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ABSTRACT
Background: Work exposure‐related declines in lung function among aluminum smelter workers are well documented, yet

task‐varying exposures are likely to contribute differently to respiratory outcomes. This study aimed to assess the association

between potroom exposure and lung function changes over time among aluminum smelter workers.

Methods: A retrospective review of spirometric assessments of 265 potroom workers and their exposure to sulfur dioxide (SO2)

and fluoride was conducted. Cumulative exposure was described through job exposure matrices by job titles and exposure

across the lifetime of employment. Associations between exposure and lung function were determined using mixed‐effect
models and a 1‐year lag exposure.

Results: Exposures were within the prescribed occupational exposure limits. SO2 was highest in the maintenance section

(mean: 0.4 ppm [range 0.3–0.5 ppm]), while the process control section (mean: 1.1 mg/m3 [range 0.04–2.6 mg/m3]) had the

highest level of fluoride. Among those workers who contributed lung function measures at each of the 10 years (n= 98), there

was a decline in the percentpredicted forced expiratory volume in 1 second/forced vital capacity ratio (FEV1/FVC) of 0.21% (95%

CI: 0.35–0.07). Within the entire sample, there was an estimated decline of 2.9% (95% CI: −3.9 to −1.9) and 0.15% (95% CI: −0.23

to −0.07) in percentage‐predicted FEV1/FVC, associated with cumulative SO2 and cumulative fluoride exposure, respectively. A

1‐year lagged decline was also seen for the FEV1/FVC ratio for both pollutants.

Conclusion: SO2 and fluoride exposure in aluminum smelting is associated with statistically significant lung function declines

over the years of exposure.

1 | Introduction

Aluminum smelter workers are exposed to hazards known to have
substantial respiratory effects [1–5]. First described in the early
1980s, particularly in Swedish [6], Australian [7], and Canadian
[8] smelters, these effects primarily include respiratory symptoms
[4], asthma [9, 10], chronic obstructive pulmonary disease [2, 11],
and bronchitis [12]. “Potroom Asthma” is the label given to the

asthma associated with exposure in aluminum smelting [13]. Lung
function changes, in the absence of asthma, are possible among
these workers [14]. These health outcomes are associated with
exposure to alumina [15], sulfur dioxide and gaseous fluoride [1],
and other nonspecific gases produced at the potroom.

Investigation of exposure‐related lung function changes
in the aluminum industry has largely emerged through
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cross‐sectional studies. A systematic review and meta‐
analysis, consisting of 15 cross‐sectional studies, showed a
small but statistically significant reduced percent‐predicted
forced expiratory volume (FEV1) in 1 s of −7.53% (95% CI:
−13.36 to −1.70), but a similar effect was absent for percent‐
predicted forced vital capacity (FVC) [16]. The range of re-
ported cross‐sectional exposure‐related effects varies across
these studies, from −0.3% predicted FEV1 among bauxite‐
exposed workers [17] to 30% among aluminum‐exposed
workers [18] when compared to nonexposed, with several
studies showing an absence of effect. These variations may
result from the selected pollutant for study, levels and
duration of exposure, or, as is common with cross‐sectional
studies, a healthy worker effect [19].

While cross‐sectional studies may not characterize the impact
of exposure on long‐term decline in lung function, the limited
cohort studies investigating the longitudinal changes in lung
function among employees in the potroom area have suggested
exposure‐related effects. These cohort studies similarly show
variation in the rates of decline. Within a Western Australia
inception cohort, a statistically significant annual decline in
adjusted FEV1 (−52.8 [95% CI: −87.2 to −18.3]) was only seen
in a sub‐sample within the highest exposed group, when
compared to nonexposed [20]. In the same cohort, when
assessing the effect of caustic mist exposure, a smaller annual
decline in FEV1 was observed (−21.93 [95% CI: −37.04 to
−6.83]) in the highest exposure group when compared to a
reference group of workers [21]. Previously in the latter
cohort, effects varying across exposure types were described:
sulfur dioxide was associated with 0.4% (95% CI: 0.1–0.6)
decline in FEV1/FVC, and fluoride exposure was also associ-
ated with 0.2% (95% CI: 0.1%–0.6%) decline in FEV1/FVC
[17, 22]. The data from the Norwegian smelters were more
convincing, with statistically significant declines in lung
function reported across large cohorts followed up over a
6‐year [23] and another over a 11‐year period [24]. However, in
a 6‐year follow‐up at a British Columbia aluminum smelter, no
exposure‐related decline in FEV1 among potroom‐exposed
workers was found [25].

The aluminum industry is global, with the Asian continent
being the largest producer. In Africa, the aluminum smelting
industry started in Western Africa in 1960 in Cameroon and
Ghana, and then commenced in Southern Africa. In 1971, an
aluminum smelting plant was started on the west coast of South
Africa, followed by a second plant in the same locality in 1996,
driven by South Africa's cheap electricity costs. In 2000, a
smelter was opened in Mozambique [19].

The main process of smelting aluminum occurs within the
potroom department, where the chemical reaction of reduction
using alumina, electricity, and a carbon‐based anode takes
place. Gaseous SO2 and fluorides are generated during the
process and, depending on the level and duration of exposure,
result in adverse respiratory outcomes [4, 10, 26].

The aim of this study was to determine the presence of long‐
term sulfur dioxide and fluoride exposure‐related lung function
decline among potroom workers, using well‐defined exposure
matrices.

2 | Materials and Methods

2.1 | Study Site and Production Process

The study was conducted in the potroom department within an
aluminum smelter located in Southern Africa, with an annual
production of 575,000 tons of primary aluminum per annum.
The smelter consists of five sections in the reduction process:
maintenance, where the equipment is repaired, cleaned, and
maintained; early life and start up, where the pots are initiated;
line services, where the molten aluminum is poured into ingot
form; and process control and production, where the actual
smelting occurs in pots to form molten aluminum. The plant
started recruiting workers in 2001, and production started
in 2003.

A total of 388 workers were employed in the reduction area.
The production and process control section consisted of 200
workers across four teams working in four shifts in each of four
potrooms. The early life and start up sections consisted of 76
workers, also working in four teams across four shifts in each
potroom. The maintenance and line sections had 64 workers
respectively, working in a single team. Job titles across all sec-
tions included the superintendent, shift supervisors, and
section‐specific operators.

2.2 | Sample Selection

A retrospective cohort study design was used with available
data from 2004 to 2014. All workers were assessed each year
between 2004 and 2014 at the factory health service as part of
their annual medical assessments. These assessments consisted
of a standardized respiratory surveillance questionnaire, clinical
examination, and a formal lung function test. All potroom
workers employed at this aluminum smelter over this 10‐year
period were eligible to participate in the study. The entry
criteria for inclusion into the study required at least 2 years of
observation across this 10‐year period.

2.3 | Clinical Data

Each worker underwent a clinical assessment annually as part of
the medical surveillance program of the company. This assess-
ment was performed by a trained nurse and, if necessary, a more
in‐depth clinical assessment by the occupational medical doctor
at the company. During this assessment, each worker completed
a standardized interview, which enquired about their respiratory
health and smoking histories, as well as demographic informa-
tion. Based on the question during the annual surveillance,
“What is your smoking status?” with the options: current, never,
and former, which were provided as possible responses, smoking
was described as former, current, and never smoking. These
variables were used to adjust for smoking in the regression
models. Data on pack‐year tobacco history were not available.

Spirometry was performed as part of this medical surveillance by
a trained nurse at the health service. Over the 10‐year period, the
equipment used was Schiller Spirovit SP‐1 and Schiller Spirovit
SP‐250. The tests were performed according to the American
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Thoracic Society (ATS) guidelines [27, 28] with a minimum of
three acceptable maneuvers performed. The lung function data
were saved in hardcopy in the files of the employee.

Clinical data (interview and spirometry) were extracted from the
medical records of each worker for the years of interest (2004–2014)
anonymously by giving a number to each record in the presence of
the active occupational nurse. These data were captured onto a
spreadsheet which allowed for analysis using a repeated measures
analysis. Of the 300 eligible workers who commenced during the
period, data were available for 88.3% (n=265).

2.4 | Exposure Data

Historical occupational hygiene data collected by the company
hygienist were analyzed for this study. Data were available for
the years 2007, 2013–2019 for fluoride (n= 561), and 2013–2019
for sulfur dioxide (n= 255). Sampling for sulfur dioxide and
fluorides was performed according to the National Institute of
Occupational Safety and Health (NIOSH) Occupational Ex-
posure Sampling Strategy Manual system for each pollutant.
Before conducting air monitoring, exposed workers were
divided into homogenous exposure groups, which involved job
task analysis in relation to exposure profile, and all similarly
exposed workers were grouped together, irrespective of their job
title. The worker or task with the potential for the highest ex-
posure in a group was then selected for monitoring. If any of the
exposure measurements taken on the maximum risk employee/
task or subgroups were at or exceeded an action level
(0.475mg/m3 for fluoride and 2 ppm for sulfur dioxide), then
this subgroup was subjected to a more frequent exposure
assessment. In certain sections where, following a systematic
risk assessment by the hygienist, exposures were likely to be
non‐existent or very low, further monitoring was not con-
ducted. Levels recorded as less than the detection limit are
“normalized” by adjusting them to half of the occupational
exposure limit (OEL). A geometric and arithmetic mean from
each job for each year was obtained by calculating the mean of
all observations obtained for that particular year, for that job.

The company's hygiene records included information on the
risk assessments conducted on‐site, as well as historical job
placement data. The datasets were available as spreadsheets,
reporting the concentration of sulfur dioxide and fluoride, the
personal sampling method, with full dates of sampling and
sampling duration. Data before 2007 were not available and for
the other missing years could not be retrieved due to software
issues. The hygiene monitoring data were further strengthened
through key personnel interviews with the company hygienist
and human resources personnel as well as several guided
walkthroughs of the potroom during operations.

2.5 | Exposure Characterization

Using the available data for the specific years, data imputation
was performed to achieve a more comprehensive exposure data
set. Linear regression equations were used to generate exposure
estimates for the missing years based on the available data,
using job titles, sections, and year.

Each participant was allocated an exposure level based on their
job title within a section in any given year of participation in the
study. Using these measures, two exposure metrics were em-
ployed for the exposure–outcome relationships: (1) exposure
measures using the imputed data for all the years that the
participant had health outcome measures (“imputed exposure”)
and (2) a lifetime cumulative exposure. To characterize cumu-
lative exposure for each participant for all years of participation
in the study in each job in the different work sections, a
cumulative exposure index was constructed for each partici-
pant, for each contaminant. The estimates of arithmetic mean
exposures for each job were combined with the work history for
each study subject, i, to calculate the cumulative exposure for
all the years worked at the smelter as provided by the formula:

CE = AMi ijy

where AM is the arithmetic mean exposure for job of subject i
in work section and j in year y.

2.6 | Statistical Analysis

Extracted clinical and exposure data were captured in a Mi-
crosoft Excel spreadsheet and imported into STATA 15 [29].
Percent predicted values of the lung function parameters were
calculated using the global lung initiative equations, without
any race or ethnicity correction [30]. The key outcome variables
of interest were percent‐predicted FEV1, percent‐predicted
FVC, and the predicted ratio of these parameters. Exposure
metrics outlined above were included in the analysis both as the
current year of the measure and as a 1‐year lag measure, to
investigate whether the previous exposure year explained vari-
ability in lung function.

Descriptive statistics were performed. Skewed data are presented
using medians and ranges, and SO2 and fluoride exposure are
presented using geometric means. A subset of the participants for
whom data were available for the full 10 years (n=98) was used to
analyze the trend of lung function parameters over the 10 years of
observation. Mixed‐effect models were used to analyze the effect of
exposure on lung function, accounting for the correlation of
repeated measurements among participants during follow‐up.
Single pollutant models examined the relationship between lung
function and pollutant concentration, using the different exposure
metrics and their 1‐year lags (relationship between the
current year lung function and the previous year level of ex-
posure). Effect estimates derived from the models using sampled
exposure data were compared to those derived from the imputed
exposure measures models as a sensitivity analysis. All models
were adjusted for smoking history (current, never, and past
smoker), weight, age, height, and history of tuberculosis.

2.7 | Ethics

The study was approved by the Biomedical Research Ethics
Committee at the University of KwaZulu‐Natal (BE446/19). The
research team was provided with anonymized data from the
Company records. Company consent to assess the historical
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data was obtained. Individual consent of participants was not
necessary as only anonymized data were accessed.

3 | Results

There were 545 measurements of fluoride exposure and 255 for
SO2 exposure for potroom department, with 93% in the pro-
duction section. After imputation, there were 2029 estimated
values for fluoride and 1420 for sulfur dioxide. Of the 300 eli-
gible workers who commenced work at potroom during the
period, data were available for 88.3% (n= 265).

The process control and production sections had the highest
mean levels of fluoride while maintenance and early life had
the highest levels of sulfur dioxide (Table 1). There was a
statistically significant trend with pollutants over time,
increasing for SO2 in the production section and fluoride in
the line services section but decreasing over time for all the
other sections.

Only four (1.5%) women participated in the study. Most parti-
cipants were under the age of 29 years at the beginning of study.
The average years worked at potroom at the beginning of study
was 1.6 years (SD = 1.09) (Table 2).

Prevalence of known allergy and asthma was very low at the
first interview (3.77% and 2.64%, respectively) as well as chest
tightness at work (0.5%). Lung function of the sample at
beginning of study was within normal ranges (Table 3).

At the point of entry into the study, mean percent predicted
lung function was within normal limits across the entire
sample.

Among those workers who contributed lung function measures
at each of the 10 years (n= 98), there was a decline in the
percent predicted FEV1/FVC ratio (Figure 1) of 0.21%
(p value < 0.01, 95% CI: 0.35–0.07) compared to the increase in
0.1% (p value < 0.01, 95% CI: 0.15–0.03) and 0.32% (p value <
0.01, 95% CI: 0.4–0.23) for the percent predicted FEV1 and FVC,
respectively.

There was an estimated decline of 2.9% (95% CI: −3.9 to −1.9) and
0.15% (95% CI: −0.23 to −0.07) in percentage‐predicted FEV1/FVC,
associated with cumulative SO2 and cumulative fluoride exposure,
respectively (Table 4). This effect was not seen for the imputed
exposure model. A 1‐year lagged decline was also seen for the
FEV1/FVC ratio for both pollutants. The effect was statistically
significantly higher at the process control section compared to line
services in association with fluoride exposure and higher at
maintenance compared to production in association with SO2 ex-
posure, but not statistically significant (Table S1). The unadjusted
estimates are presented in Table S2. Statistically significant
cumulative exposure‐related associations in the counter‐intuitive
direction were observed for FEV1 and FVC, respectively.

4 | Discussion

Our study found a statistically significant exposure‐related
decline in FEV1/FVC ratio over a 10‐year period in this sample
of potroom workers. The study is the first to document a lagged
decline in lung function among a cohort of aluminum smelter
workers. The decline in the percent predicted FEV1/FVC ratio
with lagged cumulative fluoride exposure suggests a complex
exposure–outcome relationship in the aluminum smelting
working environment.

Cumulative exposures to both pollutants were associated with
significant dose‐related declines in the percent‐predicted FEV1/
FVC ratio, with a greater effect for SO2 than fluorides. This
finding is consistent with an inception cohort [22] that looked
at the cumulative effect of potroom exposures on lung function.
In this latter study, a decline of 0.40% (95% CI: 0.72 to −0.17) of
FEV1/FVC ratio and 0.55% (95% CI: 0.79 to −0.31) for unit
increase in cumulative exposure to fluoride and SO2, respec-
tively, was reported. We report a 0.15% (95% CI: 0.23 to −0.07)
and 2.9% (95% CI: −3.97 to −1.83) decline in the percentage
predicted of the FEV1/FVC ratio for cumulative exposure to
fluoride and cumulative exposure to sulfur dioxide, respectively.
The differences across the studies may be due to several rea-
sons, including differences in the predictive equations used to
calculate lung function parameters [31, 32], as well as varying
cumulative exposure across cohorts.

TABLE 1 | SO2 and fluoride measurements by section (2004–2014).

Production Line services
Process
control

Early life and
start up Maintenance

Sulfur dioxide (ppm)
(mean SD, range)

0.02 (0.03)
(0.009–0.1)
(n= 1246)

No measurements
taken

0.05 (0.02)
(0.02–0.09)
(n= 105)

0.2 (0.1)
(0.03–0.4)
(n= 49)

0.4 (0.1)
(0.3–0.5)
(n= 20)

SO2 trend
over years (rho**)

0.69 −0.93 −0.95 −0.86

Fluoride (mg/m3) (mean
SD, range)

0.3 (0.1)
(0.1–0.5)
(n= 1246)

0.04 (0.03)
(0.03–0.05)
(n= 54)

1.1 (0.8)
(0.04–2.6)
(n= 204)

0.3 (0.1)
(0.2–0.7)
(n= 66)

0.08 (0.04)
(0.02–0.1)
(n= 49)

Fluoride trend over
the years (rho**)

−0.86 0.91 −0.52 −0.83 0.01

**p< 0.05, p< 0.01.
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The counterintuitive findings of statistically significant increase
in FEV1 and FVC with cumulative exposure could have been
due to several uninvestigated reasons, including a healthy
worker bias or missing covariate data, particularly smoking or
past respiratory health history. However, this may imply that

the FEV1/FVC ratio is a more sensitive marker of exposure‐
related adverse respiratory effects.

Although not directly comparable with our study design, cross‐
sectional studies have reported substantial, but not statistically

TABLE 2 | Participants at entry into the study by section.

Production
(n= 171)

Line
services
(n= 51)

Early life and
start up
(n= 4)

Process
control
(n= 29)

Maintenance
(n= 10)

Year of study entry Number (%) Number (%) Number (%) Number (%) Number (%)

2004 74 (43.27) 24 (47.05) 2 (50) 10 (34.48) 0

2005 3 (1.75) 3 (5.88) 0 0 2 (20)

2006 6 (3.50) 2 (3.92) 0 2 (6.89) 1 (10)

2007 16 (9.35) 11 (21.56) 1 (25) 1 (3.44) 1 (10)

2008 4 (2.33) 1 (1.96) 0 1 (3.44) 1 (10)

2009 28 (16.37) 3 (5.88) 0 4 (13.79) 0

2010 16 (9.35) 4 (7.84) 0 3 (10.34) 2 (20)

2011 7 (4.09) 1 (1.96) 0 4 (13.79) 1 (10)

2012 2 (1.17) 2 (3.92) 0 1 (3.44) 0

2013 15 (8.77) 0 1 (25) 3 (10.34) 2 (20)

2014 0 0 0 0 0

Sex

Male 168 (98.24) 51 (100) 4 (100) 28 (96.55) 10 (100)

Female 3 (1.75) 0 0 1 (3.44) 0

Age (years)

< 25 62 (36.25) 13 (25.49) 1 (25) 6 (20.68) 5 (50)

25–29 57 (33.33) 25 (49.01) 1 (25) 11 (37.93) 0

30–34 38 (22.22) 7 (13.72) 2 (50) 8 (27.58) 2 (20)

> 35 14 (8.18) 6 (11.76) 0 4 (13.79) 3 (30)

Median age (years
[range])a

27 (19–44) 27 (20–43) 29 (23–33) 28 (23–43) 24.5 (21–48)

Current smokera 12 (7.01) 4 (7.84) 1 (25) 1 (3.45) 0

Ex‐smokera 1 (0.58) 1 (1.96) 0 0 0

Never smokera 158 (92.41) 46 (90.20) 3 (75) 28 (96.54) 100

aAt the time of entry into study.

TABLE 3 | Mean lung function at entry to the study by section.

Production Line services Early life Process control Maintenance

Mean FEV1 %
preda (SD) (range)

93.41 (11.34)
(67.72–133.60)

95.21 (11.33)
(70.49–131.40)

91.72 (14.76)
(75.61–104.68)

94.66 (8.85)
(76.78–111.23)

96.41 (12.20)
(74.5–111.62)

Mean FVC %
preda (SD) (range)

92.85 (11.50)
(64.62–124.23)

95.37 (11.68)
(69.29–123.68)

95.95 (4.62)
(90.64–100.28)

95.23 (9.36)
(75.86–111)

98.89 (12.32)
(81.26–17.47)

Mean FEV1/FVC
%preda (SD)
(range)

100.49
(6.90)

(73.27–118.07)

99.66 (5.70)
(88.68–110.62)

94.80 (10.83)
(82.87–104)

99.26 (7.13)
(85.82–115.02)

97.25 (9.27)
(86.05–114.60)

aCalculated using GLI2012 equations.
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significant, differences between FEV1 and FVC in workers ex-
posed to fluorides and sulfur dioxide compared to nonexposed:
FEV1 = 54mL difference (95% CI: −21 to 129) and FVC= 51mL
difference (95% CI: 6−184), for fluoride exposure (levels less
than 0.16mg/m3); and FEV1 = 96mL (95% CI: 18–173) and
FVC= 95mL (95% CI: 6−184) to sulfur dioxide (levels below
1.17mg/m3 [0.44 ppm]) [4, 33, 34].

While our findings of associations with aluminum smelter‐
related exposures are consistent with other studies, the lag
effect has not been previously reported for occupational ex-
posures. Lagged effects for acute outcomes are biologically
plausible, and as the precise mechanisms of action by pollutant
at the target organ are generally not clear, exploring a range of
exposure–response relationships is important. This is less clear

FIGURE 1 | Lung function (as % predicted) trend over 10 years of observation (n= 98). [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 4 | Adjusteda effect of exposure on lung function parameters.

% Predicted FEV1/FVC ratio
coefficient

p value (95% CI)

% Predicted FVC
coefficient

p value (95% CI)

% Predicted FEV1

coefficient
p value (95% CI)

Sulfur dioxide

Cumulative SO2 −2.9
< 0.01 (−3.9 to −1.9)

5.1
< 0.01 (3.5–6.6)

2.2
< 0.01 (0.8–3.6)

Lag
cumulative SO2

−2.1
< 0.01 (−3.2 to −0.9)

4.8
< 0.01 (3.1–6.6)

2.7
< 0.01 (1.3–4.4)

Imputed SO2 1.4
0.63 (−4.57 to 7.55)

−2.8
0.52 (−11.71 to 5.93)

−1.6
0.67 (9.45–6.11)

Lag imputed SO2 −0.1
0.92 (−0.07 to 0.64)

−0.1
0.51 (−0.13 to 0.06)

−0.1
0.43 (−0.12 to 0.05)

Fluoride

Cumulative
fluoride

−0.15
< 0.01 (−0.23 to −0.07)

0.26
< 0.01 (0.13–0.39)

0.09
0.12 (−0.02 to 0.20)

Lag cumulative
fluoride

−0.09
0.02 (−0.17 to −0.01)

0.21
0.02 (0.08–0.35)

0.12
0.04 (0.01–0.25)

Imputed fluoride 0.63
0.15 (−0.23 to 1.49)

−0.60
0.36 (−1.90 to 0.70)

0.02
0.97 (−1.11 to 1.15)

Lag imputed
fluoride

0.12
0.77 (−0.71 to 0.95)

−0.44
0.50 (−1.76 to 0.86)

−0.38
0.50 (−1.52 to 0.75)

Bold text indicates a statistically significant effect in the expected direction.
aAdjusted for smoking and history of tuberculosis.
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when studying the effects on chronic outcomes. This is par-
ticularly so with aluminum smelter exposures, where a range
of respiratory outcomes have been documented, from the
acute, as in asthma, to chronic outcomes, such as COPD, but
also with subclinical declines in pulmonary function [35]. In
our study design, using a repeated measures approach, the
assumption that each annual exposure measure will be asso-
ciated with the lung function measure of that year is plausible.
However, if our hypothesis that there is a gradual exposure‐
related decline in lung function holds, then an annual mea-
sures analysis will not fully explain the exposure–outcome
relationship. Among these workers, with ongoing exposure to
respiratory irritants (or allergens) over their lifetime of em-
ployment and presumed ongoing deterioration in lung func-
tion, lagged analyses with exposure may provide further
understanding of the relationships.

Smaller statistically significant lag effects were noted for the
cumulative exposure for both pollutants for the FEV1/FVC
ratio, and these were not substantially different from the non‐
lagged estimates. Although not substantially significant, lagged
declines of the ratio were noted for both pollutants using the
cumulative exposure metric, compared to an absence of statis-
tically significant effect among the imputed models.

The effect of cumulative exposure of both pollutants, fluoride
and sulfur dioxide, shows a significant association with a
decline in FEV1/FVC ratio, suggesting an increased risk of
airflow limitation. This finding is consistent with the other
cohort study findings [22].

Previous studies at aluminum smelters looked at the potroom as
a single department and made comparisons with non‐potroom
departments. This approach ignores the different sections
within the potroom, each of which may have different risk
profiles for respiratory outcomes. Maintenance, early life, and
start up had the highest mean levels of sulfur dioxide over the
10 years of observation, suggesting there is a heterogeneity of
exposure within the potroom.

Controlling for lagged fluoride exposure, workers involved in
process control activities presented with a significant differ-
ence in the FEV1 and FVC percentage predicted values
compared to line services, which was the section with the
lowest mean level of fluoride across the years. When con-
trolling for cumulative exposure to SO2, there was no statis-
tically significant difference on percentage‐predicted
FEV1/FVC ratio among the sections. This could be due to
the fact that these sections are the key source of exposure at
potroom [36]. The evidence that adverse spirometric effects
varied across sections seems to support the view that ex-
posures are not uniform. Lagged exposures have been mod-
eled for different respiratory outcomes in occupational
epidemiology because of the inherent latency between
occupational exposure and disease outcomes [5].

At this smelter the mean levels of exposure for both pollutants
were below the recommended exposure limit of NIOSH of
2.5 mg/m3 and 5 ppm for fluorides and sulfur dioxide, respec-
tively. The overall mean of SO2 across all sections was 0.18 ppm
(0.47 mg/m3) and 0.3 mg/m3 for fluoride.

In general, in the aluminum smelter industry, exposure to coal
dust, silica, particulate matter (PM 2.5), fluoride compounds,
and other fumes and gases may contribute to lung function
decline. From the site assessment and the information reported
by the company, silica was not of concern. Coal dust was
observed at the anode maintenance area, but the hygiene data
did not indicate that this was a risk.

The strengths of our study are the exposure and lung function
data, which were available for 3 and 10 years, respectively. We
had over 500 and 250 actual observations of fluoride and SO2

measures respectively (which increased to 2029 and 1420 when
imputed), together with 2043 lung function observations. The
majority of the previous studies in potroom workers are cross‐
sectional studies and prone to healthy worker bias. We believe
that we may have reduced potential healthy worker bias to
some extent and any participation bias, as we accessed all
available data over this period, irrespective of health status. The
exposure characterization in our study also represents a
strength, as we integrated several years of exposure measures,
using different approaches. Previous studies compared potroom
and non‐potroom workers, whereas we compared the potroom
workers amongst themselves based on an exposure matrix and
different sections inside the potroom. This more in‐depth
approach gives the possibility to target specific interventions for
the prevention of respiratory effect of exposures inside the
potroom.

A key limitation in using retrospectively collected data not
collected primarily for research purposes is a possible lack of
consistency, particularly for the interview data, the use of dif-
ferent operators and machines for the spirometry, and the
missing exposure data. To mitigate these limitations, we used
imputation methods to estimate the missing exposure values.
We carefully evaluated the spirometry data to ensure that only
those tests in which ATS criteria for quality and reproducibility
were included in the analysis. Because using estimation values
for exposure may bias results, we conducted sensitivity analysis
comparing the measured and imputed data, which revealed
little change in estimates. Because of the lack of consistency on
the interview data regarding the history of asthma, chest
infection, shortness of breath, cough, and allergy, we decided to
exclude them from the analysis. The degree of cumulative
smoke exposure would be more accurate if we could have the
exposure history in smoke pack years instead of current,
former, and never smoker as it was presented, given a known
relationship between smoking and lung function decline.

Despite the repeated measures design of the study, it is likely
that the sample was still affected by a healthy worker bias. The
exit of workers after entry into the workforce, soon after em-
ployment, before the completion of the second lung function
assessment, is possible. This may account for some of the
inconsistencies seen in our findings, particularly with the
counterintuitive lung function responses.

In conclusion, our study found important associations between
exposures in a smelter potroom and declines in lung function. A
particularly interesting finding was the 1‐year lagged effect of
exposure on the lung function parameters. Although effects
were not consistently seen across all exposure metrics, lifetime
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cumulative exposure was consistent across both fluorides and
SO2. These effects were seen despite mean pollution levels being
below international OELs, suggesting that these standards may
not be protective of workers' health.
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