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ABSTRACT
As part of ongoing epidemiological studies for assessing the association between exposure to
dust from taconite operations and the development of respiratory diseases, the goal of this
study was to reconstruct the exposures of workers to elongate mineral particle (EMP) in the
Minnesota taconite mining industry from 1955–2010. Historical NIOSH-7400 and equivalent
EMP personal exposure data were extracted from two sources: (1) the Mine Safety and Health
Administration (MSHA) online database recorded for all inspection results since 1978 with 655
EMP monitoring records from 1978–2010 for 13 MSHA Mine IDs associated with this study; and
(2) the mining companies’ internal monitoring reports contained 96 personal EMP exposure
records. NIOSH-7400 EMP personal exposures were measured for workers in different jobs in all
active mines in 2010 by obtaining 1,285 personal samples. After data treatment, all data were
grouped into seven mines and eight departments. Within each mine-department, the yearly
EMP mean concentration in f/cc for each year of operation was predicted using two
approaches. The performance of two approaches varied by situation. The assumptions underly-
ing each approach described in this article have limitations. A linear regression based on lim-
ited historical measurements and those made in 2010–2011 (Approach 1) does not yield
reasonable and plausible values of the slope. Approach 2 assumes that the EMP and the respir-
able dust in the same department share the same historical time trend. This approach allowed
us to avail of the more reasonable slope estimates from the historical respirable dust data set
and yielded more plausible historical exposure estimates for most locations. This work with two
different job exposure matrix (JEMs) provides a unique research opportunity to study the
potential impact of exposure assessment to epidemiological results. Both JEMs are being used
to assess associations between EMP and respiratory disease in epidemiological studies.
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Introduction

The Taconite Worker Health Study (TWHS), which
was funded by the State of Minnesota in 2008, is the
most comprehensive occupational epidemiological
investigation into the causes of the excess cases of
respiratory diseases (mesothelioma, lung cancer, and
non-malignant respiratory disease (NMRD)) among
taconite workers in Minnesota.[1] Since its inception, a
number of studies under the umbrella of this investi-
gation have been published, including occupational
exposure assessments,[2–4] a respiratory health sur-
vey,[5] a cancer incidence study,[6] retrospective case-

control studies,[7,8] and mortality studies.[9–11] The
main goal of this article is to report on the recon-
struction of the historical exposures to elongate min-
eral particle (EMP) from 1955–2010 for different
departments in each of the taconite mines.

Since the term “fiber” has been controversial in the
context of asbestos,[12] the National Institute for
Occupational Safety and Health (NIOSH) has recently
proposed the use of the term “elongate mineral parti-
cles” or EMP to refer to mineral particles with a min-
imum aspect ratio of 3:1 that are of inhalable, thoracic,
or respirable size.[13] The original Occupational Safety
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and Health Administration (OSHA) regulation defined
asbestos only mineralogically without specifying the
habit or asbestiform nature. The definition also speci-
fied length and aspect ratios that were derived from
measurement reproducibility considerations rather
than health relevance. This was the origin of the regu-
latory definition that a “fiber” should have a length
that exceeds 5 mm and an aspect ratio (length: width)
that is at least 3:1. However, in many industries
including taconite mining and processing, EMPs are
created during mechanical processing of the ore (e.g.,
crushing and fracturing of the mineral) that are
referred to as cleavage fragments. These cleavage frag-
ments could meet the regulatory definition of a “fiber”
described above, even if they were not asbestiform in
habit. NIOSH has explicitly included EMPs from the
non-asbestiform analogs of asbestos in its recom-
mended exposure limit (REL). Their rationale for this
decision was three-fold (NIOSH, 2011): (1) the epi-
demiological evidence from studies where worker
populations were exposed to non-asbestiform EMPs
(New York talc miners and millers, Homestake gold
miners, and taconite miners) was considered inconclu-
sive due to inadequate EMP exposure characterization,
not accounting for smoking status, poor reliability of
death certificate information, and exposures associated
with prior employment; (2) animal studies showed
differential toxicity of asbestiform and non-
asbestiform EMPs with lower effects of exposure to
non-asbestiform EMPs and some evidence that EMP
dimensions may be predictors of toxicity; and (3) cur-
rent analytical methods used for routine analysis of
samples, i.e., the NIOSH 7400 phase contrast micros-
copy (PCM) and NIOSH 7402 transmission electron
microscopy (TEM) methods cannot differentiate
between asbestiform and non-asbestiform EMPs when
present in a heterogeneous mixture. The term
“Elongate mineral particle” or “EMP” used throughout
this article specifically refers to any particles that is
longer than 5 mm and has a minimum aspect ratio of
3:1 on the basis of a Phase contrast microscopic
(PCM) analysis of an air sample using the NIOSH
method 7400 or an equivalent method. [13] The cur-
rent NIOSH method 7400 was firstly published in
1989 and is the default method for evaluating the
EMP in the US. Prior to this method, some of its
equivalent methods had already been existing with the
earliest one published around the 1970s. [14]

Historical EMP exposure reconstruction, especially
over a long span of time (1955–2010), is challenging.
The biggest challenge is that typically industrial
hygiene (IH) measurement data are not available for

every job for every time point of the study period in
the job exposure matrix (JEM). Different quantitative
strategies have been proposed to overcome the sparse
data problem: (1) data pooling: e.g., in the historical
tremolite-actinolite exposure reconstruction work for
the vermiculite miners and millers between 1930 and
1980 near Libby Montana. Amandus et al.[15] esti-
mated the 8-hr TWA fiber exposure for different jobs
in each year of operation of the Libby facility by pool-
ing arithmetic averages of the fiber concentrations
from filter samples for years when production proc-
esses and dust controls were assumed to be similar;
(2) statistical modeling: e.g., in the historical fiber
exposure reconstruction work for the chrysotile asbes-
tos textile workers between 1940 and 1975 in
Charleston South Carolina, Dement et al.[16] first div-
ided the textile operations into 16 exposure zones
according to similarity of processes and exposures,
and then applied a linear model to estimate the mean
exposure levels over time for each of their exposure
zones; (3) hybrid methods: e.g., during the process of
reconstructing the historical exposure to Libby ver-
miculite for the workers between 1972 and 2000,
researchers first calculated the natural log-transformed
mean for any year with 40 or more sample results,
then fitted a smooth curve through these mean values,
and finally calculated the yearly fiber exposure levels
by exponentiating the value on this curve for
each year.[17,18]

Based on sparse IH measurements and other infor-
mation, this paper uses two statistical modeling
approaches to reconstruct the historical EMP exposure
profiles from 1955–2010 for Minnesota taconite min-
ers. The exposure estimates will be used for estimating
the life-time cumulative EMP exposure values for
taconite workers in epidemiological investigations.

Methods

Taconite mines and different exposure groups

The TWHS study comprised seven taconite mines
within two geological zones (the eastern zone and the
western zone) on the Mesabi Iron Range in
Minnesota. For confidentiality purposes, all mine
names were replaced with a name code that is consist-
ent with previous study publications.[2,3] Mines A and
G are located in the eastern zone, and Mines B–F are
located in the western zone (Table 1). The oldest
mine started operating in 1955 and the newest mine
in 1977.[19] Six out of these seven mines were still in
operation in 2010 when a comprehensive exposure
monitoring was conducted.[2–4] The mining processes
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for all the mines were quite similar, but workers with
different tasks were considered to experience different
exposures. Hwang et al.[3] grouped all taconite worker
job titles into eight exposure departments: Mining,
Crushing, Concentrating, Pelletizing, Shop (mobile),
Shop (stationary), Janitor, and Office/control room.
Given this exposure categorization, the specific aim of
this study was to create historical EMP reconstruction
for each of these mine-department combinations.

Construction of historical exposure database

Historical EMP measurements included both personal
and area samples In this study, which reconstructs
exposures for use in epidemiological analysis of
worker respiratory health outcomes, only personal his-
torical EMP samples (collected over an 8-hr period)
were considered, and all samples were analyzed using
the standard phase contrast microscopy (PCM)
method as defined by the National Institute for
Occupational Safety and Health (NIOSH).[20]

Historical NIOSH-7400 EMP personal exposure
data were extracted from two sources: (1) the Mine
Safety and Health Administration (MSHA) online
database recorded for all inspection results since 1978

with 655 EMP monitoring records from 1978–2010
for 13 MSHA Mine IDs associated with this study (10
of the post-2008 samples were above the new MSHA
PEL of 0.1 fibers/cc, and were likely further corrected
by TEM analysis); and (2) the mining companies’
internal monitoring reports contained 96 personal
EMP exposure records with the earliest record in
1983. In total, there were only 751 historical EMP
personal samples—a small number for the seven
mines and eight departments over a 50-year time-
span. The apportionment of these samples can be
found in Table 1 and their location distribution is
listed in Table 2. The data gap is significant for sev-
eral mines, especially during their early years: for
instance, the first EMP measurements for Mine G
were made in 1979, �22 years after it started produc-
tion. Similarly, Mine E, which started operating in
1967, also had no historical EMP measurements until
1990—23 years later.

“Year 2010/2011” EMP measurements

As reported in detail in a previous publication,[3] a
total of 1,285 personal samples from a subset of work-
ers in seven of the eight departments (excluding

Table 2. Numbers of historical and “Year 2010/2011” EMP measurements for each location.
Mine

Department A B C D E F G All 7 mines

# of historical measurements
Mining 84 20 21 15 46 31 14 231
Crushing 109 6 36 5 30 35 19 240
Concentrating 13 4 4 4 29 8 3 65
Pelletizing 8 10 3 2 35 5 2 65
Shop (mobile) 54 3 14 5 17 3 1 97
Shop (stationary) 1 0 12 0 0 1 8 22
Office/control room 0 0 0 0 0 0 0 0
Janitor 10 3 4 0 13 1 0 31
All 8 departments 279 46 94 31 170 84 47 751

# of “Year 2010/2011” measurements
Mining 21 30 24 42 36 11 0 164
Crushing 54 23 36 18 22 11 0 164
Concentrating 32 24 18 24 24 12 0 134
Pelletizing 60 35 57 54 55 29 0 290
Shop (mobile) 42 52 52 30 76 30 0 282
Shop (stationary) 42 24 22 23 30 18 0 159
Office/control room 15 11 12 12 24 18 0 92

Janitor 0 0 0 0 0 0 0 0
All 8 departments 266 199 221 203 267 129 0 1285

Table 1. Data availability for the seven taconite mines in the study.
Taconite Mine Geological Zone Year Opened Status (as of 2010) Available EMP Measurements by Year

A Eastern 1955 Active 1973–1976, 1978–1980, 1983–1986, 1990–1993, 1995, 2000, 2001, 2003–2010
B Western 1974 Active 1985, 1986, 1995, 2000, 2001, 2003, 2007, 2010
C Western 1964 Active 1978, 1979, 1981–1983, 1985–1990, 1995, 2000, 2001, 2003, 2007, 2010
D Western 1967 Active 1975–1977, 1987, 2000, 2001, 2003, 2004, 2007, 2010
E Western 1967 Active 1990, 1991, 1994–1998, 2000, 2001, 2003, 2007, 2010
F Western 1977 Active 1979, 1981, 1983, 1985, 1986, 1988, 1992, 1999–2001, 2003, 2004, 2007, 2010
G Eastern 1957 Closed in 2001 1979–1992, 2000, 2001
�Mining Companies: http://www.taconite.org/mining-industry/mines
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“Janitor”) of each active mine were collected to assess
“Year 2010/2011” EMP exposures. This sampling was
conducted from January 2010 to May 2011. Mine G,
which was closed in 2001, was not covered in this sur-
vey. All these samples were analyzed using the
NIOSH 7400 PCM method by an American Industrial
Hygiene Association-accredited laboratory (EMSL
Analytical Inc., Minneapolis, MN, USA).

Handling data below the limit of detection

Among the 2,036 historical and “Year 2010/2011”
measurements, 176 historical measurements and 463
“Year 2010/2011” measurements were either below the
limit of detection (LOD) or recorded as zero. All zero
values and the values below LOD were replaced with
a small positive value (0.001 f/cc), which was approxi-
mately one-half of the lowest LOD among all study
measurements. This substitution method works rea-
sonably well when the percentage of censored data are
not too high.

Historical EMP reconstruction strategy

While “Year 2010/2011” measurements enable us to
understand the current EMP exposures, historical
monitoring data are crucial to estimating how these
levels changed over time. However, there were only
751 historical measurements in total in this study that
were not uniformly distributed across mine-
departments, and 12 locations had no historical data
at all (Table 2).

To assess exposures in the face of this data sparse-
ness, two approaches were used. The first one (here-
after referred to as Approach 1) is a regression-based
approach. All 2,036 data points were first sorted by
mine, and within each mine, a categorical variable for
department was created. For each mine, a log-linear
regression model was run to obtain a fixed slope esti-
mate (time trend) that is common to all departments
(within that mine) and a varying intercept for each
department (Eq. (1)). The model was also adjusted for
“present-day” vs. “historical” measurements to account
for systematic differences in sampling strategies
between these two sets of measurement data. The
sampling strategy for the “Year 2010/2011” exposure
assessment was primarily designed to capture a wide
range of exposure levels for epidemiological analyses,
while the historical measurements were obtained pri-
marily for compliance purposes. Therefore, the linear
regression model for each mine included a categorical
variable to explain the potential difference in exposure

levels by different measurement type. A fixed slope
(time trend) model was used so that estimates for
departments with fewer monitoring data could borrow
strength from departments with more monitoring
data. Mine G had no “Year 2010/2011” measurements
and its historical data were very sparse as well.
Therefore, given their geographical proximity (western
zone) and geological similarity,[21] data from Mine A
was used as a surrogate to make predictions for Mine
G. The Mining department in Mine G and Janitor
departments in each of the other mines had no “Year
2010/2011” measurement (shaded gray in Table 2). In
addition to the seven mines and the eight departments
within each mine, an “All 8 departments” department
category and an “All 7 mines” mine category were
created (see Table 2). The results of these two catego-
ries would be used to provide exposure estimates for
workers with unclear job titles or work histories. The
“All 8 departments” department was modeled using
all the data within a mine. The “All 7 mines” mine
was modelled using all the data within the same
department across all mines.

It’s worth noting that the term b9, i in Eq. (1) was
the predicted time-trend for each mine of this study.
Its exponentiation, i:e:, exp b9, i

� �
(in percentage),

reflected the fixed annual mean EMP exposure change
in a mine:

log Ŷ j, i

� �
¼ b0, i þ

X8
j¼1

bj, i � Department

þ b9, i � Yeari þ b10, i � Present day,

(1)

where Ŷ j, i was the predicted EMP mean concentration
value (in f/cc) for department j of mine i. Department
was a categorical variable that had eight levels corre-
sponding to the eight departments in each mine
and bj, i (j¼ 1–8) were the model coefficients for the
eight departments within each mine. The baseline
department was the “Mining” department. Yeari was
the time variable, from 1955 or later to 2010, depend-
ing on the mine. Present day was a binary variable
with 0 for “Year 2010/2011” measurements and 1 for
historical measurements. When Ŷ j, i was predicted, the
present day variable was set to ‘0”, i.e., the log EMP
level was estimated at a historical time point as if it
had been measured the same way as today.

The second approach (Approach 2) used the results
from a companion study—Reconstructing Historical
Exposures to Respirable Dust (RD) and Respirable
Silica (RS) in the Taconite Mining Industry for
1955–2010.[22] These two studies are similar: both are
historical exposure reconstructions for the same
taconite worker population, and they share the same
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mine-department combinations with the same recon-
struction time period. The only difference between
these two studies was the pollutant of interest: one
was for EMP exposure, the other was for RS and RD
exposure. In the RS-RD study, thanks to the abundant
measurements (19,408 respirable dust (RD) measure-
ments and 9,128 respirable silica (RS) measurements),
the annual percentage change in RSRD exposure levels
over time in each mine-department combination was
easier to reconstruct. Since this study to reconstruct
EMP exposures has a much sparser data set, respirable
dust exposure levels and EMP exposure levels for a
given mine-department combination were assumed to
have the same annual percentage change over time.
For example, a yearly 1% increase/decrease in respir-
able dust exposure would lead to the same 1% annual
change in EMP exposure. The advantage of this
assumption was that time-trend slopes from the res-
pirable dust study were more precise given the large
number of respirable dust measurements (19,408 res-
pirable dust (RD) measurements and 9,128 respirable
silica (RS) measurements) and may better reflect the
overall exposure changes over time in the taconite
mining industry. EMP exposures, being a subset of
the overall dust exposures, might reasonably be
assumed to follow the same general time-trends.
However, sufficient historical EMP measurement data
were not available for us to validate this assumption.

The modeling procedure for Approach 2 was as
follows: (1) For each mine-department combination,
the mean exposure level at Year 2010 was defined as
the log of the geometric mean all “Year 2010/2011”
measurements of this location; (2) the mean exposure
levels for other years were calculated using Eq. (2);
and (3) the variance around the mean exposure in
each year was assumed to be constant over the entire
time period, and was defined as the variance of all
“Year 2010/2011” measurements of this location
(logðGSDi, j, 2010)):

log Ŷ i, j, k

� �
¼ logðGMi, j, 2010Þ � bi, j, dust � 2010�kð Þ,

(2)

where Ŷ i, j, k was the predicted mean exposure level
(f/cc) for department j of mine i in year k; GMi, j, 2010

was the geometric mean (GM) of all “Year 2010/2011”
measurements taken in the year 2010 at department j
of mine i; bi, j, dust was the estimated annual change for
department j of mine i listed in Table 3 under the
Approach 2 subtitle:

Similar to the Approach 1, Mine G was modelled
based on the “Year 2010/2011” data in Mine A. The
‘All 8 departments’ grouping was modelled using all

the “Year 2010/2011” data within each mine. The “All
7 mines” grouping was modeled using all the “Year
2010/2011” data within the same departments across
all mines. Janitor departments were modeled using
“All 8 departments” data.

Geometric Mean (GM) to Arithmetic Mean
(AM) conversion

Both reconstruction approaches were conducted in
the log scale, and their model outputs after exponenti-
ation (GMs and geometric standard deviations
(GSDs)) were used to calculate the corresponding
arithmetic means using Eq. (3):

AM ¼ GM � exp
1
2
log2 GSDð Þ

� �
: (3)

Each of the two reconstruction approaches led to
the development of a separate EMP JEM (See
Supplementary Materials). Each table contains annual
arithmetic mean EMP exposure values (in f/cc) for
each possible year-department-mine combination.
These two JEMs, when linked to taconite workers’
employment histories, allow us to calculate the cumu-
lative exposure (in f/cc-year) for the study population
for epidemiological studies.

Data cleaning was performed in SAS (Version 9.3,
SAS Institute, Cary NC). EMP reconstruction was per-
formed in MATLAB R2014b (MATLAB e
MathWorks, Inc., Natick, MA).

Results and discussion

There was a total of 2,036 EMP measurements avail-
able across all mines and departments as summarized
in Table 2. The distribution of these samples, to some
extent, reflects overall IH sampling priorities in the
taconite industry. Most IH samples were collected in
the four main taconite processes—mining, crushing,
concentrating, and pelletizing. In contrast, there were
no historical data available for all seven office/control
room departments (“Year 2010/2011” measurements
did greatly supplement the database for these
departments).

Model outputs

Some of the predicted historical EMP exposure values
using the two different reconstruction approaches are
shown side by side in Figure 1. The three pairs of plots
in this figure demonstrate three typical scenarios in the
study. The first scenario is when a mine-department
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location has a fairly good exposure data coverage over
its entire time period. Specifically, data are available
for the first 10 years and last 10 years in the history
of this time. In this scenario, as shown in the two
first-row plots, the two approaches provide compar-
able prediction curves. The predicted EMP exposure
slopes by Approach 1 were consistent with the bor-
rowed dust exposure slopes in Approach 2. This
result can also be interpreted as the borrowed slope,
derived from a separate dust reconstruction work, fit-
ted the EMP data in this study well. The second scen-
ario is when a location only had “Year 2010/2011”
measurements. In this scenario, as shown in the two
second-row plots, Approach 2 is clearly more

reasonable than Approach 1 for the following reason:
when the historical EMP data were not available for
this department, the slope provided by Approach 1
for this department was determined by other depart-
ments that also had little EMP historical data. Due to
their sparse nature, these data may not adequately
reflect the EMP level change in this department. In
Approach 2, this slope was determined by the respir-
able dust measurements for this mine-department.
For almost all departments, many more historical res-
pirable dust measurements were present compared to
EMP measurements (19,408 respirable dust (RD)
measurements and 9,128 respirable silica (RS) meas-
urements vs. 2,036 EMP measurements). Therefore,
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Figure 1. Historical EMP exposure reconstruction results for each of three selected mine-department combinations using
two approaches.
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the slope used in Approach 2 (that assumes that EMP
concentration and RS/RD concentration track each
other over time) is more reasonable (and plausible)
than the one in Approach 1. The Approach 1’s slope,
if it is true, will be against the 3% to 3% slope range
that learned from the dust reconstruction study in
Minnesota taconite industry. The third scenario is
shown in the two third-row plots in Figure 1.
Essentially, Approach 1 is a random-intercept model,
meaning every department of the same mine shares a
common slope but different intercepts. Most times,
this assumption should work as each department may
have different exposure magnitudes, but their over-
time change trend should be in the same direction: all
getting better or all getting worse. But sometimes
there are exceptions as well as shown in Scenario 3.
The common slope used in Mine C mining depart-
ment does not fit the data as good as the one used in
Approach 2. The slope in Approach 2, which was
derived from historical dust measurements, has a very
good fitness compared to that of Approach 1.

Predicted annual exposure level change rate by
exposure location

Approach 1 made time-trend predictions for the histor-
ical exposure change in each mine based on historical

and “Year 2010/2011” EMP measurements. The results
of these time trends are listed on the last row of Table
3. Compared to the time trends in historical respirable
dust exposure used in Approach 2 (first 9 rows in
Table 3), the predicted EMP trends based on limited
EMP data tended to be significantly steeper, and some
of the annual percent changes seem unrealistic, ranging
from -8.2% to 10.2%. Time-trend results from historical
respirable dust exposures suggest that the historical
exposure change in taconite mining environment
should not be excessive, and in most cases, this change
should be within -3% to 3% per year.

Predicted arithmetic mean of EMP exposure by
exposure location

The arithmetic mean (AM) is a more appropriate
exposure metric in creating a job-exposure matrix
(JEM) for health studies than the geometric mean
(GM). [23–27] The predicted AM range for every mine-
department combination are listed in Table 4 for
Approach 1, and Table 5 for Approach 2. The full set
of predicted AMs can be found in the
Supplementary Materials.

For Approach 1, some of the upper bound AM
estimates are unrealistically high (e.g., 30.89 f/cc in
Mine D). This might be due to several reasons

Table 3. The annual percent change in historical EMP exposures estimated by Approach 1, and the location-specific annual
percent change for historical exposure to airborne dusts used in Approach 2.
Mine-Department A B C D E F G All 7 mines

Approach 1
All 8 departments �4.5% 2.1% �8.2% �1.8% 10.2% �3.0% �4.5% �3.9%

Approach 2
Mining 0.4% �0.1% 1.0% �1.8% �0.6% �1.1% 0.4% �0.4%
Crushing �0.1% �2.5% 2.2% �3.3% 2.3% �0.8% �0.1% �0.7%
Concentrating 3.2% 1.6% 0.0% �2.9% 2.2% �2.7% 3.2% 2.0%
Pelletizing 2.3% 0.9% 0.1% �1.5% �0.3% �2.0% 2.3% 0.2%
Shop (mobile) �0.4% �2.1% �1.4% �0.3% �2.5% �3.0% �0.4% �1.0%
Shop (stationary) 1.5% 1.1% �2.6% 1.2% 0.3% 0.2% 1.5% �0.2%
Office/control room 0.7% �1.0% 0.8% �2.0% 0.5% �1.8% 0.7% �0.2%
Janitor 0.7% �1.0% 0.8% �2.0% 0.5% �1.8% 0.7% �0.2%
All 8 departments 0.7% �1.0% 0.8% �2.0% 0.5% �1.8% 0.7% �0.2%

Table 4. The predicted arithmetic mean (AM) range of historical EMP exposure levels by location (f/cc)—Approach 1.

Mine-Department
A B C D E F G All 7 mines

Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max

Mining 0.08 2.1 0.02 0.07 0.05 7 0.03 10.89 0 0.04 0.03 0.1 0.13 1.82 0.04 0.41
Crushing 0.13 2.87 0.03 0.07 0.03 3.09 0.02 6.56 0 0.06 0.04 0.15 0.2 2.51 0.06 0.60
Concentrating 0.18 4.17 0.02 0.05 0.05 6.21 0.06 15.22 0 0.07 0.05 0.2 0.28 3.64 0.05 0.47
Pelletizing 0.08 1.81 0.03 0.07 0.03 3.61 0.11 30.89 0 0.06 0.02 0.08 0.12 1.58 0.04 0.45
Shop (mobile) 0.08 1.92 0.03 0.08 0.04 4.2 0.05 14.01 0 0.06 0.03 0.12 0.13 1.67 0.05 0.49
Shop (stationary) 0.08 1.82 0.02 0.06 0.04 3.69 0.03 9.14 0 0.04 0.02 0.09 0.12 1.58 0.04 0.41
Office/control room 0.02 0.5 0.02 0.06 0.03 3.17 0.02 7.42 0 0.03 0.03 0.12 0.03 0.44 0.02 0.23
Janitor 0.08 1.82 0.02 0.03 0.03 1.93 0.05 3.32 0 0.05 0.03 0.09 0.13 1.61 0.04 0.45
All 8 departments 0.08 1.82 0.02 0.03 0.03 1.93 0.05 3.32 0.00 0.05 0.03 0.09 0.13 1.61 0.04 0.45
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including: some predicted slopes were too steep, no
historical data were available for several departments,
and there were huge variances in model outputs for
some departments. In contrast, predictions from
Approach 2 were much more stable. Its overall pre-
dicted AM range was 0.01–0.23 f/cc. This narrower
range suggests that borrowing time-trend information
from the dust exposure study greatly reduced the
uncertainties in prediction. Given the sparseness of
the historical EMP measurements, the predictions of
Approach 2 (that relies solely on “Year 2010/2011”
EMP data and a borrowed slope) seem more plausible
than Approach 1 in reconstructing the historical EMP
exposure profiles in this study.

Historical exposure reconstruction relying on limited
information is always challenging, and the assumptions
underlying each approach have limitations. A linear
regression based on limited historical data (Approach
1) does not yield reasonable and plausible values of the
slope. Approach 2 assumes that the EMP and the res-
pirable dust in the same department share the same his-
torical time trend. While this approach allowed us to
avail of the more reasonable slope estimates from the
historical respirable dust data set and yielded more
plausible historical exposure estimates for most loca-
tions, the assumption is hard to validate. Such a valid-
ation would require both EMP and respirable dust data
to be available for each year of the study time period for
each mine-department combination.

The results presented here were used for several epi-
demiological analyses[5–8] and reviews by others,[28,29]

These epidemiological analyses used the reconstruction
of exposures presented here for non-asbestiform EMP
(a number of previous studies have shown that there
are no asbestiform EMP in the ore body[3,30,31]) as well
as exposures to commercial asbestos reported previ-
ously.[6–8] This work is the first time EMP exposures
have been reconstructed using information of other
exposures in the same mine-department and shows the
feasibility of this approach when data are very sparse.

Conclusion

Historical exposure reconstruction often relies upon
limited information and is a challenging but import-
ant component of epidemiological investigations. In
this study, a comprehensive reconstruction of the his-
torical EMP exposures of all study mine-department
combinations was completed, using two different
reconstruction approaches. The reconstruction
approaches resulted in two distinct EMP estimates for
each mine, department, and year. Each approach has
advantages and disadvantages, but overall, the
approach that incorporated borrowed time-trend
information from a companion study might provide
more plausible exposure estimates. However, both
JEMs can be used to assess associations with EMP
and respiratory disease in future epidemiological stud-
ies to assess the effect of these assumptions.
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