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1 | INTRODUCTION
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Abstract

Mclntyre Powder (MP) is a fine aluminum powder that was developed to prevent silicosis
in gold and uranium mine workers in Ontario, Canada, and was administered to miners
there from 1943 to 1979. Mine workers were exposed to high concentrations (35.6 mg/
m°) of MP for approximately 10 min before every work shift. Contemporary physical and
chemical characterizations of this powder have revealed that 12% of the powder is in the
ultrafine particle size-range (nanoparticles); and the remaining 88%, in the fine particulate
size range (below 2.5 um in diameter). The confluence of ultrafine particulate (UFP)
composition and high airborne concentration of MP would be expected to overwhelm the
defense mechanisms of the lung and increase the lung dust burden of the mine worker
exposed to respirable dust in the mine. Published studies revealing associations between
air pollution particulates and increased risk for cardiovascular disease (CVD) shown a
dose-response relationship with ambient PM,5s and UFP and suggest that miners
exposed to MP may also be at increased risk of CVD. The historical perspective of the use
of MP in northern Ontario hard-rock mines and its potential implications for CVD in

exposed mine workers are discussed.
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most common occupational lung disease worldwide and is associated
with many types of work exposures, key among them being mining. In

Silicosis is an occupational lung disease caused by the inhalation of
crystalline silica dust. This dust is created from the cutting or breaking
of many types of rocks, such as granite, sandstone, gneiss, and slate
and some metallic ores. Silicon is one of the most common elements
in the earth's crust. As such, when rocks are broken, small silica dust
particles are released, which can be inhaled and then embed deep

into the small airways and alveolar sacs of the lung. Silicosis is the

2019, it was estimated that there were approximately 2.65 million
new cases of silicosis and 12,900 silicosis deaths globally. It was also
reported that 100% of these new cases and deaths were caused by
occupational exposures to crystalline silica.

Due to the prevalence of this disease, innovative ideas were (and
continue to be) developed for prevention. The idea of using a fine

aluminum (Al) powder for the prevention of silicosis was first
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published in 1937 in a preliminary report.2® In the full report, Denny
and colleagues®~> proposed that Al reduced the solubility of the
crystalline silica in the lung and formed a coating around the silica
particles aiding their clearance from the lung by expectoration. These
reports prompted the establishment of the Porcupine Silicosis Clinic
in Timmins, Ontario, where the first human trials using Al dust for the
prevention of silicosis were conducted.® In 1943, the use of inhaled
Al powder for this purpose was introduced across the hard-rock
mining industry. For this treatment, underground miners were
required before each work shift to inhale a chemical dust called
Mclintyre Powder (MP). The inhalation process involved the use of a
specially designed airtight locker room (typically, the mine dry room)
where the dust was dispersed into the air for them to inhale.

It is documented that 27,500 miners were exposed to MP in Ontario
between 1943 and 1979. The use of MP in the mining industry spread to
other parts of Canada, with 13 licensees in British Columbia and 18 in
Quebec, and a small number of licensees in Manitoba, Saskatchewan, and
the Northwest Territories. The Mclntyre Research Foundation patented
and distributed MP to licensees not only in Canada but also in other
countries world-wide, including the United States, Mexico, Chile, Belgian
Congo, and Western Australia. In the United Kingdom, independent
evaluation of the efficacy of the Al dust treatment was conducted. The
results were inconclusive and the practice was not adopted.” Although
the original industry for which MP was designed was mining, MP was also
used in several nonmining industries, such as pottery manufacture,
foundries, silica brick manufacture, and refractories.”

The main health concerns studied to date related to MP exposure
have been neurological diseases including cognitive dysfunction, Parkin-
son's disease, Alzheimer's disease, and motor neuron disease. There have
been three epidemiological studies of MP-exposed miner cohorts
published to date: two in Ontario by Rifat et al.® and Zeng et al.? and
one in Australia by Peters et al.l® Peters et al.’® observed excess
cardiovascular disease (CVD) mortality in an MP-exposed gold miner
cohort in Australia when observed deaths were compared with expected
deaths in the general male population in Western Australia: overall cohort
standardized mortality ratio 1.31, 95% confidence interval (Cl) 1.20-1.43,
n=>508. CVD mortality was elevated and similar in never-MP-exposed
and ever-MP-exposed miners. Cox proportional hazard models were used
to examine within-cohort differences regarding MP exposure and CVD
mortality. Compared to never-MP-exposed miners, ever-exposed miners
had a 19% increase in risk for CVD death that was of borderline statistical
significance: hazard ratio (HR) 1.19, 95% Cl 0.99-1.44, n=223. When
MP dust exposure was considered as a continuous variable, a significant
duration-response relationship was observed: HR 1.02, 95% CI
1.00-1.04 per year of exposure. The authors concluded that MP dust
inhalation “may possibly increase the risk of cardiovascular disease.”

Published studies revealing associations between air pollution
particulates (PM,s) and increased risk for CVD raise the question of
increased CVD risk for miners exposed daily to PM,s and ultrafine
particulate (UFP). Historical and contemporary characterizations of MP
have demonstrated that 12% of the powder falls in the ultrafine size
range defined as an aerodynamic diameter less than or equal to 0.1 um
(100 nm).*+*? The diameter of inhaled particles is a critical component in

airway physiology because it is directly related to “where” in the lungs the
particles can deposit. The confluence of small particle size and high
airborne concentration of MP would be expected to overwhelm the
defense mechanisms of the lung and increase the lung dust burden mine
workers exposed to respirable dust in the mine.

The American Heart Association (AHA) published a scientific
statement in 2004 that included a comprehensive review of the
epidemiological, toxicological, and mechanistic studies related to particu-
late air pollution and its influence on the risk of CVD. The AHA concluded
that particulate matter (PM) has a direct contribution to cardiovascular
morbidity and mortality.?® Since then, many studies examining the
physiological and molecular mechanisms involved in this relationship have
been conducted, with findings that support the observed associations.
The rate of new scientific literature on this topic prompted a second AHA
statement in 2010 and the publication of several books reviewing the
topic. For example, Brook et al.1*
characteristics of airborne PM that influence the risk of CVD. Of these,

particle size was identified as an important factor, with particulates

outlined key physical and molecular

smaller than 2.5um in diameter (PM, ;) being significantly, positively
correlated with increase in CVD morbidity and mortality.** These findings
indicate the importance of the characterization of MP particle size
distribution to understanding the health effects of exposure.

The purpose of this paper is to discuss the historical perspective
of MP use to prevent silicosis in metal miners; describe the physical
and chemical properties of MP under these exposure conditions; and
consider the potential risk for CVD in MP-exposed workers in

context of the current literature.

2 | EXPOSURE CONDITIONS AND
CHEMICAL AND PHYSICAL PROPERTIES
OF MP
2.1 | Exposure conditions

The exposure protocol, recommended by the Mcintyre Research
Foundation to prevent silicosis, was 1g of MP per 1000 cubic feet of
locker room volume for an exposure time of 10 min (1 g/1000ft3=1g/
28.32m%=35.6 mg/| m3).> Based on worker narratives in Ontario,
underground miners were required to breathe MP before every work
shift for a minimum of 10 min. However, workers from different mines
reported substantial variation in exposure times ranging from 10 to
45 min. Some mines were reported to require two inhalation sessions:

immediately before and immediately after their work shift underground.

2.2 | Chemical properties

Al is the most abundant metallic element on earth and due to its high
chemical reactivity, it never occurs in its pure metallic form in
nature.® Al is particularly noted for its reactivity with water and its
pro-oxidant activity. These properties raise significant concerns

about the potential of MP to effect changes in the reactive oxygen
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status of the lung by increasing the number of reactive oxygen
species (ROS) and thereby inducing additional cell damage and
death.’” Oxidative stress occurs when there is an accumulation of
ROS, also called free oxygen radicals. All free radicals, but particularly
oxygen radicals, are unstable and are therefore able to react
negatively with all cell components, causing damage to any molecule
that they come in contact with, including but not limited to
membranes, proteins, and DNA.'® These injuries induce an innate,
inflammatory response; and repeat inhalations of MP would be

expected to induce a chronic inflammatory state.*”*”

2.3 | Physical properties
Air particulate is measured in two ways: (1) the total mass of
particulate in a volume of air; and (2) the size of the individual
particles that make up that mass. With respect to size, the
International Organization for Standardization (ISO) defines fine
particulate (PM,s) as dust primarily composed of particles below
2.5um (2500 nm) in diameter and ultrafine particulate as dust
primarily composed of particles <0.1 pm (<100 nm) in diameter.?°

In the case of particulate inhalation, the total mass is not the
most important factor in determining the potential for adverse health
effects. The principal factor is particle size, for two reasons. First,
hairs and turbinates in the nasal passages, and the turbulence of air
currents there, tend to filter particles larger than 10 um out of
inhaled air. Those that make it past the nasal passages are then
caught in the mucociliary escalator of the upper airways and cleared
relatively quickly (hours).?*?? Particles smaller than 10 pum are better
able to penetrate deep into the lower airways where they are
retained longer (>24 h) than the larger particles, in part because of
immune-mediated mechanisms.?? Fine and UF particles are able to

penetrate to the level of the alveoli,?>2*

where they can pass through
alveolo-capillary membrane and enter the systemic circulation.?®
Second, in the lower airways the biological effects of PM are

positively correlated with total surface area rather than mass. The

(A)

more surface area available, the greater the opportunity for chemical
reaction. Chemical reactions include the generation of free radicals;
of relevance for this paper, metals are highly reactive.'” The surface
area of any given mass is greater for small particles than
the equivalent mass of large particles; and as such, small particles
are more toxic on a gram-per-gram basis than large ones. For both
reasons, even a low mass concentration of inhaled particulates can be
harmful.

R

As described in Zarnke et a approximately 70% of the Al

particles in MP are below 0.5 um (500 nm) in diameter, and 30% of
the particles, below 0.2 pm (200 nm) 8 min after dispersal in air.>*®
The MclIntyre Research Foundation also observed that a significant
number of particles were below the 0.2 um (200 nm) analytical grain
size detection limit and could not be categorized (Figure 1).

The MP particle characteristics would therefore be categorized
as PMy 5 with a substantial fraction of the powder categorized as UF.
Under the American Conference of Governmental Industrial Hygien-
ists (ACGIH) definitions, MP would be considered a respirable PM,
meaning it can reach the deepest part of the lung (i.e., alveolar space)
(Figure 2A).

3 | RESPIRATORY RESPONSES TO
INHALED PARTICULATE

Cherrie et al.2® present a discussion about health effects from
“nuisance” dust exposures and their potential to cause lung overload.
Cherrie et al.2% use the link between chronic obstructive pulmonary
disease (COPD) and occupational exposure to “nuisance” dust to
illustrate why an occupational exposure limit that considers the
process of lung overload in response to peak respirable dust
exposures is required. Research over the past 20 years has shown
that many dusts previously thought to be inert contribute to COPD
development.?” A diagnosis of COPD is based on the demonstration
of obstruction on spirometry, with a ratio of forced expiratory volume
in 1s (FEV,) to forced vital capacity (FVC) of <0.70. The term COPD

FIGURE 1 Microscopy images of fine and ultrafine Mclntyre Powder (MP) particles. (A) 1944 electron micrograph of MP particles collected
after dispersal in air. Example of particles ~200 nm or below which could not be sufficiently categorized.'® (B) Transmission electron microscopy

image of MP particles in the ultrafine size fraction.
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FIGURE 2 Lung response to inhalation of particulate matter including Mcintyre Powder (MP). (A) Particle deposition: Once inhaled, MP

makes its way through the respiratory tract to the terminal bronchioles and alveoli, with depth of penetration dependent on particle size. In the
process, MP interacts with epithelial cells lining the airways and macrophages in the alveoli (AM), causing activation, and resulting in the release
of pro-inflammatory mediators. (B) Activation of AM by contact with MP: A local inflammatory process is initiated by AM phagocytosis of MP
particulates, with release of signaling markers, including chemokines and cytokines. These inflammatory mediators make their way through the
alveolar epithelial barrier into the lung interstitium and from there into the circulatory or lymphatic system, resulting in the opportunity for

systemic inflammatory effects. (C) Translocation of MP ultrafine particulates (UFPs): UFPs can penetrate the alveolar epithelial barrier directly
and travel through the lung interstitium to the capillary where they enter the systemic circulation. Here, acute phase responses include increases
in circulating levels of pro-inflammatory cytokines; increase in thrombogenic activity, with increase in fibrinogen levels and platelet activation

and adhesion; and upregulation of endothelin expression.

includes the diseases emphysema and chronic bronchitis, and tends
to be progressive and poorly reversible.?®

Cherrie et al.2% review toxicological studies relevant to the biological
response of the lungs to respirable dust. Special focus is placed on particle
dose, particle size, and the influence these parameters can have on the
lung's ability to clear inhaled particles. Inhalation studies using laboratory
animals have shown a critical dose at which clearance mechanisms
involving AMs break down and dust accumulates in the lung in a linear

fashion, with no effective clearance (lung overload). The literature shows
that particle size can influence the particle dose required to achieve lung
overload conditions, with smaller inhaled particles eliciting a stronger
inflammatory response and accelerating lung overload, such that overload
occurs at lower doses.?

In the upper respiratory tract, there are three major clearance
mechanisms: mucous, cilia, and bronchial macrophages. In humans

and in animal models, mucous and the cilia interact to create a
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mucociliary escalator that moves PM up and out of the upper
respiratory tract. In the lower respiratory tract (alveoli), the principal
mechanism for clearing dust particulates is the alveolar macrophage
(AM).2? AMs are large, immunologically active cells that engulf and
digest or otherwise attempt to remove foreign particles from the
lungs. These particle-laden AMs may make their way to the
mucociliary escalator to be transported out of the lungs.?’
Alternatively, AMs may undergo apoptosis following phagocytosis
of PM, and be removed by AMs of a different phenotype
(efferocytosis).3° Contact with PM activates AMs and results in the
release of pro-inflammatory mediators which have both local and
systemic effects (Figure 2B). Similar reactions occur when PM
contacts epithelial cells lining the airways of the lung.

With high dust exposure and overload of AMs, some particles
penetrate the alveolar epithelial barrier directly to enter the lung
interstitium, where they may then enter the circulatory or lymphatic
system and be transported to other parts of the body (Figure 2C).3!
Particles that enter the bloodstream or lymphatic system in this
manner are said to “translocate” out of the respiratory system.
Human lungs (as opposed to animal models) have the ability to
translocate fine/ultrafine dust particles throughout an inhalation-
exposure period, even before lung overload is achieved.®?

Since the size distribution of MP PM includes a 70% proportion
of particles below 500 nm, 30% below 200nm, and 12% below
100 nm, the dose required to elicit lung overload would be expected
to be much lower than that of average mine dust containing larger
particles. Moreover, the high dose rate of the MP would be expected
to add to opportunity for lung overload. As Cherrie et al.?® discuss,
animal models show that during lung overload conditions, inhaled
particulates accumulate with no effective clearance. In humans, this
type of accumulation has been shown to be associated with
increased translocation of inhaled particles from the alveoli to the
lung interstitium and then to other organs via the circulatory
system.?> The fact that the MP exposures occurred directly before
the workers' shift would be expected to increase the toxicity of the
inhaled mine dust by increasing the lung burden of these dusts.

The time weighted average threshold limit value and typical exposure
profiles under current Ontario exposure limits may not be relevant to
MP-exposed miners for three reasons: (1) lung overload related to
inhalation of MP under the circumstances described; (2) potential toxic
effects of MP on the lungs separate and apart from its effect on clearance
mechanisms; and (3) the potential for an interactive effect of MP and
mine dusts on the lungs. Such interactive effects could enhance any
existing risk for CVD and other related health effects (Figure 2A).*

4 | CVD AND PARTICULATE EXPOSURE

4.1 | Systemic inflammatory effects of particulate
exposure and CVD

In addition to differences in biological effects of these discrepant
dose rates of MP exposure, particle size distributions similar to those

in MP have been shown to increase the toxicity of inhaled dusts
regardless of their chemical composition.3® Studies have also shown
that small particles of Al oxide in the UFP range can cause more
intense inflammatory responses in the lung when compared to
respirable particles greater than 500 nm. In the last 20 years, there
have been substantial advances in our understanding of PM-
mediated biological mechanisms responsible for adverse cardiovas-

cular effects. Seaton et al.>*

are widely credited with introducing the
hypothesis that the systemic effects of particulate air pollution are
mediated by the products of local pulmonary inflammatory
reactions spilling over into the systemic circulation and inducing
acute phase responses. More recently, a number of experiments
have demonstrated rapid responses to air pollution causing a
number of different systemic sequelae, including: increase in
vascular leakage in the lungs®”; increase in circulating levels of
pro-inflammatory cytokines, including GM-CSF, IL-6, IL-4, and
IL-13%; increases in fibrinogen®” and thrombosis®®3?; upregulation
of endothelin expression?®; and increased platelet activation and
adhesion.*14? These responses suggest there are systemic signaling
pathways created within hours of particulate inhalation.'* The
AHA's findings strongly support the integral role of ROS-dependent
pathways at multiple stages of the PM-mediated biological response
at the molecular level. These include instigation of pulmonary
oxidative stress, systemic pro-inflammatory responses, vascular
dysfunction, and atherosclerosis. 1443

Chronic biological effects have been associated with particulate air
pollution. These include the promotion of atherosclerosis.!*** Three
main pathways influencing extrapulmonary effects on the cardiovas-
cular system in response to inhalation of PM have been identified.1**®
The first pathway involves the release of pro-inflammatory mediators
or vasoactive molecules from pulmonary-based immune cells.**~4” The
second pathway involves the perturbation of the autonomic nervous
system balance by particle interactions with lung receptors or
neurons.'**® The third pathway involves the translocation of UFP or
particle constituents (organic compounds or metals) into the systemic
circulation.*?>°

Particle toxicity can arise from several mechanisms depending on
whether the particles remain in the lung/lung tissue or are
translocated from the lung or upper respiratory tract to other tissues
in the body. Particles that remain in the lungs cause chronic
inflammation via chemical reactions and oxidation, leading to tissue
damage, necrosis, and scarring.>* However, the induced inflammatory
events in the airways also trigger systemic sequelae, including
enhanced production of acute phase and coagulation proteins.?#5253
These systemic conditions can predispose an individual to a
cardiovascular event through enhanced coagulability.

In addition, the injurious effects of airway inflammation can
enhance translocation of particles as cells lining the airways slough
away and cell barriers are lost.* Particles that escape the lungs and
enter the circulation can subsequently cause endothelial cell injury
(of the blood vessel walls) and prothrombotic effects (blood clot
formation) through further chemical reactions and oxidative stress

induction.>® Points of injury to arterial walls create sites where
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atherogenesis can occur.**>® Cardiovascular disease is caused by
both chronic and acute events. In the long-term, the build-up of
atherosclerotic plague narrows the lumen of the arteries/arterioles
and reduces blood flow to tissues, causing conditions such as angina
pectoris and peripheral vascular diseases.”® In addition, enhanced
systemic inflammation increases coagulability and the risk of clot
formation, which in turn increases risk for myocardial infarction and

cardiac death.

4.2 | CVD epidemiological data related to the
health effects of fine (PM,s) and UFP

Based on the AHA's comprehensive literature review, it is estimated
that a 10ug/m® increase in mean 24-h PM,s concentration
elevates the relative risk (RR) for daily CVD mortality by
approximately 0.4%-1.0%.%>°% Cohort studies estimate that the
RR for CVD mortality is greater in areas with higher annual average
PM concentrations over the long-term than for short-term PM
excursions.’” Pope and Dockery®® cite studies of long-term
exposure of sub-cohorts of the American Cancer Society (ACS)
prospective cohort that show a range of increase in cardiovascular
mortality with each 10 ug/m3 increase in ambient PM5 5: 14%-85%,
adjusted RR 1.18 (95% Cl: 1.14-1.23) to adjusted RR 1.49 (95% Cl:
1.20-1.85).>7°8 A study by Bourdrel et al.>’ analyzed pooled
epidemiological studies and reported that a 10 pg/m? increase in
long-term exposure to PM, s was associated with an increase of
11% in cardiovascular mortality.

In a report published by the World Health Organization (WHO) in
2002, it was estimated that 800,000 premature deaths per year are
associated with PM, 5 exposures, ranking it the 13th leading cause of
mortality worldwide.®® Using novel hazard ratio functions, Pozzer and
colleagues calculated estimates of premature mortality due to air
pollution that are double those previously reported. Their analysis
revealed that between 40% and 80% of these premature deaths were
due to cardiovascular events. The strongest associations were with
PM, 5 and ozone (03).%?

In general, the epidemiological literature consistently shows
acute increases in risk for ischemic cardiac events associated with
elevated PM, s concentrations. This effect has been shown to occur
as rapidly as 1-2 h after exposure to elevated levels of PM, 5 in case-
cross-over analyses.®27%¢

Pope et al. (2006) examined the effect of short-term increases in
ambient PM5 5 on acute cardiovascular health outcomes in patients
who had undergone coronary angiography.>® Increasing numbers of
and risk for ischemic cardiac events were observed in association
with short-term increases in ambient PM, 5 measured same day and
lagged by 1-3 days. Exposure to average increases in ambient PM, 5
of 10 ug/m® over the long-term was associated with significant
increase in cardiovascular mortality from ischemic heart disease
(IHD): RR ratio 1.18 (95% Cl: 1.14-1.23).>”

Dominici et al.®” examined the effect of a 10 ug/m° same-day
change in ambient PM, s concentration on hospital admissions for

CVDs in 204 urban counties in the United States. For IHD the
increase in hospital admissions per 10 pg/m? increase in PM, s, with a
2-day lag, was 0.44 (95% percentage change [Pl]: 0.02-0.86). An
annual decline in hospital admissions for IHD of 1523 (95% PI:
69-2976) was observed for each 10 ug/m3 decrease in PM, s
concentration.®”

A 10-year prospective cohort study examining particulate air
pollution exposure and CVD, called The Multi-Ethnic Study of
Atherosclerosis and Air Pollution (MESA Air), employed individual
participant air pollutant monitoring to account for local variation in
PM, s levels. During the follow-up period, individual exposure
estimates for PM, oxides of nitrogen (NOX), and black carbon were
calculated for all participants in the study. The use of indoor and
outdoor ambient air pollution sampling allowed for the inclusion of
participant-specific residential infiltration efficiencies and time-
location patterns, which had not been achievable in pervious
studies.®® The primary aim of the MESA Air study was to better
understand the relationship between air pollution exposures and
progression of atherosclerosis and cardiovascular disease. Coronary
artery calcium (CAC) and carotid artery wall thickness (intima-media
thickness) were assessed repeatedly by computed tomography over
10 years in 5835 participants to determine the extent and rate of
development of atherosclerosis.®’ Associations between CAC pro-
gression and air pollutant exposures were assessed, adjusting for
baseline age, sex, race/ethnicity, socioeconomic characteristics,
cardiovascular risk factors, site, and computed tomography
scanner technology. Participants' CAC measurements increased by
4.1 units/year (95% Cl: 1.4-6.8) for each additional 5 pg/m® of PM, 5
and 4.8 units/year (Cl: 0.9-8.7) for each 40 ppb of NOX.%? These
findings suggest that increased concentrations of fine PM and
traffic-related air pollution, in ranges commonly encountered, are
associated with progression in CAC, which has been shown to

be consistent with acceleration of atherosclerosis.®”

5 | CONCLUSION

MP under the ISO definitions is classifiable as fine and ultrafine PM.
The current scientific toxicological data support that exposure levels
of 35.6 mg/m3 for 10-45 min once or twice per day experienced by
Ontario miners could impair the lungs' ability to effectively clear
inhaled PM, thereby compounding any subsequent mine dust
exposure and the resultant health effects. Because the MP particle
size distribution is 100% below 2.5 um and 12% below 100 nm, the
dose required to elicit lung overload conditions would be lower than
that of an average mine dust having larger particles. Moreover, the
nature of the MP exposure, with high dose rate, short exposure time,
and administration directly before underground shifts increase the
probability that lung overload conditions would be met. Published
studies revealing associations between air pollution particulates and
increased risk for CVD show a dose-response relationship with
ambient PM, 5 and UFP. Importantly, epidemiological studies of the
cardiovascular effects of exposure to ambient particulates in the form
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of air pollution have not considered occupational exposure to
particulates. The MESA studies measured residential exposure but
not occupational exposure, which is a potentially significant and
confounding source of risk.

In conclusion, characterizations of MP, the nature of the
exposures, and published findings to date show increased risk of
CVD associated with exposure to air pollution particulates and suggest
that MP-exposed miners are at increased risk for CVD as a result of
their exposure to MP. Targeted research is needed to determine the
nature and extent of this increase in risk, if any, and whether
monitoring for CVD by health care providers and employers is needed
to prevent acute coronary events and reduce cardiovascular morbidity

and mortality in exposed workers.
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