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Abstract

Increased global demand for touch screens, photovoltaics, and optoelectronics has resulted in 

an increase in the production of indium–tin oxide (ITO). Occupational exposure to indium 

compounds is associated with the development of indium lung disease. Although many previous 

epidemiologic investigations highlight an excess of lung abnormalities in workplaces where ITO 

is produced, few assessments of occupational exposure to respirable and inhalable indium are 

reported to date. The objective of this study was to identify the determinants of respirable and 

inhalable indium at an ITO production facility to target exposure interventions. In 2012 and 2014, 

we conducted exposure assessments at an ITO production facility and collected full-shift personal 

respirable (n = 159) and inhalable (n = 57) indium samples. We also observed workers and 

recorded information on task duration and location, materials used, and use of personal protective 

equipment (PPE). Tasks (n = 121) recorded in task diaries were categorized into 40 similar task 

groups using the Advanced REACH Tool and process-related information. Mixed-effects models 

were fit separately for log-transformed respirable and inhalable indium, with random effect of 

subject and fixed effects of task groups. Overall, respirable and inhalable indium measurements 

ranged from 0.1 to 796.6 μg m−3 and 1.6 to 10 585.7 μg m−3, respectively, and were highly 

correlated with Spearman correlation coefficient of 0.90. The final model for respirable indium 

explained 36.3% of total variance and identified sanding, powder transfer tasks in reclaim, powder 

transfer tasks in refinery, handling indium materials, and liquid transfer tasks in ITO production as 

tasks associated with increased respirable indium exposure. The final model for inhalable indium 
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explained 24.6% of total variance and included powder transfer tasks in ITO production, cleaning 

cylinder or tile, and handling indium material tasks. Tasks identified as strong predictors of full-

shift exposure to respirable and inhalable indium can guide the use of engineering, administrative, 

and PPE controls designed to mitigate occupational exposure to indium. Moreover, since the tasks 

were aligned with REACH activities, results from this study can also be used to inform REACH 

activity scenarios.
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Introduction

Increased global demand for indium–tin oxide (ITO) in flat-panel displays, touch screens, 

photovoltaics, and optoelectronics in the last 20 years has resulted in increases in 

the production, use, and reclamation of ITO (Omae et al., 2011; Hines et al., 2013). 

Occupational exposure to indium is associated with indium lung disease which is 

characterized as pulmonary alveolar proteinosis that can progress to pulmonary fibrosis 

with or without emphysema (Cummings et al., 2012). Indium lung disease was previously 

reported in workers involved in the production, use, or reclamation of indium (Omae et 
al., 2011) and symptoms have been observed as early as 1 year after first exposure to 

indium (Cummings et al., 2013). Disease can initially present as cough and dyspnea without 

a work-related pattern and can progress to disability and death (Cummings et al., 2013). 

Indium concentration in serum or plasma of exposed workers is used as an exposure metric 

in epidemiological studies. However, little is known about the relationship between serum 

or plasma indium measurements and occupational exposure to respirable and inhalable 

indium because few published studies have included both a medical evaluation and exposure 

assessment of the workplace (Cummings et al., 2016).

Previous epidemiological studies that included an exposure assessment focused on respirable 

indium exposure because indium lung disease manifests in the alveolar region of the lung 

and respirable indium is the logical choice for this health endpoint (Cummings et al., 
2010, 2012). However, correlations between measurements of indium in blood matrices and 

current respirable indium exposure are inconsistent (Hoet et al., 2012; Cummings et al., 
2016). Differences between these measurements might be due to different chemical forms of 

indium and their relative solubilities as well as not accounting for larger, inhalable particles 

containing indium that deposit in the upper and conducting airways and contribute to plasma 

or serum indium levels (Hawley Blackley et al., 2019). Additionally, measurements of 

indium in plasma or serum reflect both current exposure and historical exposure that could 

have occurred in different working conditions (Cummings et al., 2016; Hawley Blackley et 
al., 2019). Although many previous epidemiologic investigations highlight an excess of lung 

abnormalities in workplaces where indium lung disease occurred, few exposure assessments 

of occupational exposure to respirable and inhalable indium have been reported to date 

(Chen, 2007; Miyauchi et al., 2012; Cummings et al., 2013).
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Two previous occupational exposure assessments at facilities where ITO was used or 

produced reported highly variable exposures, with partial- to full-shift time-weighted 

average (TWA) exposures ranging from 0.0004 to 0.11 milligrams per meter cubed (mg 

m−3) respirable indium, 0.41 to 3.3 mg m−3 inhalable indium, and less than 0.0048 to 9.8 

mg m−3 total indium (NIOSH, 2012; Hines et al., 2013). The ACGIH® recently adopted 

a Threshold Limit Value (TLV®) TWA of 0.0001 mg m−3 for respirable particulate matter 

as indium to protect against adverse lung effects including effects on pulmonary function, 

inflammation, alveolar proteinosis, and lung fibrosis (ACGIH, 2019). Full-shift sampling 

can be used to identify jobs with the highest TWA exposures, but requires additional 

information to unravel the causes of variation. Specific tasks and processes that contribute 

to high full-shift TWAs can be overlooked without (i) task-based sampling or (ii) task 

diaries and modeling of tasks as predictors of full-shift exposures (Goldberg et al., 1997; 

Seixas et al., 2003; Thilsing et al., 2015). Task-based sampling can be utilized when 

assessing occupational exposures sufficiently high to capture detectable quantities of an 

analyte, despite shorter sampling durations. However, task-based sampling is expensive 

in terms of time, equipment, and sample analyses. A cost-effective alternative approach 

to task-based sampling is to use task diaries in combination with full-shift samples to 

identify determinants of full-shift exposures. The objective of this study was to identify 

the determinants of exposure to respirable and inhalable indium at an ITO manufacturing 

facility to target exposure interventions. Tasks identified as strong predictors of full-shift 

exposure to respirable and inhalable indium can help inform control strategies designed to 

mitigate occupational exposure to indium.

Methods

Process description

The ITO manufacturing facility processes indium oxide and tin oxide into ITO ceramic tiles 

used by customers for sputtering applications and the manufacturing processes have been 

described previously. (Medvedovski et al., 2008; Cummings et al., 2013; Hines et al., 2013; 

Badding et al., 2014; Hawley Blackley et al., 2019) The major steps in the production of 

ITO ceramic tiles and reclamation of indium starts in the refinery, where indium oxide is 

produced from solid indium metal. 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 

production-related processes include quality control (QC) and research and development 

(R&D).

Respirable and inhalable indium exposure assessment

We performed exposure assessments at the ITO production and reclamation facility in June 

and September 2012 and in July 2014. Full-shift and composite personal samples were 

Blackley et al. Page 3

Ann Work Expo Health. Author manuscript; available in PMC 2023 February 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



collected to assess personal exposure to respirable and inhalable indium. Composite samples 

were collected in administrative areas, and included sampling over multiple shifts/days on 

the same media to collect adequate mass to reach the detection limit. Additionally, NIOSH 

staff observed workers as they performed their regular job duties and periodically recorded 

task duration, task location, materials, and use of personal protective equipment (PPE) in 

task diaries. The use of an N95, full-face, or powered air purifying (PAPR) respirator was 

recorded and used to calculate the percent time of a full-shift sample that was spent in 

respiratory protection.

GK2.69 cyclones (BGI, Inc., Waltham, MA) operated at 4.2 liters per minutes (Lpm) flow 

rate and equipped with a two-piece, 37-millimeter (mm) cassette sampler were used to 

collect personal respirable samples on 49 workers during the 2012 exposure assessment. The 

37-mm cassette samplers were loaded with 5-micrometer (μm) pore size polyvinyl chloride 

(PVC) filters and samples were collected for 6–22 h duration. A total of 110 samples were 

collected using respirable cyclones. IOM personal samplers (SKC, Inc., Eighty Four, PA) 

operated at 2 Lpm and equipped with a multidisc foam insert and a PVC filter were used 

to collect both respirable and inhalable personal samples on 39 workers during the 2014 

exposure assessment. A total of 59 respirable and inhalable samples were collected in 2014. 

Sample duration ranged from 4 to 9 h. Ten respirable and two inhalable samples were 

excluded from analyses due to equipment malfunction or incomplete task diaries.

All air samples were analyzed for indium content using inductively coupled plasma atomic 

emission spectrometry in accordance with NIOSH Method 7303, using methods described 

previously (Hawley Blackley et al., 2019). Limits of detection (LOD) were 0.375 μg 

respirable indium per sample collected using the respirable cyclone, 0.4 μg per IOM filter 

sample, and 0.3 μg per IOM foam sample.

Respirable sampler correction equation

Side-by-side area air samples using IOMs and respirable cyclones were collected throughout 

the ITO production and reclamation facility. Pairs of IOMs and respirable cyclones were 

placed in seventeen fixed locations in production areas, to include the planar and rotary bond 

shops, ITO areas, planar and rotary grinding areas, reclaim, refinery, and R&D. Orthogonal 

regression models were fit using log-transformed respirable indium from the respirable 

cyclone as the outcome variable, and the IOM as the predictor variable, with the assumption 

that the error in variance was equal for the pairs of samplers, as described previously 

(Hawley Blackley et al., 2019). Respirable indium measurements from the IOM samplers 

were adjusted to account for differences with the respirable cyclones, using equation (1),

log(Resp Cyclone) = − 0.48 + 1.09(logIOM) (1)

where Resp Cyclone and IOM represent respirable indium sampling results in μg m−3.

Statistical analyses

Statistical analyses were conducted using SAS software version 9.4 (SAS Institute, Inc., 

Cary, NC). Because plots of the full-shift TWA exposure data indicated the distributions 

were not normal, respirable and inhalable indium TWA measurements were log-transformed 
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for all analyses. Exposure data were summarized using the geometric mean (GM), geometric 

standard deviation (GSD), and estimated 95th percentile including correlation analysis and 

orthogonal regression for respirable and inhalable indium.

Tasks recorded in task diaries were categorized into task groups using the Advanced 

REACH Tool and process-related information (see Supplementary Table S1, available at 

Annals of Work Exposures and Health online edition). Multiple mixed-effects regression 

models were developed to identify the determinants of exposure, with log-transformed 

respirable and inhalable indium as dependent variables, subject ID as random effect, 

and task groups as independent fixed-effects predictor variables. The default covariance 

structure (variance components—VCs) was assumed and estimates of VCs were based 

on the restricted maximum-likelihood method. Univariate analysis was used to evaluate 

significance of individual tasks, task groups, and tasks by department as predictors of full-

shift respirable and inhalable indium. Task groups were split by department when respirable 

or inhalable indium exposure was different (P < 0.05) by department. Forward selection 

procedure was used to construct the final multiple regression models. Single covariates with 

a P-value of less than 0.2 significance level were added to the model using forward stepwise 

selection and only task groups with a significance level of less than 0.1 were retained 

in the model. Variables were added until no improvement to the model was made. Task 

groups were included in the model as continuous variables representing total minutes spent 

performing the task during full-shift exposure monitoring. A null model was constructed for 

each outcome variable with no fixed effects and the random effects of subject ID to obtain 

the total, within-worker, and between-worker VCs. The percent variance explained by the 

fixed effects were estimated by calculating the difference in the total, between-worker and 

within-worker variance estimates between the null and the full models.

Results

Respirable and inhalable indium exposure assessment

A total of 159 respirable and 57 inhalable indium measurements were collected on 65 and 

39 workers, respectively, among all fourteen departments at the facility (Table 1). Less than 

1% of all measurements for respirable indium were below the LOD (n = 1). For respirable 

indium, 31% of workers had a single measurement, while 69% had repeated measurements 

(28% with two measurements, 21% with three measurements and 20% workers four or more 

measurements). For inhalable indium, 54 of workers had a single measurement, while 46% 

had two measurements. Some workers (35%) participated in both exposure surveys, while 

39% participated only in 2012 and 26% participated only in 2014 surveys. All samples for 

inhalable indium were above the LOD. Logged values of respirable and inhalable indium 

measurements were strongly correlated with a Spearman correlation coefficient of ρ = 

0.90 (Fig. 1). With the exception of the rotary bond shop machinist, all TWA respirable 

exposures exceeded the TLV®. The highest respirable and inhalable indium concentrations 

were observed on ITO operators, reclaim operators, and R&D project technicians (Table 

1). Respirable indium exposures measured on ITO operators, reclaim operators, and R&D 

project technicians ranged from 1.1 to 518.3 μg m−3, 4.8 to 796.6 μg m−3, and 2.2 to 

694.3 μg m−3, respectively. Inhalable indium exposures measured on ITO operators, reclaim 
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operators, and R&D project technicians ranged from 68.0 to 1716.3 μg m−3, 150.7 to 2562.9 

μg m−3, and 95.9 to 10 585.7 μg m−3, respectively. ITO operators, reclaim operators, and 

R&D project technicians wore full-face respirator or PAPR 9.1%, 17.6%, and 5.8% of the 

time.

Task groups

Tasks recorded in task diaries (n = 121 tasks) were categorized into 40 task groups (see 

Supplementary Table S1, available at Annals of Work Exposures and Health online edition). 

Task group by department as a predictor of respirable or inhalable indium was significant 

for powder transfer and powder fraction task groups and these were divided into: powder 

transfer, reclaim; powder transfer, refinery; powder transfer, ITO; powder transfer, all other 

departments (R&D, forming); powder fraction, reclaim; and powder fraction, all other 

departments (ITO, refinery, R&D, and QC Lab) (see Supplementary Table S1, available 

at Annals of Work Exposures and Health online edition).

Tasks as determinants of respirable indium exposure

Results from the linear mixed-effects model for respirable indium can be seen in Table 

2. The frequency of task occurrence, the average time spent performing the task, and the 

use of PPE is also displayed in Table 2. The model for respirable indium included six 

task groups that explained 30.0% of the within-worker variability and 43.9% of the between-

worker variability. The total variance was 36.3% lower than the null model. Tasks that 

increased exposure to respirable indium included sanding, powder transfer tasks in reclaim, 

powder transfer tasks in refinery, handling indium materials, and liquid transfer tasks in 

ITO. Correlations among the predictor variable were mostly negative and the Pearson 

correlation coefficient ranged from ρ = −0.054 to 0.17. Packaging tasks were associated 

with lower exposure to respirable indium. Sanding was the strongest positive determinant of 

respirable indium (Table 2). Performing sanding for the average duration 87 min is estimated 

to increase respirable indium exposure by 10-fold (exp(0.027 × 87 min)). Estimates of 

respirable indium exposure during sanding tasks ranged from 11.4 to 604.3 μg m−3 for 

sanding times ranging from 25 to 172 min (Fig. 2). PPE in the form of a full-face respirator 

or PAPR was observed being used 55.8% of the time and N95 respirators were observed 

being used 10% of the time that sanding was performed (Table 2). Powder transfer tasks in 

reclaim also significantly increased exposure. Performing powder transfer tasks in reclaim 

for the average duration of 116 min is estimated to increase respirable indium exposure by 

6.4-fold. Estimates of exposure during powder transfer tasks in reclaim ranged from 9.4 

to 209.4 μg m−3 (Fig. 2). The highest frequency of use of a full-face respirator or PAPR 

was observed during powder transfer tasks in reclaim (84.3%). Powder transfer tasks in the 

refinery also significantly increased exposure to respirable indium. Estimates of exposure 

during powder transfer tasks in the refinery ranged from 6.8 to 40.9 μg m−3 (Fig. 2).

Tasks as determinants of inhalable indium exposure

Results from the linear mixed-effects model for inhalable indium can be seen in Table 3. 

The frequency of task occurrence, the average time spent performing the task, and the use 

of PPE is also seen in Table 3. The model for inhalable indium included three task groups 

that explained 24.6% of the total variance. Tasks that increased exposure to inhalable indium 
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included powder transfer tasks in ITO, cleaning a cylinder or tile, and handling indium 

materials. Correlations among the predictor variable were all negative and the Pearson 

correlation coefficient ranged from ρ = −0.045 to −0.025. Powder transfer task in ITO was 

the strongest positive determinant of exposure to inhalable indium (Table 3). Performing 

powder transfer tasks in ITO for the average duration 26 min is estimated to increase 

inhalable indium exposure by 7-fold (exp(0.075 × 26 min)). Estimates of inhalable indium 

exposure during powder transfer tasks in ITO ranged from 146.2 to 450.3 μg m−3 for the 

task duration of 15–30 min (Fig. 2). PPE in the form of a full-face respirator or PAPR was 

observed being used 14.3% of the time and N95 respirators were observed being used 28.6% 

of the time that powder transfer tasks in ITO were performed (Table 3). Handling indium 

material also significantly increased exposure. Handling indium materials for the average 

duration of 41 min is estimated to increase respirable indium exposure by 3-fold (exp(0.027 

× 41 min)). Estimates of inhalable indium exposure during handling indium materials tasks 

ranged from 54.3 to 617.1 μg m−3 (Fig. 2). PPE in the form of a PAPR was used 12.3% of 

the time that handling indium materials tasks were performed.

Discussion

We performed an exposure assessment of respirable and inhalable indium at an ITO 

production facility in 2012 and 2014. Few exposure assessments of occupational exposure to 

respirable and inhalable indium have been reported to date despite previous epidemiologic 

investigations observing an excess of lung abnormalities in workplaces where indium lung 

disease occurred (Chen, 2007; Miyauchi et al., 2012; Cummings et al., 2013). In 2002, 

the company introduced periodic air sampling designed to identify areas of high indium 

exposure that could be targeted with exposure mitigation controls. The company’s air 

sampling data from partial to full-shift samples collected in 2005 measured respirable 

indium concentrations ranging from 4 to 111 μg m−3 in the reclaim area, grinding area, 

and ITO areas. Inhalable indium measurements collected by the company in 2005 and 2006 

ranged from 410 to 3300 μg m−3 in the reclaim and grinding areas (NIOSH, 2012; Hines 

et al., 2013). The highest measurements of respirable and inhalable indium were observed 

in the reclaim area (NIOSH, 2012). Subsequently, the company introduced engineering, 

administrative, and PPE controls to mitigate exposure to indium. Exposure controls included 

installing ventilation filtration devices; installing upgraded reclaim milling and mixing 

equipment; isolating and enclosing grinding processes; installing a downdraft table in the 

ITO inspection room of ITO; placing tacky mats outside of the doors of production and 

non-production areas; and implementing a respiratory protection program (NIOSH, 2012). 

Despite exposure mitigation strategies implemented prior to assessments in 2012 and 2014, 

we observed that reclaim operators continued to have the highest exposures to respirable 

and inhalable indium. Personal full-shift samples collected on reclaim operators ranged from 

4.8 to 796.6 μg m−3 respirable and 150.7 to 2562.9 μg m−3 inhalable indium. Overall, we 

observed that reclaim operators, ITO operators, and R&D project technicians had the highest 

full-shift TWA exposures to respirable and inhalable indium.

We observed inconsistent PPE use during many tasks associated with increased exposure to 

respirable and inhalable indium, indicating a need for better PPE training and compliance 

among workers who perform high exposure tasks. However, even if respiratory protection 
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with an assigned protection factor of 1000 was used 100% of the time by all job groups, 

with the exception of machinists in the rotary bond shop, workers in all job groups could be 

exposed to concentrations of respirable indium above the ACGIH TLV-TWA of 0.1 μg m−3 

(ACGIH, 2019). Further, PPE in the form of respiratory protection is considered the least 

effective means for controlling respiratory exposures because breakdowns in implementation 

can result in insufficient protection. Alternatively, engineering controls are preferred to 

PPE controls because engineering controls can remove the hazard at its source, before it 

comes into contact with the worker (NIOSH, 2015). Results from our exposure assessment 

indicated that additional engineering and administrative controls are necessary to mitigate 

exposures throughout the facility.

Previous studies observed that when full-shift area sampling is used to guide engineering, 

administrative, and PPE controls designed to mitigate occupational exposure, specific tasks 

and processes that contribute to high full-shift TWA exposures can be overlooked (Goldberg 

et al., 1997; Seixas et al., 2003; Thilsing et al., 2015). Additionally, as we observed at 

this facility, considerable heterogeneity in mean exposure levels can exist among workers 

with the same job title, due to different tasks, different types of equipment used, and 

different levels of training and experience (Rappaport and Kupper, 2008). Task-based 

sampling provides information about tasks and procedures that generate intermittent, high 

exposures, but is expensive and may result in non-detectable measurements. Real-time 

particulate sampling may also identify high dust exposure tasks however, these tasks may 

not correspond to high indium exposure tasks because real-time samplers are not specific 

for any chemical, the indium content of the dust was variable at this facility. We used 

task diaries in combination with full-shift samples and identified six groups of tasks that 

contributed respirable indium exposure and three groups of tasks that contributed inhalable 

indium exposure.

Results from our linear mixed-effects model identified specific tasks associated with 

increases in respirable and inhalable indium and explained 36.3% and 24.6% of the variation 

in exposures, respectively. The total variances explained in our linear mixed-effects models 

for respirable and inhalable indium are similar to what other researchers using mixed 

modeling have published for other industries. Previous studies using mixed models to 

identify determinants of exposure in (i) woodworking explained 31% of the total variance 

in inhalable dust exposures (Mikkelsen et al., 2002); (ii) flour production explained 37% of 

the total variance in inhalable flour dust exposures (Meijster et al., 2007); (iii) the cement 

industry explained 9–42% of the total variance in thoracic aerosol exposures (Noto et al., 
2017); (iv) pig farming explained 35% of the total variance in inhalable dust exposures 

(Basinas et al., 2013); and (v) greenhouses explained 28–51% of the total variance in dust, 

endotoxin, fungi, and bacteria exposures (Thilsing et al., 2015). Mixed modeling can be 

used to successfully identify determinants of exposure across a wide variety of occupational 

settings, including its use in this study, to identify tasks associated with increased respirable 

and inhalable indium exposure at an ITO production and reclamation facility.

Sanding tasks, powder transfer tasks in reclaim, powder transfer tasks in refinery, handling 

indium materials, and liquid transfer tasks in ITO were all associated with increases in 

respirable indium. Tasks associated with increases in inhalable indium included powder 
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transfer tasks in ITO, handling of indium materials tasks, and cleaning cylinder or tile tasks. 

Of the jobs identified with the highest TWA exposure to respirable indium and inhalable 

indium, ITO operators performed many tasks that were associated with increases in exposure 

to respirable indium, including sanding and liquid transfer tasks in ITO. ITO operators 

also performed tasks associated with increased exposure to inhalable indium, including 

powder transfer tasks in ITO and handling indium material tasks. Reclaim operators also had 

high exposures to respirable and inhalable indium and performed powder transfer tasks in 

reclaim as well as handling of indium materials tasks that were associated with increased 

exposure to respirable. Similarly, R&D project technicians also had high exposures to 

respirable and inhalable indium and performed cleaning cylinder or tile tasks associated with 

increased exposure to respirable indium, as well as handling indium materials tasks that 

were associated with increased exposure to respirable indium and inhalable indium. Planar 

bond technicians as well as ITO grinders in rotary grinding had high measurements for 

inhalable indium and performed cleaning cylinder or tile tasks.

Our mixed modeling indicated that additional engineering and administrative controls 

to supplement existing controls are needed to mitigate respirable and inhalable indium 

exposures during identified tasks. Exposure interventions that target tasks associated with 

increased respirable or inhalable exposure are especially important in metal-related lung 

disease such as indium lung disease where indium exposure is associated with a steep 

concentration–response curve in human studies (Nakano et al., 2009; Cummings et al., 
2012, 2016). Additional indium dust control measures during sanding as well as powder 

transfer tasks in reclaim and ITO could reduce exposures to respirable and inhalable indium 

observed for two of the highest exposure jobs: ITO and reclaim operators. Additional indium 

dust control measures during cleaning cylinder or tile tasks could also serve to mitigate 

the highest exposures measured on R&D project technicians as well as ITO grinders in 

rotary grinding, respectively. A previous study by Nakano et al. observed that dissemination 

of health risk information to indium production workers resulted in increased use of 

dust-protective masks among indium production workers, with a subsequent reduction of 

measured serum indium and lung interstitial effects (Nakano et al., 2009). Awareness of 

health risks associated with indium exposure combined with an awareness of high exposure 

tasks can inform the design of engineering and administrative controls as well as enhance 

proper training and compliance with PPE use.

A limitation of using mixed modeling to identify and quantify the effects of determinants 

of exposure is that positive or negative bias can exist due to measurement errors when 

measuring time at task. Measurement errors in observed duration of tasks can be either 

positive or negative and can influence estimates of determinants of TWA exposures 

(Burstyn, 2009). Barrero et al. observed that self-reported time at task can underestimate 

task duration by −22% and overestimate task duration by 38% (Barrero et al., 2009). To 

minimize uncertainty in observed duration of task, we did not rely on worker self-reports of 

time at task; rather, trained NIOSH staff observed workers for the duration of their shift and 

recorded time spent at task, task location, materials, and use of PPE in task diaries.
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Conclusions

Tasks identified as strong predictors of full-shift exposure to respirable and inhalable indium 

can guide the use of engineering, administrative, and PPE controls designed to mitigate 

occupational exposure to indium. Moreover, since the tasks were aligned with REACH 

activities, results from this study can also be used to inform REACH activity scenarios. 

Finally, a modeling approach can be useful when assessing occupational exposure for which 

short-duration, task-based sampling may not be feasible due to analytical or cost limitations.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Scatterplot of respirable and inhalable indium measurements.
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Figure 2. 
Model estimates of respirable and inhalable indium exposure during specific tasks.
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