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Background: Iron ore (taconite) mining and processing are an important industry in

northernMinnesota andwesternMichigan.Concerns aroundexposures have centered

largely on exposure to non-asbestiform amphibole elongate mineral particles (EMPs)

found in the eastern portion of the Minnesota iron range.

Methods: A cross sectional survey was undertaken of current and former taconite

workers and spouses alongwith a detailed exposure assessment. Participants provided

an occupational history and had a chest radiograph performed.

Results: A total of 1188 workers participated. Potential exposures to non-amphibole

EMPs were evident across multiple jobs in all active mines. Pleural abnormalities were

found in 16.8% of workers. There was an association of pleural abnormalities with

cumulative EMP exposure that was not specific to the eastern portion of the range.

Conclusion:Therewas evidence of amild tomoderate increase in pleural abnormalities

in this population of miners, associated with geographically non-specific cumulative

EMP exposure.
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1 | INTRODUCTION

Taconite ore mining and processing have been a significant source of

economic activity in Northern Minnesota over the last six decades.

Since the 1970s there have been concerns about the health effects of

exposure to the dust and tailings produced in the taconite industry. The

industry facilities follow iron ore deposits that exist in a narrow band

stretching 110 miles across the northeastern portion of the state,

known as the Mesabi Iron Range.1 Concerns have centered largely on

the possible effects of exposure to a non-asbestiform amphibole

elongate mineral particle (EMP), a fiber-like mineral found in the

eastern-most portion of the deposit. There have been EMPs from

processing tailings found in the air and water supply of communities

near taconite mining and processing facilities.2,3 Increased rates of

mesothelioma have been detected in several Northern Minnesota

counties4 and more recently in taconite miners.5,6 Furthermore, the

risk of mesothelioma has been associated with length of employment

in the taconite industry and an imprecise association was observed

with cumulative exposure to EMPs.7

The National Institute of Occupational Safety and Health (NIOSH)

defines an EMP as any mineral with an aspect ratio (length to width) of

3:1 or greater,8 but only EMPs of at least 5 μm in length are regulated.

EMPs in the taconite industry can originate from multiple sources and

may be asbestiform (chemically similar to asbestosmineral and capable

of cleaving along parallel planes and forming fibers) or non-asbestiform

(not cleaving along parallel planes). Because of the inability to easily

form fibers, non-asbestiformEMPs are thought to be less toxic and lessInstitution at which the work was performed: University of Minnesota.
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pathogenic,9–11 however, the effects of exposure to non-asbestiform

EMPs have not been extensively studied. Themining and processing of

taconite ore generate dusts that also include cleavage fragments,

another type of EMP created when the ore is crushed.12 The standard

NIOSH counting method using phase contrast microscopy (NIOSH

7400 method), that identifies all EMPs longer than 5 μm with a

diameter of 0.25 μmor greater and with an aspect ratio ≥ 3:1, does not

distinguish between asbestiform and non-asbestiform EMPs.4,13,14

The Mesabi iron range has been divided into distinct mineralogical

zones. Geologic analysis has suggested that in the eastern part of the

range (zone 4) the ore contains higher concentrations of amphibole,

non-asbestiform EMPs. Less than 1% of the EMPs in eastern-most

portion of the iron range (Zone 4) are thought to be asbestiform,

while the western end (zone 1) does not contain asbestiform EMPs.

Zone2 is an intermediate zone,with someasbestiform amphibole EMPs

present.15–17 Occupational exposure levels to total and amphibole

EMPs have been found to be higher in the eastern zones, but amphibole

EMPsaregenerallywell below the recommendedexposure limit (REL)of

0.1 EMP/cc in all geographic areas.12 The NIOSH REL is intended for

regulated asbestiform EMP and for their non-asbestiform analogs.

In addition to EMPs, potential exposures in the taconite industry

include respirable dust and it's component, respirable silica.18 Similar

combinations of non-asbestiform EMPs and dust exposures may be

seen in gold and talc mining, where excess mortality from non-

malignant respiratory disease (NMRD) has been reported.19,20

Previous studies among Minnesota taconite workers did not show

increased deaths due to NMRD.5,21,22 However one study did show

small numbers of miners with silicosis.23

A respiratory survey and exposure assessment were undertaken

to assess the degree of NMRD among taconite workers. Spouses of

participatingworkerswere also recruited to estimate the prevalence of

lung disease, which may be elevated in people with community and

secondary occupational exposure.24,25 Here, we report on the

relationship between EMP exposure and abnormal chest radiograph

findings in a cross-sectional study of workers and spouses.

2 | METHODS

The University of Minnesota Institutional Review Board Human

Subjects Research Committee approved the protocol for this study. All

participants were guided through an informed consent process and

written consent obtained prior to their participation.

2.1 | Study population

The study population was assembled from lists of current and former

workers obtained from each of the six active mines and one inactive

site. The sampling frame was comprised of workers employed during

the late 1980s until 2010 and totaled 16 990 individuals. This group

represented the industry as a whole since mines that closed were

typically purchased by one of three currently active companies. From

this population a random sample of 3310 individuals was selected

stratified on age and geographic location on the Mesabi Range. Older

individuals were oversampled because of the long latency of

pneumoconiosis in some individuals. The geographic representation

was intended to represent the potential differences in the geologic

determinants of exposure across the entirety of the Mesabi Range.

With consideration of the prevalence of outcome abnormalities in the

screened group, a sample size of 1200 workers was determined to

provide adequate power to explore associations between exposure

groups and lung abnormalities. All spouses were invited to participate

with their partner to assess prevalence of pneumoconiosis in a

population with possible secondary occupational exposure.

2.2 | Study recruitment

The selected individuals were invited to participate in the study by

mail. For those individuals who didn’t respond to three mailings,

attempts were made to contact them by phone. After five attempts to

reach people by phone, no further recruitment efforts were

undertaken. Only remuneration for mileage reimbursement was

provided for participants.

2.3 | Exposure assessment

The exposure assessment process has been described previously and is

reviewed briefly here. The approach used work history, current on-site

measurements, and historical exposure measurements (below) to

estimate the cumulative exposure for each worker.12,14 Standardized

exposure assessment approaches were used to assign each of 181 jobs

across the active mines to 28 similarly exposed groups (SEG), common to

all plants.12ThreeworkersperSEGwereselected for theon-site sampling.

Each participant wore a personal air-sampler for approximately 6 h of a

work shift on three separate occasions. The filter samples were analyzed

for EMPs using the NIOSH 7400 method. These measures were used to

estimate an 8-h time-weighted average (TWA) concentration for each

SEG, which served as an anchoring point in the estimation of cumulative

exposures. A total of 233 workers underwent personal exposure

monitoring. Since five of the seven (six currently operating) mines were

in the western zone, 177 of the workers were from this zone with the

remainder from the eastern zone. All mines had some exposure levels for

total EMPs that were greater than 0.1 EMP/cc for multiple SEGs.12

Work history information in this study was obtained from

questionnaires which were reviewed with the participant by the

investigative team in advance of medical testing. Information obtained

directly from each participant included job titles and description of

activity, job locations, and dates of each job. Thesework histories were

used to assign workers to an SEG for the primary analysis.

Historical EMP exposure estimates were based on measurements

provided by the companies and measurements taken by the Mining

Safety and Health Administration (MSHA). These historical data were

used in combination with the current, onsite measurements to

estimate yearly EMP exposures for all SEGs from the beginning of

the industry (1950s) and to create a job-exposure matrix (JEM).6 For

years when no EMP data were available, imputation was used to
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estimate EMP levels. Regression models were fitted for each SEG

within each mine, and used to estimate EMP exposure values for all

years between 1955 and 2010. For jobs that occurred in 1954 or

earlier 1955 exposure levels were used. The work history information

for each worker was mapped to a specific SEG and time, using the JEM

and standardizedmapping terms from thework history. SEGexposures

in the JEMwere then combined by duration of work in that SEG to give

a cumulative exposure estimate measured in (EMP/cc)*years.

2.4 | Clinical assessment

Workers, along with their spouses, were invited to participate in the

studywith the clinical testing based at a local hospital. Participantswere

mailed study documents including consent forms and the study

questionnaire. At the clinic a research team member reviewed the

purposes and procedures for the study, completed the informed

consent process and ensured adequate completion of the questionnaire

with each individual participant. The data collected included a brief

physical examination, a detailed work history, and a brief medical and

pharmaceutical history. The participant then underwent a chest

radiograph,whichwas theprimaryhealthoutcome for this investigation.

2.5 | Chest radiographs

The prevalence of pleural abnormalities and parenchymal opacities was

determined with a single hard copy (analog) posteroanterior (PA) chest

radiograph consistent with the recommendations of the International

Labour Organization (ILO). Each radiograph was interpreted indepen-

dently by two NIOSH-certified B-Readers using ILO guidelines and

standard hard copy images for comparison.26 The interpretations were

recorded on the standard NIOSH chest radiographic classification form

and all forms were fully completed. For the purposes of this study,

parenchymal abnormalities were defined as the presence of small

opacities of ILO profusion category 1/0 or above, and pleural

abnormalities were defined as the presence of any classifiable pleural

abnormality (minimum width was 3mm as per ILO standard). When

results from the two initial primary readers differed, a third certified B-

readerperformedanarbitration reading. Forparenchymal abnormalities, a

third read took place if the two initial readers disagreed bymore than one

profusion subcategories (eg, 1/0 vs 1/2), one profusionmain category (eg,

1/× vs 2/×), disagreement on shape (s,t,u vs p,q,r), or more than one

category in size (ie, p vs r or s vs u). For pleural abnormalities a third read

was performed if there was disagreement on the presence of any

classifiable pleural abnormality (ILO question 3A). A consensus of two B-

readerswas required for anabnormality tobepresent.B-readers assessed

each film as acceptable or not acceptable, using standard definitions for

these terms.26 10% of the radiographs were submitted a second time to

the two primary B-readers (blindly) to assess internal consistency.

2.6 | Analysis

Baseline and demographic characteristics were assessed in both

worker and spouse groups. Poisson regression models with robust

standard error estimates were used to estimate prevalence ratios (PR)

and 95% confidence intervals for the association between cumulative

EMP exposure in workers and pleural and parenchymal abnormalities.

Separate Poisson models were estimated to examine the association

between years worked in the taconite industry across the entire Iron

Range and pleural and parenchymal abnormalities. Cumulative EMP

models examined exposure across the Iron Range and included terms

for working in the eastern zones (2, 4) and western (zone 1) portions of

the range, corresponding to the presence/absence of non-asbestiform

EMPs, respectively. There were two plants located in the eastern

portion of the range and five in the western portion.

To account for potential commercial asbestos exposure within the

industry, each SEG was assigned an asbestos score of low, medium, or

high based on the combined likelihood, and frequency of commercial

asbestos exposure as determined by a consensus of industrial hygiene

experts, and the number of years in SEGs with a high asbestos score

was included in the exposure models. Potential occupational asbestos

exposure outside the taconite industry was assessed in the question-

naire, and a variable included in the models that indicated whether an

individual had ever been employed in an occupation outside the

taconite industry with a high potential for asbestos exposure. Years in

hematite were important since they preceded taconite mining,

represented a higher-grade ore that required less processing than

taconite, and had a different exposure profile.

To evaluate for potential for response bias, a comparison between

participants, and non-participants was made using information available

from company records that formed the Mineral Resources Health

Assessment Program (MRHAP) cohort which was assembled by

University of Minnesota School of Public Health researchers in the

mid-1980s and is the basis for studies ofmortality and cancer incidence in

this population.5–7 The MRHAP data contained demographic and work

history information on all taconite workers from the origin of industry

through 1983. To evaluate the potential for selection bias work histories

ofall individuals recruited for this studywhowerealso included inMRHAP

(N = 1563) were abstracted and responders and non-responders were

compared with reference to sex, age, distance to clinic, and cumulative

exposure. Comparisons were conducted using Student's t-test for

demographic variables and proportional t-test for proportional compar-

isons. Cumulative exposure basedon thework history as described above

and time to the testing facility was determined by the use of spatial

analysis determined by zip code of the person's home address.

3 | RESULTS

Study enrollment consisted of 1322 workers and 496 spouses (1818

individuals).A totalof1188workers completed thequestionnaire andall

clinical examinations over a 14-month period. Acceptable chest

radiographs were obtained on 1178 workers and (10 radiographs in

workers did not meet standard quality indicators and were excluded

from the analysis). The distribution of cumulative exposure uniformly

increased both magnitude and variability with increasing duration of

employment in the industry (Figure 1). Demographic characteristics
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including BMI and smoking status for workers and spouses, along with

employment location data for workers, are shown in Table 1.

Participating workers were slightly older (66.4 vs 58.1 years), had a

similar gender distribution, a shorter mean drive time to the testing

facility (62.5 vs 143.3 min) and a higher mean cumulative exposure

estimate (1.62 vs 1.27 [(EMP/cc) × years]) when compared to non-

participants (Table 2).

Pleural abnormalities were found in 16.8% of workers and 4.4% of

spouses. Parenchymal abnormalitieswere found in 5.4%ofworkers and

0.6% of spouses (Table 1). On chest radiographs where pleural

abnormalities were noted, 97.4% had pleural plaques, 4.1% had diffuse

pleural thickening, 8.8% had calcifications, and 47% had bilateral

changes. Of the parenchymal abnormalities, most (86.0%) were

category 1: 1/0 (57.8%), 1/1 (26.6%) or 1/2 (1.6%). Only one radiograph

was category 3 (3/3), and 90% of the abnormalities were characterizes

as irregular (categories s,t,u) versus10%rounded (categoriesp,q,r,).Both

types of chest radiographic abnormalities were more common in

smokers andolderworkers, andmeanBMIwashigher among thosewith

pleural abnormalities (Table 3—data not shown for spouses due to the

very low number of abnormalities). Workers with pleural abnormalities

weremore likely towork in a job categorywithin the industrywith a high

possibility of commercial asbestos exposure (Table 3). Of all 1674 films

(workers and spouses) 341 (20.4%) met criteria for a third read; of the

abnormal films, 257 (70.8%) required a third read. The third reader

agreement was evenly distributed between the two primary B-readers

forbothpleural andparenchymal abnormalities, andour readers showed

good internal consistency when radiographs were interpreted twice

(kappa values >0.4, data not shown).

The Poisson regression suggest little evidence of association

between duration of employment (PR = 1.01, 95% CI = 0.99-1.02) or

for cumulative exposure (PR = 1.02, 95% CI = 0.98-1.05) and pleural

abnormalities. When analyzed by quartile of exposure there was a

moderate association for cumulative EMP exposure in quartiles two

(PR = 1.53, 95% CI = 1.07-2.17) and three (PR = 1.63, 95% CI = 1.14-

2.32) versus quartile one (used as the reference quartile) but a more

attenuated association in quartile four (PR = 1.25, 95% CI = 0.86-1.82)

versus quartile one (Table 4). For parenchymal disease there was no

association with either employment duration or cumulative EMP

exposure (Table 5). Analysis by working on the east versus west end of

the iron range did not reveal meaningful differences in prevalence of

FIGURE 1 Cumulative elongate mineral particle (EMP) exposure
measured by the NIOSH 7400 method. Shaded box represents first
and third quartiles; line in mid-portion of box represents the median
value; the diamond in the box represents the mean value; the lines
at the ends of each box represent the 25th and 75th percentiles;
the lines beyond the boxes represent the minimum and maximum
values

TABLE 1 Baseline demographic characteristics and chest
radiograph abnormalities of study participants

Workers
(n = 1179)

Spouses
(n = 495)

Mean age (years) 60.5 59.7

Age groups

<45 8.7% 7.4%

45-54 19.9% 26.0%

55-64 34.2% 30.8%

65-75 27.5% 30.3%

>75 9.6% 5.5%

Gender

Male 90.2% 3.1%

Female 9.8% 96.9%

Mean BMI (kg/m2) 31.4 31.0

Smoking

Never 37.6% 47.1%

Current 12.3% 10.1%

Former 50.1% 42.7%

Zone ever workeda

Zone 1 (western) 61.3%

Zone 2 (intermediate) 35.0%

Zone 4 (eastern) 24.9%

Mean years of taconite employment

Overall 25.5

Zone 1 (western) 21.1

Zone 2 (intermediate) 19.4

Zone 4 (eastern) 21.4

Chest x-ray abnormalities

Two reader consensus
parenchymal abnormality

5.4% 0.6%

Any one reader parenchymal
abnormality

10.4% 3.0%

Two reader consensus pleural
abnormality

16.8% 4.4%

Any one reader pleural
abnormality

23.4% 11.5%

BMI, body mass index.
aSome miners worked in more than one zone, no mines were located in
Zone 3.
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pleural or parenchymal abnormalities in those who worked in the

eastern part of the iron range where naturally occurring non-

asbestiform amphibole EMP exposures could occur (data not shown).

The multivariate analysis adjusted for age, gender, BMI, smoking

status, hematite years, probability of asbestos exposure in taconite

industry job category, and potential outside asbestos exposure.

4 | DISCUSSION

This investigation of current and formerworkers in the taconite industry

of Minnesota estimated the prevalence of radiographic abnormalities.

There was evidence of an association between cumulative EMP

exposure and the prevalence of pleural abnormalities. The results of

this study should be interpreted in the context of certain limitations.

Though workers were selected randomly, the participation rate was

around 40%. As expected, a higher rate of participation occurred in

those who lived within one hour of the testing facility, where

participation rates approached 60%. However, when limiting the

analysis to only participants within 1 h of the testing facility, the

association with cumulative EMP exposure, and pleural abnormalities

was not meaningfully different compared to the overall result (data not

shown). Participants were older than non-respondents and therefore

likely had longer duration of employment and higher cumulative EMP

exposure.

TABLE 2 Comparison of eligible study participants with employment records in MRHAPa who enrolled in the respiratory health survey versus
those who did not enroll

Responders (N = 680) Non-responders (N = 883) P-value

Mean age (years) 66.4 58.1 <0.001

Gender

Male 620 (91.3%) 801 (90.7%) 0.168

Female 59 (8.7%) 80 (9.0%) 0.836

Unknownb 1 (0.01%) 2 (0.002%) 0.832

Mean time to facility (minutes)c 62.5 143.3 <0.001

Mean cumulative EMP exposure (EMP/cc)*yearsd 1.62 1.27 <0.001

EMP, elongate mineral particle.
aMineral Resources Health Assessment Program (MRHAP).
b“Unknown” category included people with missing gender information. This category was excluded in calculating P-values for gender proportions between
groups.
cBased on zip codes for residence.
dCumulative exposures were assessed from the Mineral Resources Health Assessment Program (MRHAP) work history database for responders and non-
responders.

TABLE 3 Characteristics of workers based on chest radiograph abnormality

Characteristic Parenchymal abnormalitya Pleural abnormalityb

Yes (63) No (1115) P value Yes (198) No (980) P value

Mean Age (years) 67.9 60.1 <0.001 65.6 59.5 0.001

Mean BMI (kg/m2) 30.5 31.4 <0.001 34.3 30.8 0.001

Smoking status

Current 15.9% 11.7% 0.310 8.1% 12.7% 0.069

Former 61.9% 48.3% 0.036 66.7% 45.5% 0.011

Never 22.2% 40% 0.005 25.2% 41.8% <0.001

Outside asbestos occupationc 73.4% 64.1% 0.131 71.2% 63.4% 0.036

SEG asbestos scored

Low 20.3% 29.1% 0.133 21.8% 29.9% 0.021

Medium 64.1% 47.2% 0.009 48.7% 48.0% 0.857

High 15.6% 23.8% 0.135 29.4% 22.1% 0.027

BMI, body mass index; SEG, similarly exposed group.
aDefined as profusion category 1/0 or greater by consensus of two B-readers.
bDefined as consensus of two B-readers for any pleural abnormality.
cObtained from worker questionnaire.
dSEG categorized based on the combined likelihood and frequency of commercial asbestos exposure within the taconite industry as determined by a
consensus of two industrial hygiene experts.
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Pleural abnormalities were present in 16.8% of workers. Since our

study did not include a control population, historical controls, including

general, and exposed populations, were examined. General population

surveys looking for pleural plaques have shown prevalence rates as

high as 6.8%. However, most surveys show rates around 2.5% or less

and rates have been found as low as 0.21%.27–30 Surveys of exposed

populations have shown varying rates of pleural plaques, as high as

49%.31 In the case of Libby, Montana, in which there was widespread

exposure to asbestiform EMP contaminated vermiculite,32 a radio-

graphic survey showed an overall prevalence of pleural abnormalities

of 17.8% in the community, with a range of 6.7-34.6% depending on

the number of potential pathways of exposure.33 A survey of

community exposure to the Libby vermiculite in northeast Minneap-

olis, including low, and high intensity exposures, found a prevalence of

pleural abnormalities of 15.4%.34 A high proportion (53%) of the

pleural abnormalities in our study were unilateral. While bilateral

changes are considered more strongly associated with asbestos

exposure,35 unilateral changes can be seen as well and can be a

significant portion of abnormalities.36 The finding of 4.4% pleural

abnormalities in spouses is within previously reported ranges for

nonworking populations and thus not elevated in this population.28

Using the first quartile as a reference, cumulative EMP exposure

was associated with pleural abnormalities in quartiles two and three,

with a tendency in quartile four that was not statistically significant (CI

includes 1.0), though the prevalence of abnormalities was highest in

that group. Of interest is that a similar pattern of association between

cumulative EMP exposure and mesothelioma was reported in another

analysis of taconite workers.7 The lack of an association with

parenchymal changes in the lung suggests the EMP exposure in

taconite mining may be sufficient to contribute to the formation of

pleural abnormalities, but likely at concentrations too low to induce

parenchymal disease.

Chest radiograph abnormalities were strongly correlated with

smoking, which is not unexpected, and the effect was more prominent

in current smokers compared with former. Although most previous

studies have not shown an association between pleural abnormalities

and smoking,28,33,37 pleural abnormalities were significantly more

common in smokers (current and former) in our study (20.9% vs 10.2%,

P < 0.001). Although we include a smoking term in the pleural and

parenchymal models, it is possible that there is some degree of

residual, uncontrolled confounding by smoking that is contributing to

the pleural abnormality-exposure association.

Most of the plants were built in the 1950s or 1960s, a time when

commercial asbestos was commonly employed. However, a gap in

historical measurements, particularly in the early years of the industry

when use of asbestos was likely to have been higher, is a complicating

factor. We attempted to control for commercial asbestos exposure

within the industry, however it is possible that there was incomplete

control for this exposure. As the work history data used for this study

were collected from worker questionnaires, there is the potential for

recall bias. In addition, our population had a high prevalence of outside

occupations with potential asbestos exposure (64.6% for the overall

population). While the general population prevalence of occupational

asbestos exposure is not well-known, previous case-control studies

have shown a lower prevalence.38,39 There was aminimal difference in

the frequency of possible outside asbestos exposure between the

participants with and without radiographic abnormalities, and the

group with pleural abnormalities had a slightly higher prevalence of

potential outside asbestos exposure compared to those without

pleural abnormalities.We did attempt to adjust for this exposure in the

analysis, including 30 jobs with potential asbestos exposure; however

the true level of outside exposure is difficult to estimate.

BMI was crudely associated with pleural abnormalities in

workers, though we did attempt to control for this in the analysis.

The relationship between BMI and pleural abnormalities in an

asbestos exposed population has been shown previously.40 In a

study on the Libby, Montana population (including workers and

household contacts); using high-resolution computed tomography as

a gold standard, BMI was significantly associated with false positive

findings.41 The possibility of false positives causing misclassification

and contributing to the overall rates of pleural abnormalities exists,

but the extent to which this biased the results is not known. While

there is variation among B-readers on the interpretation of pleural

abnormalities, the good internal agreement, and the even distribu-

tion of agreement of the third reader with the two primary readers

suggest there was not consistent over- or under-interpretation by

either of the B-readers.

Results suggest a possible mildly increased prevalence of

parenchymal abnormalities on chest radiographs among workers.

This analysis did not evaluate silica and respirable dust exposures,

which could be important contributors to parenchymal abnormali-

ties. Also, we did not find an association of irregular opacities with

EMP exposure. However, the majority of the parenchymal abnor-

malities were irregular versus rounded, which would not be typical

for silica exposure. Reports of parenchymal abnormalities in

unexposed populations range from 0.21% to 11.7%. Most healthy

North American populations show <5%.27,42 Our finding of 5.4%

parenchymal abnormalities could represent a low rate of mixed dust

pneumoconiosis similar to that seen in other open-pit mining

settings.43,44

The survey was cross-sectional, thus only representing the

experience of workers who were alive, and chose to participate. As

with many cross-sectional studies a key concern is selection bias.

Based on the characteristics from the non-responder analysis, our

study reflects a prevalence of these conditions in a somewhat older

population as older workers are more likely than younger workers to

have radiographic findings. However it is also possible that our study

underestimates disease level, as sick workers are less likely to travel to

the clinic especially across longer distances. Since age and cumulative

EMP exposure are highly correlated, it is more difficult to interpret the

association of cumulative EMP exposure, and pleural abnormalities.

When we excluded age as a covariate in our analysis the association

between EMP exposure and pleural abnormalities in quartiles two and

three remained significant (data not shown).

The exposure assessment that was done in conjunction with this

investigation included current, onsite measurements with personal
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samples, and historicalmeasurements donewithin the companies or by

the Mining Safety and Health Administration. The latter data were

limited in scope, particularly prior to the regulatory era (mid-1970s).

This likely introduced some exposure misclassification although the

direction of bias of prevalence ratio estimates is uncertain. In the

assessment of pleural abnormalities, it is known that the interpretation

of chest radiographsmay be influenced by such factors as body habitus

and the presence of sub-pleural fat. We attempted to control for these

factors but without confirmatory testing by additional imaging the

amount of diagnostic error is uncertain.

TABLE 4 Pleural abnormality associated with duration of employment and EMP exposure

Abnormalitiesa yes/no Prevalence ratiob 95% CIb

Employment (years)

Taconite employment duration 198/981 1.01 0.99-1.02

Hematite employment duration 24/43 1.01 0.97-1.05c

Cumulative exposure

(EMP/cc)*years 198/981 1.02 0.98-1.05

Taconite employment duration quartile

0< years <21 47/378 Ref

21< years <30 44/223 1.09 0.76-1.56

30< years <35 56/215 1.22 0.87-1.72

35+ years 51/165 1.21 0.84-1.73

Exposure quartile

0< (EMP/cc)*years <1.16 48/415 Ref

1.16< (EMP/cc)*years <3.29 50/240 1.53 1.07-2.17

3.29< (EMP/cc)*years <5.89 51/174 1.63 1.14-2.32

5.89 + (EMP/cc)*years 49/152 1.25 0.86-1.82

CI, confidence interval; EMP, elongate mineral particle.
aDefined as consensus of two B-readers for any pleural abnormality.
bResults adjusted for age, gender, BMI, smoking status, hematite years, probability of asbestos exposure in taconite industry job category, and potential
outside asbestos exposure.
cWith adjustment for taconite employment years; without adjusting for taconite employment years, P = −1.00 (0.96-1.05).

TABLE 5 Parenchymal abnormality associated with duration of employment and EMP exposure

Abnormalitiesa yes/no Prevalence ratiob 95% CIb

Overall employment (years)

Taconite employment duration 64/1118 1.01 0.98-1.03

Hematite employment duration 11/96 1.03 0.97-1.09c

Cumulative exposure

(EMP/cc)*years 64/1118 0.98 0.91-1.06

Taconite employment duration category

0< years <21 14/412 Ref

21+ years 50/706 1.14 0.64-2.02

Exposure category

0< (EMP/cc)*years <3.29 35/719 Ref

3.29 + (EMP/cc)*years 29/399 0.79 0.48-1.30d

EMP, elongate mineral particle.
aDefined as profusion category 1/0 or greater by consensus of two B-readers.
bResults adjusted for age, gender, BMI, smoking status, hematite years, probability of asbestos exposure in taconite industry job category, and outside job
with risk of asbestos exposure.
cWith adjustment for taconite employment years; without adjusting for taconite employment years, PR = 1.02 (0.97-1.08).
dWith cutoff of 1.16 (Q1 as reference quartile), PR = 0.97 (0.57-1.64).
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5 | CONCLUSION

In this study of chest x-rays in Northern Minnesota taconite workers

and their spouses, we found increased rates of pleural abnormalities in

workers when compared to general population studies, and other

surveys of exposed populations, and some evidence of an association

with cumulative EMPexposure. This associationwas not specific to the

geographic region where amphibole non-asbestiform EMPs exist

naturally. We found no evidence of radiographic abnormalities related

to secondary domestic exposures. Further study is needed to clarify

the nature and source of the EMP exposure due to taconite mining and

processing.
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