional
IOM (SKC Inc., Eighty Four, PA). Sets of IOMd, trad-
itional IOMs, and respirable cyclones were placed in
baskets located in 18 fixed locations in the production
areas, which included the planar and rotary bond shops,
ITO areas, planar and rotary grinding areas, reclaim,
refinery, and research and development (R&D). Full-
shift and composite samples were collected for
6.1–16.4 hr duration. The cyclones were operated at a
flow rate of 4.2 liters per minute (Lpm) and equipped
with a two-piece, 37-mm cassette with a 5-mm pore size
polyvinyl chloride (PVC) filter. The IOM samplers were
operated at 2 Lpm and used 5-mm pore size PVC filters.
The IOMd and traditional IOM samplers were made of

conductive plastic. A minimum of one field blank and
one media blank were used for every ten samples of
each sample type. All samples were analyzed gravimetri-
cally and quantified for the mass of indium (described
below). Relative humidity and temperature (Ambient
Weather, Chandler, AZ) were recorded at multiple
intervals during the day.

Analytical methods

Samples were analyzed by a contract laboratory for
respirable and inhalable dusts in accordance with
NIOSH Methods 0500 or 0600 and subsequently
digested and analyzed for indium by inductively
coupled plasma (ICP) atomic emission spectrometry
analyses using NIOSH Method 7303.[25] For gravimet-
ric analyses, the IOM cassette assemblies were allowed
to equilibrate for a minimum of 2 hr before weighing.
Each IOM assembly was passed over a static neutral-
izer before weighing on a Mettler balance, model
number MT5. Inhalable particulate was measured by
weighing the entire IOM assembly with the cassette,
polyurethane foam insert, and PVC filter. Respirable
particulate was measured by weighing the bottom
plastic support and PVC filter. The limits of detection
(LODs) for IOM cassette assemblies were 50 micro-
grams (mg) per respirable assembly and 100 mg per
inhalable assembly. For cascade impactor samples ana-
lyzed using NIOSH Method 0500, the LODs were 20
mg per sample for slotted filters and 40 mg per sample
for whole filters. For respirable cyclone samples ana-
lyzed gravimetrically using NIOSH Method 0600, the
LOD was 50 mg per sample.

Each IOM cassette was wiped with a PVC filter
wetted with deionized water. The PVC filter was
placed with the corresponding sample and digested
and analyzed according to NIOSH Method 7303. For
IOMd samples, the polyurethane foam insert was sep-
arately digested and analyzed according to NIOSH
Method 7303. Laboratory control spike pairs (LCS)
and blind spikes were prepared on the PVC and foam
media. All PVC samples were recovery corrected with
the average of 103.2%, 102.2%, and 111.7% of the LCS
pairs for the cascade impactor, respirable cyclone, and
IOM samples, respectively. For the IOMd samples, all
samples were recovery corrected with the average of
the LCS pairs of 106% for the foam insert and 103.6%
for the PVC filter. Indium was recovered within the
statistical limits on all blind spikes. The LODs for
samples analyzed for indium content were 0.375 mg
per respirable cyclone sample, 0.4 mg per IOM filter
sample, 0.3 mg per IOMd foam sample, and 0.4 mg per
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cascade impactor filter sample. Open-faced cassette
samples were analyzed for 48 elements using proton
induced x-ray emission (PIXE) analysis (Elemental
Analysis, Inc., Lexington, KY) with detection limits
that ranged from 0.02–0.15 mg per cm2.

Impactor data analysis

Results for indium and dust mass collected on the
cascade impactors were corrected according to the
manufacturer’s reported collection efficiency for each
stage (Thermo Fisher Scientific, Franklin, MA).
Particle mass median aerodynamic diameter (MMAD)
and geometric standard deviation (GSD) for unimodal
or bimodal size distributions of indium and dust were
calculated using the method previously described by
Hewett and McCawley.[26] The method fits a smooth
curve to particle size data and generates estimates of
the parameters for each mode to include the geomet-
ric mean size, GSD, and the percentage that each
underlying mode contributes to the overall distribu-
tion. The estimates of the underlying distribution can
be modified until a satisfactory fit is obtained.[26] A
satisfactory fit was defined as a value for the squared
difference of less than 10 for the percent of total area
under the curve and the percent total mass per stage,
as previously described by Hewett and McCawley.[26]

Statistical analysis

All statistical analyses were performed using PC-SAS
version 9.2 and JMP version 11.0 (SAS Institute, Cary,
NC) and all plots were prepared in SigmaPlot
(Version 9.01, Systat Software Inc., San Jose, CA).
Measurements below the LOD were also randomly
simulated from 0 to the corresponding LODs using
the beta substitution method, that is shown to gener-
ate estimates of the GM and GSD that closely match
those from the maximum likelihood method (MLE),
the standard for handling LOD data.[27] The distribu-
tions of all the measurements were evaluated graphic-
ally using probability plots and summary statistics
were calculated. Dust concentration was dichotomized
as: low (�50th percentile) or high (>50th percentile)
for dust concentrations measured by the IOM.

Mean difference (bias), mean percent difference,
standard deviation of the difference, ratio and paired
t-test between the sampler types for respirable and
inhalable indium, and dust were calculated to assess
agreement. Agreement was also assessed by calculating
the concordance correlation coefficient (CCC), which
is based on the mean of the squared difference

between two measurement methods, transformed into
a correlation coefficient.[28–30] The CCC has two com-
ponents: (1) accuracy defined as the deviation of the
fitted line from the concordance line, where the con-
cordance line is the line of theoretical perfect agree-
ment; and (2) precision—the deviation of each pair of
observations from the fitted line. The CCC, its preci-
sion, and accuracy components were calculated in
SAS using a macro provided by Lin et al.[28] Single-
factor ANOVA models were fit with percent differ-
ence as the outcome variable and dust concentration
as the predictor variable to evaluate the dust concen-
tration effect on percent difference between paired
sampler types. Because of the disproportionately
greater fraction of dust measurements below the LOD
for the IOMd sampler compared to the IOM or cyc-
lone, statistical analyses of sampler comparisons were
performed twice, once excluding the LOD measure-
ments and once using all the data (reported in the
online supplementary).

Simple ordinary least square (OLS) regression mod-
els were developed using the natural logarithm of cyc-
lone or the traditional IOM concentrations as the
dependent variables with the natural logarithm of the
IOMd concentrations as the predictor variable.
However, because both the dependent and the pre-
dictor variables have measurement error, OLS regres-
sion can provide biased estimates for the intercept
(which may be biased high) and the slope (which may
be biased low). Hence, the same models were also run
using an error-in-variables model (Orthogonal regres-
sion) in JMP with the assumption that the error vari-
ance was equal for the pairs of samplers.

Results

Indium and dust aerosol size distribution and
chemical composition

Indium and dust aerosol size distributions varied by
department and location (Table 1). Of the 26 Marple
Cascade Impactor samples, seven samples for indium
and 10 dust samples were not included in size distri-
bution calculations because more than five of the 8
stages had filters with measurements below the LOD.

MMAD measurements for indium aerosol and
GSDs ranged from 0.9–20.1 mm and 1.3–4.4, respect-
ively (Table 1). Of the 17 locations with cascade
impactor measurements, only the reclaim milling area
and the refinery centrifuge area had size distribution
data that indicated the indium aerosol was predomin-
antly in the respirable size range (MMAD <4 mm and
respirable fraction >0.5). Bimodal size distributions
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for indium aerosol were observed in the refinery cen-
trifuge area, rotary bond shop, and the ITO cutting
and sanding area (Table 1). Of the areas where
bimodal size distributions were observed, the indium
aerosol in the refinery centrifuge area was predomin-
antly in the respirable size range (MMAD <4 mm and
respirable fraction >0.5). All other sampled areas with
unimodal or bimodal MMADs had indium aerosol
predominantly in the thoracic (MMAD >4 mm and
<10 mm) and inhalable size ranges (MMAD
>10 mm).

Dust size distributions varied greatly within and
between processes in different departments and loca-
tions. MMAD measurements for dust and GSDs
ranged from 0.2–24 mm and 1.2–5.0, respectively.
Dust MMADs in the respirable size range were
observed in the reclaim milling area, refinery centri-
fuge area, ITO cutting and sanding area, rotary grind-
ing, and rotary bond wetting room (Table 1). Bimodal
dust size distributions were observed in the planar
grinding area and the ITO cutting and sanding area.

Chemical composition of aerosol particles varied by
department and location as well (Table 1). For the
majority of the 48 elements analyzed, all samples were
below the LOD. Elements quantified in some of the
samples included aluminum (Al), calcium (Ca), chlor-
ide (Cl), copper (Cu), indium (In), iron (Fe), potas-
sium (K), silicon (Si), sulfur (S), tin (Sn), and zinc
(Zn). A majority of samples for these elements (76%
for Al, 88% for Ca, 80% for Cl, 96% for Cu, 80% for
Fe, 96% for K, 68% for Si, 80% for S, 88% for Sn, and

92% for Zn) were also below the LOD and are thus
summarized as present or absent for a particular area.

Temperature and relative humidity measurements

Temperature and relative humidity measurements var-
ied by location. Temperature measurements ranged
from 18.9 �C (planar grinding) to 35–35.6 �C (ITO
and reclaim) (Supplementary Table S1). Relative
humidity measurements ranged from 20% (ITO) to
80–82% (forming, planar grinding, and R&D)
(Supplementary Table S1).

Respirable indium and dust

Seventeen pairs of IOMd and respirable cyclone sam-
ples were available for comparison. Six IOMd and
three respirable cyclone measurements for respirable
dust were below the LOD and were excluded from
analyses presented in Figures 1, 2, S3, and S4, and
Tables 2–4. Imputed values for measurements below
the LOD were included in results presented in corre-
sponding Figures S1 and S2, and Tables S3 and S4.
Respirable indium measurements collected using the
IOMd and respirable cyclone ranged from 0.9–294.6
mg/m3 and 0.2–295.8 mg/m3, respectively (Table 2).
Respirable dust measurements collected using the IOMd

and respirable cyclone ranged from <27.0–430.5 mg/m3

and <13.0–378.0 mg/m3, respectively (Table 2,
Table S2). The IOMd measured higher levels of
respirable indium (mean bias¼ 4.39 mg/m3, mean

Table 1. Physical and chemical characteristics of workplace aerosol in ITO production and reclamation jobs.

Department Location
Indium

MMADA (mm) Indium GSD
Dust

MMADA (mm) Dust GSD Chemical compositionA

Refinery Centrifuge 2.1 and 20.1A 1.3 and 4.3A 0.2 1.2 In
Dross processing area 12 2.3 � � �

ITO Furnace 11.6 2.3 5.9 5 In
Blending Area 15.9 1.9 � � In, Si
Cutting and Sanding 2.7 and 8.7A 1.4 and 4.4A 2.7 and 17A 1.4 and 4.4A In, Fe
Spray Dryer 18.5 1.5 24 1.5 In
Casting 8.4 2.8 � � In, S

Planar Bond Bond Shop 10.3 3.6 � � Al, Ca, In, Fe, Si, S, Cu
Planar Grind Grinding 7.8 2.7 7.8 2.7 Cl, In

Sawing 8.3 3 � � �
Rotary Bond Bond Shop 1.2 and 12.7A 1.8 and 2.2A � � In

Wetting Room 7.8 3.4 0.2 1.5 In, Si
Rotary Grind Grinding 4.7 3.4 3.2 1.6 Cl, In
Reclaim Furnace 11.6 2.3 17 1.8 Al, Cl, In, Fe, Si, S, Zn

Milling 0.9 1.6 0.5 1.6 Al, Cl, In, Fe, Si, Sn, Zn
Mixing 7.3 3.1 10.5 3.1 Al, Ca, Cl, In, Fe, Si, Sn

Forming Forming Shop � � 5 2.2 Al, Ca, K, Si, S
QA and QC Inspection 7.4 2.7 � � In
Shipping and

Receiving
Deck 11.1 2.2 � � �

AMMAD measurements in mm and GSD calculations for bimodal size distributions.
BChemicals are abbreviated by their elemental symbol.
─ indicates samples that were below the limit of detection.�indicates no samples were collected in this area for PIXE analysis.
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difference¼ 60.7%) and respirable dust (mean
bias¼ 31.2 mg/m3, mean difference¼ 82.1%) than the
respirable cyclone (Table 3). Paired t-test analyses indi-
cated this difference was statistically significant for res-
pirable dust but not for respirable indium. Respirable
indium measurements showed better agreement (CCC:
0.932) compared to respirable dust measurements
(CCC: 0.777), with a high degree of accuracy (accuracy
coefficient¼ 0.987 vs. 0.885) and with lower precision
being the cause of disagreement (precision coef-
ficient¼ 0.945 vs. 0.878), respectively, for respirable
indium and respirable dust (Table 3). Analyses using
imputed values for the three cyclone and six IOMd

respirable dust measurements below the LOD increased
the sample size and showed better agreement
between the sampler types for respirable dust
(CCC: 0.850) with an increased accuracy (accuracy

coefficient¼ 0.959) but lower precision (precision coef-
ficient¼ 0.887) (Table S3).

Scatterplots of respirable cyclone by IOMd meas-
urements for respirable indium and respirable dust
show the spread of the data around the unity line
(Figures 1a and 1b). The unity line indicates perfect
agreement between the two sampler’s measurements.
The OLS and orthogonal regression were very similar
for respirable indium but not respirable dust.
Scatterplots of the respirable sampler types with meas-
urements displayed by department did not indicate a
pattern of deviation from the unity line by depart-
ment. However, the small number of measurements
by department limit certainty of this observation
(Supplementary Figures S3a and S3b). The Bland-
Altman difference plots show a positive bias for res-
pirable indium and dust measured with IOMd, and

Figure 1. Respirable and inhalable indium and dust measurements. Panels (a) and (b): (a) respirable indium and (b) respirable
dust measurements collected using the IOMd compared with respirable cyclone (RC). Panels (c) and (d): (c) inhalable indium (d)
and inhalable dust measurements collected using the IOMd compared with the IOM sampler. Dust measurements below the LOD
are excluded in panels (b) and (d). All dust measurements including imputed values for measurements below the LOD can be
seen in Figure S1.
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the patterns suggest a possible concentration effect
(Figures 2a, 2b, S2a, and S2b). However, results of the
one-way ANOVA models did not indicate a signifi-
cant effect of dust concentration on differences in
sampler types for respirable indium or dust (Tables 4
and S4).

Inhalable indium and dust

Eighteen pairs of IOMd and traditional IOM samples
were available for comparison, and eight IOMd meas-
urements for inhalable dust were below the LOD were
excluded from analyses presented in Figures 1, 2, S3,
S4, and Tables 2–4. Imputed values for measurements
below the LOD were included in results presented in
corresponding Figures S1 and S2, and Tables S3 and
S4. Inhalable indium measurements collected using
the IOMd and IOM ranged from 1.7–920.1 mg/m3 and

2.1–718.9 mg/m3, respectively (Table 2). Inhalable dust
measurements collected using the IOMd and IOM
ranged from <50.4–1617.7 mg/m3 and 110.0–1694.4
mg/m3, respectively (Tables 2, S2). The IOMd meas-
ured similar levels of inhalable indium (mean
bias¼ 28.1 mg/m3, mean difference¼ 4.8%) but lower
levels of inhalable dust (mean bias¼ -146.9 mg/m3,
mean difference¼ -31.5%) than the traditional IOM
(Table 3). Paired t-test showed that this difference was
statistically significant for inhalable dust. The IOMd

showed a high degree of agreement with the trad-
itional IOM for inhalable indium (CCC: 0.997, accur-
acy: 0.999, and precision: 0.998), but less agreement
for inhalable dust (CCC: 0.886, accuracy: 0.896, and
precision: 0.989) (Table 2). Analyses using imputed
values for the eight IOMd respirable dust measure-
ments below the LOD increased the sample size but
showed even lower agreement between the sampler

Figure 2. Respirable and inhalable sampler bias across different aerosol concentrations. Panels (a) and (b): (a) respirable indium
and (b) respirable dust measurements collected using the IOMd compared with respirable cyclone (RC). Panels (c) and (d): (c) inhal-
able indium (d) and inhalable dust measurements collected using the IOMd compared with the IOM sampler. Dust measurements
below the LOD are excluded in panels (b) and (d). Sampler bias calculated using imputed values for dust measurements below
the LOD can be seen in Figure S2.
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types for inhalable dust (CCC: 0.661, accuracy: 0.689,
and precision: 0.959) (Table S3).

Scatterplots of the traditional IOM vs. IOMd illus-
trate strong agreement for inhalable indium with
measurements close to the unity line (R2 ¼ 0.997),
but poor agreement for inhalable dust with measure-
ments clustered above the unity line (Figures 1c and
1d). The OLS and orthogonal regression were very
similar for both inhalable indium and dust.
Scatterplots of the inhalable sampler types distinguish-
ing measurements by department did not indicate a
pattern of deviation by department due to paucity of
data by department (Supplementary Figures S1c and
S1d). The Bland-Altman difference plots show a slight
positive bias for inhalable indium and a large negative
bias for inhalable dust measured with IOMd, and the
pattern suggests a possible concentration effect at
higher concentrations (Figures 2c and 2d). Results of
the one-way ANOVA models indicate significant
effect of dust concentration on differences in sam-
pler types for inhalable indium and inhalable dust
(Tables 4 and S4).

Discussion

Physical and chemical characteristics of aerosols
sampled in this ITO facility varied by department and
location. Indium and dust size distributions were not
always similar within departments and locations. Of
the areas sampled, only the reclaim milling area and
the refinery centrifuge had an indium MMAD in the
respirable size range and a predominantly (>0.5) res-
pirable mass fraction. All other areas sampled had
indium MMADs in the thoracic and inhalable size
fractions. Bimodal size distributions for indium aero-
sol were observed in areas where multiple processes
were present, or where processes present included size
separation of indium, such as in the centrifuge area of
the refinery. Size distribution of dust measurements
also varied greatly by department and location. GSDs
for dust measurements ranged from 1.2–5, which sug-
gested a large range in measured dust sizes. Some of
the variability observed between indium and dust size
distribution data may be due to the higher LOD for
dust using gravimetric measurements compared to the
LOD for indium using NIOSH method 7303. This

Table 2. Respirable indium and dust and inhalable indium and dust measurements by sampler type.

Sampler

Respirable indium (mg/m3) Respirable dustC (mg/m3) Inhalable indium (mg/m3) Inhalable dustC (mg/m3)

N GMA Min-MaxB N GMA Min-MaxB N GMA Min-MaxB N GMA Min-MaxB

IOMd 17 10.9 0.9–294.6 10 118.8 37.9–430.5 18 36.5 1.7–920.1 10 329.1 54.2–1617.7
Respirable

Cyclone
17 8.4 0.2–295.8 10 76.6 14.6–378.0 ─ ─ ─ ─ ─ ─

IOM ─ ─ ─ ─ ─ ─ 18 35.1 2.1–718.9 10 503.9 143.3–1694.4
AGeometric mean of mass concentrations measurements.
BMinimum and maximum values for mass concentration measurements.
Cindicates respirable dust and inhalable dust measurements with samples< LOD excluded from analyses. All dust measurements including samples below
the LOD can be seen in Supplementary Table S2.

─ indicates no samples collected.

Table 3. Comparisons between respirable indium and dust and inhalable indium and dust measurements.

Sampler Comparison
Mean ratio
(range)

Mean difference
or bias in mg/m3

(95% CI)

Mean %
difference
(range)

Std. of
difference CCC

Accuracy
coefficient

Precision
coefficient

IOMd : Respirable Cyclone
Respirable Indium
(n¼ 17)

1.61
(0.42–5.38)

4.39
(�0.87–9.63)

60.7
(�58.4–437.8)

10.22 0.932 0.987 0.945

IOMd : Respirable Cyclone
Respirable DustB

(n¼ 10)

1.82
(0.49–4.16)

31.2A

(7.41–55.0)
82.1A

(�50.7–315.8)
33.2 0.777 0.885 0.878

IOMd : IOM
Inhalable Indium
(n¼ 18)

1.05
(0.77–1.41)

28.1
(�9.58–65.8)

4.8
(�22.9–41.4)

75.77 0.997 0.999 0.998

IOMd : IOM
Inhalable DustB

(n¼ 10)

0.69
(0.37–0.95)

�146.9A

(�223.5–-70.3)
�31.5A

(�62.9–-4.5)
107.1 0.886 0.896 0.989

AMean differences that were significant on paired t-test, with p< 0.05.
Bindicates respirable dust and inhalable dust measurements with samples< LOD excluded from analyses. Sampler comparisons using imputed values for
dust measurements below the LOD can be seen in Supplementary Table S3.

Ratio ¼ Sampler 1Indium=Dust � Sampler 2Indium=Dust

Difference ðBiasÞ ¼ 1
N

P
Sampler 1Indium=Dust�Sampler 2Indium=Dust

Percent Difference ¼ ð1N
P Sampler 1Indium=Dust�Sampler 2Indium=Dust

Sampler 2Indium=Dust
Þ � 100

Std of Difference ðPrecisionÞ ¼ Standard Deviation of ðSampler 1Indium=Dust�Sampler 2Indium=DustÞ
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difference in LOD for dust and indium (50–100-fold
difference) would disproportionately affect dust meas-
urements on stages that collect smaller particles, where
larger numbers of particles are required to achieve the
mass-based LOD. Additionally, discrepancies between
indium and dust size distribution measurements may
reflect different material types and mechanical proc-
esses present at each location and step of ITO produc-
tion. Indium was present in all locations sampled
except for forming where indium was not used.
However, tin was quantified in only two locations in
the reclaim area, likely due to its low proportion in the
alloy (0.1–3.3%)[23] and a higher LOD.

The IOMd and the respirable cyclone showed good
agreement for respirable indium and moderate agree-
ment for respirable dust across a range of dust con-
centrations. Previous work by Kenny et al. suggested
that the IOMd may be a valid alternative method to
respirable cyclones for measuring respirable aerosol
exposures.[10,15] However, Kenny et al. also cautioned
that the IOMd performance should be verified in the
occupational setting of interest to account for any
sampling error due to dust loadings and different par-
ticle types.[10,15] Two previous studies of IOMd and
respirable cyclone measurements of dust exposures in
brick manufacturing or mining industries also
observed differences between the IOMd and respirable
cyclone performance.[19,20] However, unlike the results
presented here, De Vocht et al. and Belle et al.
reported that the IOMd collected less respirable dust
mass than the respirable cyclone.[19,20] De Vocht et al.
suggested that surface characteristics of the clay par-
ticulates sampled in a brick manufacturing setting

may affect the IOMd foam filtering efficiency and may
capture smaller particles in the foam resulting in
lower respirable dust measurements with the
IOMd.

[19] Specifically, De Vocht et al. observed that
the clay particulates consisted of weakly bonded,
stacked layers that allow water or other polar mole-
cules to enter between these layers.[19] De Vocht et al.
hypothesized that the clay particulates might expand
or form particles with increased aerodynamic diame-
ters that will be captured by the foam insert.[19]

Surface characteristics of the respirable dust aerosol
may explain differences observed between the two res-
pirable samplers;[19] however, the surface characteris-
tics of the respirable dust at this facility were not
evaluated. The indium aerosol and indium feedstock
at this facility were previously analyzed by Badding
et al. who characterized indium particles collected in
eight locations, to include locations in the refinery,
ITO, and reclaim.[23] Characterization results indi-
cated a lack of porosity in the indium particulates,
with crystalline structures observed for samples from
ITO and reclaim.[23] The overall morphology of the
indium aerosol and feedstock observed at this facility
suggest that respirable indium particulates at this facil-
ity are less likely to expand or form particles with
increased aerodynamic diameters that will be captured
by the foam insert than the clay particulates analyzed
in the study by De Vocht et al., and may help explain
why the IOMd performed as well as the respirable
cyclone when sampling respirable indium. Another
study by Linnainmaa et al. reported that samples
exceeding 4mg of dust loading may underestimate the
respirable fraction due to increased filter loading and
filtering efficiency of the foam.[14] In the study pre-
sented here, no samples exceeded the suggested 4mg
sample loading limit. With the exception of one IOMd

sample that had a total of 3.8mg dust, all other sam-
ples were below 1.8mg total dust loading. Smaller
sample loading may explain why overall, the IOMd

did not underestimate respirable exposures when
compared to measurements using the respirable cyc-
lone in the study presented here.

Differences between the two respirable samplers
did not vary by department and were not concentra-
tion-dependent for respirable indium and respirable
dust concentrations. However, our analyses by depart-
ment were limited by small sample sizes. Because
department may be a surrogate for dust concentration,
sampler differences were also analyzed accounting for
areas with low and high dust concentrations. No
significant differences in sampler measurements for

Table 4. One-way analysis of variance of percent differences
in measurements of respirable and inhalable indium and dust,
by dust concentration.

Sampler comparison

Mean percent difference
(95% CI), by dust concentration

(mg/m3)

LowA (� 663) HighA (> 663)

IOMd : Respirable Cyclone
Respirable Indium
(n¼ 17)

10.1
(�5.6–25.9)
(n¼ 12)

5.3
(�19.1–29.7)

(n¼ 5)
IOMd : Respirable Cyclone

Respirable Dust
(n¼ 10)

126.4
(3.0–249.7)
(n¼ 4)

34.0
(�48.1–153.4)

(n¼ 6)
IOMd : IOM

Inhalable Indium
(n¼ 18)

0.53B

(�7.4–8.5)
(n¼ 13)

15.8B

(3.0–28.5)
(n¼ 5)

IOMd : IOM
Inhalable Dust
(n¼ 10)

�46.4B

(�61.3–�31.5)
(n¼ 5)

�16.6B

(�31.5–1.7)
(n¼ 5)

A50th percentile of all IOM dust concentration measurements ¼663
mg/m3.

BIndicates ANOVA results with p< 0.05.

Percent Difference ¼ ð1N
P Sampler 1Indium=Dust�Sampler 2Indium=Dust

Sampler 2Indium=Dust
Þ� 100
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respirable indium or respirable dust were observed
when stratified by dust concentrations.

The IOMd and the IOM sampler were in good overall
agreement for measurements of inhalable indium (%
difference¼ 4.8%) but differed significantly for inhal-
able dust (% difference ¼ -31.5%). Differences between
the two inhalable samplers did not vary by department
for inhalable indium and dust. However, our analyses
by department were limited by small sample sizes. Dust
concentration had a significant effect on the percent dif-
ferences between sampler types for both inhalable
indium and for inhalable dust. Differences between the
inhalable sampler types for inhalable dust were signifi-
cantly larger at lower dust concentrations and may be
due to increased variability in gravimetric analyses at
lower dust loadings. Results from our study are similar
to results from previous laboratory studies that reported
difficulty with gravimetric analyses of inhalable dust
measurements using the plastic IOM sampler.[31,32] Due
to the variability in gravimetric analyses at lower masses
of dust loading, Stacey et al. suggested that the plastic
IOM sampler should only be used when several mg of
dust loading are expected.[31] Additionally, Lid�en and
Bergman suggest that plastic IOM samplers should be
stored in the weighing room for at least 1 week after
sampling to allow sampling cassettes a chance to equili-
brate to and approach a stable weight.[33] The shorter
time used to allow the plastic IOM samplers to equili-
brate prior to the gravimetric analyses presented here
also may have contributed to variability observed
between the two inhalable sampler types. Further,
Smith et al. observed that stainless steel cassettes are
more stable than the plastic IOMs used in our study,
and may be preferable for gravimetric analyses.[34]

However, moisture absorption by the plastic foam insert
may also affect measurements of inhalable dust concen-
trations regardless of the plastic or steel cassette
housing.[14] Results from our field study are also similar
to results from the field investigation of the IOM
and IOMd by Linnainmaa et al. who also observed that
the IOMd was not stable for inhalable dust
measurements.[14]

A limitation of this study is that only field meas-
urements were collected. Unlike environmental cham-
ber tests, aerosol size distribution and concentration
could not be directly controlled in this field investiga-
tion. A small sample size and inability to directly con-
trol aerosol size distribution and concentration limited
the ability to quantify the effect of these factors on
sampler performance. Additionally, air velocity, tem-
perature, and relative humidity could not to directly
controlled either, to quantify their effects on sampler

performance. Another limitation is that NIOSH
Method 7303 has not been validated for analysis of
metals in the IOMd foam insert. However, LCS and
blind spikes of the foam media had indium recovery
well within statistical limits and all foam samples were
recovery corrected with the average recovery.

Despite these limitations, the IOMd showed good
agreement with the respirable cyclone for respirable
and inhalable indium across a range of temperatures
(range: 18.9–35.6 �F), relative humidity (range:
20–82%), indium aerosol sizes (MMAD range:
0.9–20.1 mm), and concentrations (respirable indium
range: < 0.14–296 mg/m3; inhalable indium range:
1.7–920.1 mg/m3). Results from this study suggest that
the IOMd is a useful single sampler for simultaneous
measurements of respirable and inhalable indium and
may be applicable in other occupational settings where
simultaneous measurements of respirable and inhal-
able elemental metal exposures are needed. However,
it would be prudent to verify its performance in the
workplace setting of interest to account for variability
and any errors.

Conclusion

Results from this field investigation suggest that the
IOMd sampler is a useful single sampler that can pro-
vide measurements of respirable and inhalable indium
exposures. In ITO manufacturing settings, measure-
ment of respirable indium is of interest for under-
standing risk of indium lung disease whereas
inhalable indium would account for larger, thoracic
and inhalable, indium particles that deposit in the
upper and conducting airways and contribute to
indium body burden. Inhalable indium exposure
measurements may help explain the inconsistent cor-
relations previously observed between indium blood
levels and respirable indium exposure. The IOMd

could be used to understand (i) sources of exposure
to both respirable and inhalable indium aerosol and
(ii) the effects of exposure to both respirable and
inhalable size fractions on biological indicators associ-
ated with adverse respiratory outcomes such as meas-
urements of indium in blood.
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