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American Conference of Governmental Industrial Hygienists (ACGIH)
1330 Kemper Meadow Drive

Cincinnati, Ohio 45240

Attention: Threshold Limit Values for Chemical Substances Committee

Re: Submission to the ACGIH TLV® and BEI® Committee

The Occupational Health Clinics for Ontario Workers Inc. (OHCOW) is a not-for-profit
labour governed worker-based network with a team of dedicated health professionals
committed to promoting the highest degree of physical, mental and social well-being for
workers and their communities. We strive to accomplish this through the identification of
workplace factors which are detrimental to the health and well-being of workers; by
empowering workplace parties to make positive occupational health changes in their
workplaces. Our clients include workers, joint health and safety committees or
representatives, unions, employers, health professionals, community groups, legal clinics,
students, and members of the public.

At seven clinics in Ontario, Canada, an interdisciplinary team of client service coordinators,
occupational health nurses, occupational hygienists, ergonomists, and contract physicians
offer clinical and prevention services for both individual patient and larger cluster
investigations providing an objective, evidence-based opinion on whether an illness or
injury may be work-related, promote awareness of health safety issues, evaluate
occupational exposures, and develop prevention strategies. OHCOW’s unique experience,
and vulnerable worker lens, provide a unique perspective on a full circle occupational
illness/disease prevention approach (primary, secondary and tertiary) and as such,
continue to provide leadership to Ontario’s Occupational Illness Prevention System Focus.

Please find attached our separate submissions following your guidelines for: Aluminum,
Diesel Exhaust, Lead, Nickel and nickel compounds not including nickel carbonyl, Stoddard
solvent, and Welding Fumes. The submissions for Diesel Exhaust, Nickel and nickel
compounds, and Welding Fumes are updates from our 2022 submissions. Lead is a BEI®
only, updating our 2022 submission.

Thank you for the opportunity on behalf of our team.

Sincerely,

Krista T/h‘,(:pr;;\n,bl\/[HSc, ROH, CRSP

Occupational Hygienist, OHCOW
kthompson@ohcow.on.ca
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Executive Summary (limit 250 words)

There is now definitive evidence from more recent studies since the ACGIH 2007 feasibility
assessment. Research carried out on the Mclintyre project and others linking exposure to
aluminum and aluminum compounds with neurological orders merits a review by the ACGIH

and assigning a BEI®.

Literature for MclIntyre Powder-related publications have demonstrated that inhaled aluminum
can translocate into the bones and quantified by neutron activation analysis. The method
provided by Bickley et al. (2022) demonstrated that in vivo neutron activation analysis could
measure bone aluminum levels in 15 miners who had been exposed to Mcintyre Powder over 40
years prior. Demers et al. 2020 noted that when looking at the rate of Parkinson’s disease and
Parkinsonism, there was a 27% and 14% increase in incidence rates of both, when compared to

the general population.

This information reaffirms that there may be a risk from neurodegenerative disease, which
provides the impetus for the ACGIH® to establish a BEI® for aluminum. Specific action:
proposing a BEI® for aluminum in urine of 50 ug/g creatinine based on the work of Klotz and
Hartwig (2020).
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Chemical Substance: Aluminum

Contact Name: Krista Thompson (OHCOW)

Citable Material Attached (include Permission to Use if necessary): see below

Specific Action Requested

1. We recommend a BEI® for Al in urine of 50 pg/g creatinine, based on the work of Klotz and Hartwig
(2020) and the cited Mclintyre powder research.
2. We recommend the TLV®-TWA be lowered.

Rationale

Genetic, neuropathological, and biochemical investigations have revealed meaningful relationships between
aluminum (Al) exposure and neurotoxic and hematotoxic damage (Turkez et al. 2022).

Occupational exposure to aluminum occurs mainly via inhalation of fumes containing aluminum and aluminum
compounds, such as during welding processes. Inhaled aluminum can accumulate in the bones, which has a
relatively long half-life of 10-20 years. A similar half-life is noted for accumulation in the brain. Lung and bone
burdens explain the long serum and urine half-lives which may be more than one year such as for welders after
cessation of exposure. This is why setting a BEI® is important: it should drive exposure reduction and thus
prevent accumulation and any further increase in body burden.

The main target organs are the central nervous system and lungs. Various in vivo and in vitro studies show that
aluminum can influence more than 200 biologically important reactions in the nervous system (Klotz et al.
2019). Inhalation of aluminum can also cause aluminosis. Other toxic effects (e.g. on bones and blood) as
well developmental toxicity are described in the MAK Value Documentation. In humans, aluminum has been
reported to have pathogenic effects on the lungs. Aluminosis occurs at aluminum concentrations of more than
200 pg/L urine.

Firstly, even though this submission addresses a proposed BEI® for aluminum, we should highlight that the
current TLV®-TWA for aluminum metal and insoluble compounds of 1 mg/m? (respirable) is set too high.
There may be many situations where a significant portion of respirable particulate matter is sub-micron (< 1 um)
or even ultrafine (< 0.1 um), necessitating a lower TLV®-TWA.

It is now known that ultrafine airborne aluminum particulate matter can enter and be deposited in the brain.
Aluminum could enter the brain from systemic circulation or the site of absorption.

Aluminum fluxes into brain across the blood-brain barrier (BBB), the choroid plexuses and the nasal cavity. Al
is considered unsafe to humans after the discovery of increased levels of Al in brain tissues of patients with
encephalopathy, having been exposed to Al accumulation through dialysis (Igbokwe et al. 2019).

Redistribution of aluminum out of the brain is slow. Aluminum can be deposited in the brain for a long time
(Wang 2018). Aluminum entering the brain across the blood-brain barrier has been defined to be the primary
route of brain aluminum uptake. A recent study to examine 100 of the most cited articles on the toxicology of
aluminum related to the current state of knowledge has been provided by de Lima et al. 2022.

Publications between 1945 and 2022 found Alzheimer's disease (AD). Aluminum and neurotoxicity were found
as the most frequent keywords. The articles most cited in world literature suggested that aluminum exposure
may be associated with Alzheimer's disease, Parkinson's disease (PD) and parkinsonism, dialysis
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encephalopathy, amyotrophic lateral sclerosis (ALS), neurodegeneration changes, cognitive impairment, bone
damage, oxidative alterations, and cytotoxicity.

As noted, based on the above we recommend that the ACGIH places aluminum on the under-study list in order
to establish a much lower TLV®-TWA based on the most up to date evidence. Especially as the current TLV®
documentation (2007) is outdated.

Martin et al. (2022) notes that serum aluminum is the main biomarker of toxicity. For cases of continuous
exposure, urine testing is recommended. The solubility of aluminum compounds determines its toxicokinetic
health risks. For miners forced to inhale MclIntyre power, aluminum hydroxide dominates the aluminum
speciation (Zarnke et al. 2019). Although aluminum hydroxide is insoluble in water, the PH in the
gastrointestinal tract will increase the bioavailability of aluminum. In addition, it needs to be considered that the
particle size and the surface area influences the bioavailability of substances of low solubility (ECHA nd.).

A study of smelter workers revealed that 22 and 95 pg/g of urinary Al was associated with exposure to 1 mg/m?3
total Al and 1 mg/m? soluble Al, respectively.

Increases in the levels of Al in the urine of workers show that exposure by inhalation does lead to transfer to the
systemic circulation, most likely with a significant contribution from uptake in the gastrointestinal tract
following “mucociliary clearance” (ECHA nd.).

Urine is the measurement of choice as it has a higher sensitivity. In workers exposed to aluminum, urine
concentrations 1 or 2 days after exposure is a reliable indicator of aluminum concentrations in the body.

The ACGIH® feasibility assessment (2007) notes:

The Committee has concluded that since there is not currently a pattern of
neurobehavioral testing results unambiguously related either to air exposure at the
TLV or to urinary aluminum excretion levels, it is not feasible at this time to
establish a urinary Aluminum BEI based on neurobehavioral health effects.

There are papers that can be used to guide the establishment of a BEI® that are complementary to Laureys and
Hoet 2001. In addition, the reference list in the feasibility assessment is well short of that provided in Lauwerys
and Hoet 2001, third edition.

In addition, a series of papers related to former miners exposure to Mclntyre Powder, exposure, characterization
and levels of aluminum detected in the lungs from autopsies of former miners, and aluminum in bone detected
in retired miners some 40 years after exposure and health effects including neurodegenerative disease provides
useful study source material.

From the study by Verma 2019, the grand mean level of aluminum was found to be 476.4 ng/g of dry lung
tissue, which is similar in the range reported for occupationally exposed groups. As there were elevated levels of
aluminum in bone reported by Bickley et al. 2022, this indicates that translocation did occur into the bones;
which may also indicate a strong likelihood for translocation of aluminum particles into brain tissue.

Regarding aluminum in bone, the Bickley et al. 2022 study was able to demonstrate that aluminum can be
measured in the bones of retired miners exposed to Mcintyre Powder who had been exposed over 40 years ago
using neutron activation analysis. This technique could potentially be applied in further cross-sectional studies
of health effects in this group (or similar groups) of workers. The increased bone aluminum was detectable in
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about half the subjects measured even 40 years after the exposure to McIntyre Powder had ceased. With
adjustments for biological removal of aluminum from bone over time, the maximum concentration detected is in
line with values reported from a previous study measuring aluminum levels in dialysis patients, suggesting
similar initial exposure levels.

A recent cohort study by Demers et al. 2020, investigated the association of Mclintyre powder exposure with
neurodegenerative diseases. Data were pulled from the Mining Master File (MMF), an electronic database
recording medical records and work history from 90,000 miners across Ontario. During the period of Mclntyre
powder use in Ontario, 28% of all underground miners were exposed, with the peak being in 1961.

Of these exposed miners, 90% were exposed after 1956. When looking at the rate of PD and parkinsonism, there
was a 27% and 14% increase in incidence rates of PD and parkinsonism compared to the general population.

Recently, a meta-analysis of eight epidemiological studies found that chronic aluminum exposure was
significantly associated with increased risk of AD (OR = 1.71, 95% CI: 1.35-2.18) (Wang et al. 2016). Krewski
et al. (2007) also indicated that approximately 60% of the body burden is in the bone. Aluminum in bone has a
long half-life (10-20 years) (Priest 2004) and is slowly released to the blood (Poddalgoda et al. 2021).

The results from this study combined with results of a study by Zarnke et al. (2019), where as described, miners
inhaled aluminum nanoparticles mostly in the form of aluminum hydroxide, are useful when trying to
understand both the bioavailability and body burden of aluminum.

Further analysis of this data set by Priest (2004), including extrapolating, and estimating past urinary aluminum
levels based on back calculated correlations between exposure to Mclntyre Powder may reveal the urinary
aluminum levels at this time using formulae by Laureys and Hoet 2001.

The German Federal Environmental Agency (Umweltbundesamt) established provisional reference values for
the general population using concentrations of aluminum in both urine and serum, which amount to <15 pg/L
and <5 pg/L, respectively (Klotz et al., 2017).

Poddagolda et al. 2021, reported that for oral exposure to aluminum, including a Minimal Risk Level (MRL) by
the Agency for Toxic Substances and Disease Registry (ATSDR), a Provincial Tolerable Weekly Intake (PTWI)
by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) and a Tolerable Weekly Intake (TWI)
by the European Food Safety Authority (EFSA), which provides a useful reference.

An MRL of 137 pg/L has been provided for aluminum in urine. An MRL is defined as an estimate of daily
human exposure to a substance that is likely to be without an appreciable risk of adverse effects
(noncarcinogenic) over a specified duration of exposure. MRLs are derived when reliable and sufficient data
exist to identify the target organ(s) of effect or the most sensitive health effect(s) for a specific duration within a
given route of exposure (ASTDR 2017).

The German DFG in their evaluation of a biological reference value (BAR), which represents the background
exposure of persons of working age occupationally not exposed to aluminum, have established a level of 15
ug/g creatinine (Sampling time: for long-term exposures: at the end of the shift after several shifts). A biological
reference value (BAR) representing the background exposure of persons of working age occupationally not
exposed to aluminum is presented; this value is oriented towards the 95th percentile (DFG 2019). This value is
50 pg aluminum/g creatinine (pug/l: 1.2 pg Al/I=1 pg Al/g creatinine).
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In 2017, a BAT value for aluminum of 50 ug/g creatinine was established, which is based on effects described in
the addendum of 2018 (translated 2019, Klotz et al. 2019). As critical end point neurotoxicity was considered
(DFG 2019).

BAT values (“Biologische Arbeitsstoff-Toleranz-Werte”: biological tolerance values) and BLW
(“Biologische Leit-Werte”) to enable the evaluation of the risk to an individual’s health which results
from exposure to a substance at the workplace.

By definition, BAT values can be established only for such substances that can be taken up by the body in
substantial quantities via the lungs and/or other body surfaces (skin, gastrointestinal tract) during occupational
exposure. Another prerequisite for the establishment of a BAT value is that sufficient occupational-medical and
toxicological data are available for the substance and that these data are supported by observations in humans.
The German DFG (2021) BAT value for aluminum in urine is 50 pg/g creatinine equivalent to 60 pg/L
considers the critical point for neurotoxicity. Therefore, we recommend that the ACGIH considers the literature
from the Mclintyre Powder project, and information provided by Klotz and Hartwig (2020) when considering a
BEI® for aluminum.

Aluminum in urine as a biomarker for pre-clinical neurological effects

Epidemiological studies have been conducted to investigate neurotoxic effects by identifying the two major
functional areas involved in motor and cognitive functions using different test methods (Klotz et al. 2019).
Klotz et al. 2019 notes that the most sensitive endpoint for the derivation of a health-based BAT value for
aluminum is the occurrence of preclinical neurotoxic effects after exposure. Studies indicate that there is an
association between aluminum in urine or serum and central nervous system effects. The direct correlation
between CNS and aluminum in urine has been used as a basis for deriving a limit of urinary aluminum of 3
nmol/L, 2.3 umol/g creatinine, or 62 pug/g creatinine. An updated German BAT value is in fact based on a direct
correlation between the correlation of subclinical neurological effects in aluminum exposed workers and urinary
aluminum levels. We believe this is a better approach to assign a BEI® value than applying a correlation based
on personal exposure that is seemingly too high. The updated BAT value is 50 pg/g creatinine with a sampling
time after several shifts or at the end of the work week.

Refer to Figure 1 (next page).
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Figure 1. Adapted from Klotz et al. (2019), the above figure combines information from nine
studies showing cognitive effect sizes relative to the median of urinary aluminum concentrations.
An effect size below zero demonstrates an adverse motor or cognitive effect. The studies show a
trend between poorer cognitive performance with increasing urine aluminum concentrations.
According to Klotz et al. 2019, “cognitive effects > 50 pg/g creatinine go beyond the measure of
“negligible effect”.

This level is also below the tolerable weekly intake (TWI) from derivation of Biomonitoring Equivalents for
aluminum for the interpretation of population-level biomonitoring data reported by Poddalgoda et al. 2021, at a
level of 57 ug / g creatinine.

The literature indicates that urine aluminum concentrations below 55 pg/g of creatinine are safe for humans.
While the level of urinary aluminum 4 to 6 pmol/L (108 to 162 pg/L) represents a threshold for neurological
side effects, urine level of 100 ug per liter is known as the critical concentration and the development of
neurological complications (Amiri et al. 2022).

Aluminum reduces the activity of acetylcholinesterase. In addition, exposure to aluminum significantly reduces
the activity of gamma-aminolevulinic acid dehydratase (ALAD) in blood and gamma-aminolevulinic acid
synthesis (ALAS) in brain (Amiri et al. 2022) — this warrants further investigation and paves the way for future
research on biological monitoring of effects.

Conclusions

We recommend consideration proposing a BEI® for Al in urine of 50 pg/g creatinine based on the work of
Klotz and Hartwig (2020) and the Mclntyre powder research.
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Executive Summary (limit 250 words)

Elemental carbon (EC) is used as an indicator for diesel exhaust by most jurisdictions. The
European Union has decided on an occupational exposure limit of 0.05 mg/m? EC, in effect from
2023, which is the same limit in Germany and Sweden. The Australian Institute of Occupational
Hygiene recommends a limit of 0.1 mg/m? EC, though Cherrie 2019 noted that a limit of 0.1
mg/m? “would do little to reduce the predicted death toll from occupational exposure to diesel
exhaust particulate.”

Long et al (2022) studied controlled human exposure to diesel exhaust from traffic air pollution
and reported findings including a controlled human experiment which included 40 volunteers,
who had an acute exposure of PM2.5 at 25 pg/m?® (0.025 mg/m?3). At this level, adverse effects on
endothelial function, vascular walls, and heart rate variability even at 24 h post-exposure were
reported. In addition, the study by Chen et al (2017), between 2001 and 2012, in Ontario,
Canada, found an adjusted incident dementia hazard ratio (HR) of 1.07 for people living less
than 50 m from a major traffic road (95% CI 1.06-1.08).

Based on shorter term acute exposures, we recommend a TLV®-TWA for EC of 10 pug/m® EC
with (L) notation as an evidence-based limit for all workplaces.

As diesel exhaust is in the “under study” list, we provide the following recommendation: a
TLV®-TWA of 60 pg/m? for 1-nitropyrene (1-NP) especially where EC is at relatively low
levels of exposure / approaching the limit of quantitation using NIOSH 5040.
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Specific Action Requested

1. We recommend a TLV®-TWA for diesel exhaust measured as elemental carbon (EC) at 10 pg/m? or
0.01 mg/m? with the (L) notation, an abbreviation of “exposure to all routes should be carefully
controlled to level as low as possible.” This can be measured following NIOSH Method 5040 (sub-
micron EC) with improvements to sampling and analysis provided in Noll et al 2020 to improve
sensitivity / detection. This will ensure that the Limit of Quantitation (LOQ) is no more than 10% of the
proposed TLV®-TWA.

2. We recommend a second complimentary TLV®-TWA for diesel exhaust based on exposure to 1-
nitropyrene, using the correlation between EC and 1-NP. Riley et al (2018) note an increase at about ~ 6
pg/m? for 1-NP per 1 pg/m? increase in EC which equates to 60 pg/m? of 1-NP in total corresponding to
a proposed ACGIH TLV®-TWA of 10 pug/m?® EC.

Rationale

1.0 Introduction

Chronic inhalation studies on rats with diesel exhaust from “new diesel engine technology” (Mauderly 2010;
HEI, 2015b) with the highest concentration of approximately 10 pg/m?® diesel soot particles, provided no
evidence of pulmonary carcinogenicity. For older engines, Ge et al (2020) has reaffirmed findings from previous
meta-analysis. Excess Lifetime Risks (ELR) associated with 45 years of EC exposure at 50, 20, and 1 pg/m?®
were 3.0%, 0.99%, and 0.04%.

Pooled studies reported that exposure to diesel exhaust (measured as EC) at 1, 10, and 25 mg /m? would result in
17, 200, and 689 extra lung cancer deaths per 10 000, respectively, by the age of 80 years (Taxell and Santonen
2017). They note that reduction of workplace EC levels to background environmental levels will further reduce
lung cancer ELR in exposed workers.

According to the German Committee for Hazardous Substances - AGS Management - BAUA (2017): “the
critical effect is particle-related chronic inflammation in the lungs”. If this chronic inflammation is avoided, it is
assumed that there is no additional cancer risk from diesel soot. A threshold effect (chronic particle-related
inflammation) is considered the most probable for lung tumor development and an AGW for diesel soot, as EC,
has been derived. For the chronic particle-related inflammatory effect endpoint, Mauderly et al (1987), derived
an OEL of 50 pg EC/m? for rats.

As the soot core is believed to be the cause of the chronic effect of diesel engine emissions; the derivation is
based on the EC. It should be noted that this assessment is based on “chronic effects” rather than “acute effects”.
The AGS 2017 derived particle-related inflammatory effects are based on chronic exposure. Acute exposures
are not used to derive the limit value.

We believe that the ACGIH TLV®-TWA should be based on short term (acute) health effects. Chronic health
effects will be compounded from acute health effects. Chronic inhalation studies in rats, derived an acceptance
risk of 4:100,000 from a Human Equivalent Concentration (HEC) of 24 pg/m® (AGS 2017).
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For shorter term exposure resulting in health effects, a study by Anderson et al (2019) reported adverse health
effects for 29 healthy volunteers over a period of 3 days exposed to diesel exhaust while sitting as passengers in
diesel-powered trains. The effects noted in this study included reduced lung function, altered heart rate
variability, and increased levels of DNA strand breaks as compared with those exposed to electric trains. The
exposure average for black carbon (BC) was 10.3 pg/ m® over 3 days of exposure.

1-NP as a surrogate / replacement for EC, which may provide a complimentary exposure metric, and which may
be complimentary (tracked) from biological monitoring for 1-AP in urine.

2.0 Measures for exposure assessment
2.1 Ultrafine particles

Short-term exposures to ambient ultrafine particles (UFPs) (<0.1 pm) have been associated with acute changes
in physiological measures of cardiorespiratory health (Wellek & Blettner 2012, Evans et al 2014). Regarding
women of reproductive capacity, Lavigne et al 2020 (p. 15) evaluated a total of 1,066 childhood cancers and
found that first trimester exposure to UFPs of 10,000/cm? resulted in a Hazard Ratio (HR) of 1.13, 95% CI:
1.03-1.22. In the last five years, substantial progress has been made to assess personal exposure to ultrafine
particles. Particle number concentration is dominated by the smallest particles (<200 nm), those which
contribute nearly negligibly to particle mass concentration (Koehler and Peters, 2015). As diesel particulate
matter (DPM) is predominantly < 1um in diameter then measuring particle number may be a better surrogate for
exposure and health effects compared to EC (NIOSH 5040) which is mass based.

2.2 Elemental carbon

For a mass-based measure, EC is a better measure of exposure and less prone to interferences than total carbon
(TC), therefore the limit should be set as EC, not total carbon. According to Debia et al (2017): “the variability
observed in the TCR/ECR ratio shows that interferences from non-diesel related organic carbon can skew the
interpretation of results when relying only on Total Carbon data”.

The level that can reliably be measured, is commonly referred to as the limit of quantitation (LOQ), minimum
reported value (MRV), or limit of reporting (LoR). According to Birch (2016) with a 960-L air (full shift)
sample, an LOD translates to an air concentration of about 2 pg/m?, which is the LOQ. Considering the accuracy
of NIOSH 5040 for EC, which is + 16.7% at 23 pug/m?, and that the LOQ is ~ 2 pug/m*® NIOSH (2016), this will
limit measurement at lower concentrations. NIOSH notes a working range of approximately 6 to 630 pg/m?,
with an LOQ of ~ 2 pg/m3 for a 960-L air sample.

This requirement is described in ISO 15202- 35, while BS EN 482:20126 requires that the measuring range of
the procedure or instrument shall cover the concentration from 0.1 times to 2 times the OEL. As noted, an
accuracy of NIOSH 5040 of + 16.7% at 23 pug/m?, with an LOQ of ~ 2 ug/m® NIOSH (2016), limits the TLV®-
TWA to no less than 20 pg/m?3, the same level proposed by the ACGIH in 2001.

Verpaele (2018) also states that every procedure should operate within the range of 0.1-2 times the occupational
exposure limit values (OELVS). In the European context, the LOQ should be no more than 0.1 or 10% of the
limit.

More recently, Noll et al 2020 reported that when compared with the standard cassette, the new high-sensitivity

cassette designed by NIOSH improves the limit of detection of NIOSH 5040 by approximately five-times (Noll
et al 2020).

2.3 1-nitropyrene (1-NP)
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1-nitropyrene (1-NP) is the most abundant nitroarene in diesel emissions, and its formation is facilitated by the
high temperature and excess air supply in the combustion chamber of diesel exhaust, where it is generated by
the addition of nitrogen oxide or nitrogen dioxide to free pyrene radicals (IARC 2018).

A study by Riley et al (2018), to evaluate of 1-NP as a surrogate measure for diesel exhaust found high
correlations between the quantiles of 1-NP and EC exposures. 1-NP may in fact be a better surrogate, especially
when assessing personal exposure < 20 pg/m?® EC. One potential advantage of 1-NP compared to EC as a
surrogate measure of diesel exhaust, is the absence of confounding sources of 1-NP in a typical mine
environment. Nitropyrene is also probably carcinogenic to humans (Group 2A) (IARC 2018).

A robust linear relationship for each quantile of the task groups for EC and 1-NP is shown by Riley et al 2018
where 1-NP is predicted to increase ~6 pg /m? for a 1 ug m® increase in EC. Therefore, taking the Finnish and
Occupational Cancer Research Centre (OCRC) recommended limit of 5 pug/m? (EC) this equates to ~ 30 pg/m?
1-NP; or applying ~6 pg/m?® per 1 pg/m? increase in EC, 10 pg/m® would equate to ~ 60 pg/m?3 1-NP. In
addition, to further understand what an appropriate limit for 1-NP would be, figure 1.1 in IARC 2018
(monograph 105) can be used for comparison.

3.0 Levels of exposure
3.1 Levels of EC exposure in the most highly exposed industry — mining

In Ontario Canada, a survey representative of 12 mines demonstrated personal exposure results with a geometric
mean (GM) (n = 118) of 0.03 mg/m? for underground miner personal samples taken in 2018.

A year-by-year analysis demonstrated a reduction of about 0.0024 mg/m? per year, which should translate to
about 0.0156 mg/m? in 2024. An international goal set by BHP Billiton (Multi-national mining company) to
reduce diesel exposures to “as low as technically achievable” has achieved personal exposures to within 0.03
mg/m? (EC) for both international coal and metal mines (McDonald R, 2016 MSHA submission). This reaffirms
that setting a lower TLV®-TWA is a key driver to reducing exposures (Hedges, 2017). This company - in its
mines in Canada - has also reported substituting electric engines for diesel wherever possible to eliminate all
diesel exhaust exposure, and further reduce overall diesel exhaust exposure. A recent study of Swedish
exposures monitored in 2019 found that underground miners had an average geometric mean (GM) EC exposure
concentration of 7 pug/m? with a geometric standard deviation (GSD) of 2.7 (Cren et al 2022).

3.2 Levels of exposure other workplaces

Plato et al (2020) provides “a historical job-exposure matrix for occupational exposure to diesel exhaust using
EC as an indicator of exposure”. This Finnish job-exposure matrix (FINJEM) used specific exposure to diesel
and gasoline exhaust over different time intervals (3—15 years) between 1945 and 2003. Results from this JEM
representative of the year 2000 demonstrate many exposures to EC within 10 pug/m?® (Plato et al 2020). Couch et
al (2016) evaluated EC concentrations in US fire stations in 2016 and reports all results for 3 fire stations <
0.01mg/m?®. However, it is likely that with statistical analysis the upper confidence limit (UCL) (95% Lands
Exact) may exceed 0.01 mg/m®.

4.0 Health effects
4.1 Cancer

The SHEcan project predicted that around 230 000 people will die from lung cancer from workplace exposure to
diesel exhaust particulate in the EU (Cherrie 2019).

A move towards a process of continuous improvement rather than just meeting a minimum standard is
particularly relevant when considering a TLV®-TWA for diesel exhaust (Cherrie et al 2019).
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To this point, we recognize that a leading mining company prior to 2016 reduced exposure levels to as low as
reasonably achievable and achieved at least as low as 0.03 mg EC/m? for international mining operations
(McDonald R 2016). Notwithstanding, OHCOW acknowledges the OCRC Burden of Occupational Cancer in
Ontario (2017) proposed OELSs that align with the Finnish Institute for Occupational Health, which recommends
occupational exposure limits of 20 ug/m3 EC for the mining industry and 5 pg/m® EC for other workplaces.

A reanalysis of a German Potash Miners cohort, by Mohner et al 2013, supports the notion that a clear
relationship between diesel exhaust and lung cancer is absent, at least in the range of a cumulative REC
exposure up to 2.5 mg/m? -years. They did note that an upper bound for the cumulative exposure of 2.5 mg/m? -
years of REC seems to be sufficient to prevent a detectable increase of lung cancer risk. This value corresponds
to an average annual value of about 50 pg/m® REC assuming a working life of 45 years.

In 2017, Dr. Vermeulen provided a presentation through the OCRC in which he concluded that the “acceptable
risk” and “maximum tolerable risk™ levels for diesel exhaust would be below 1 pg/m® EC. Such limits are below
current occupational exposure levels, and in some instances even below environmental exposure levels.

OHCOW acknowledges the policy recommendations in the OCRC report “Burden of Occupational Cancer in
Ontario OCRC 2017, p.251) to adopt occupational exposure limits of 20 pg/m? EC for the mining industry and 5
ng/m? EC for other workplaces, based on the Finnish Institute for Occupational Health.

A single limit of 10 pg/m?® across all workplaces provides a practical TLV®-TWA, although it may take
industry some time to achieve this level if using older diesel engines. The technology is, however, available to
currently achieve exposures at this level.

A TLV®-TWA of 10 pg /m® will also provide impetus for continuous improvement and target those workplaces
with greatest risk.

Taxwell and Santonen (2016) note that on a log-linear meta-regression model, 45 years of occupational
exposure to diesel exhaust at 1, 10 and 25 pug EC/m?3 was estimated to result in 17, 200 and 689 extra lung
cancer deaths per 10 000 individuals, respectively, by the age of 80 years.

In addition, DECOS 2019 notes 4 extra death cases of lung cancer per 1,000 (prohibition risk level), for 40 years
of occupational exposure, equals to 1.03 pg REC/m?3. Thus a health based TLV®-TWA would have to be within
1 ug/m?® EC, which is currently not feasible.

Based on the available data, the critical health effects of diesel exhaust are pulmonary inflammation and lung
cancer (Taxwell and Santonen, 2017). As noted, setting a health based TLV® for cancer is currently not
feasible, if feasibility is to be considered. Therefore, the ACGIH terminology for an (L) should therefore be
provided along with the TLV®, “exposure by all routes should be carefully controlled to levels as low as
possible”.

The AGS also provided qualification that in animal experiments lung tumours were observed after exposure to
particulate matter is explained by inflammation (chronic irritation). Thus, the AGS considered irritation and lung
inflammation the critical effect against which workers should be protected. According to DECOS (2019), 0.1
mg/m?3 diesel exhaust particles approximate to 0.075mg/m?® EC, although this is questionable and may not apply
to all diesel engines. This is empirical, and the ratio will not be constant with a wide variation. Nasal, throat and
eye irritation are described in experiments with healthy human volunteers after a single exposure to inhaled
diesel exhaust (concentrations of exhaust varying from 108 to 300 pg diesel exhaust particles/m? (= 81 to 225
ug EC/m3).
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In addition, in healthy human volunteers, single exposure to diesel exhaust for two hours induced pulmonary
effects (e.g., lung inflammation, lowered lung function). These effects were observed at exposure levels of the
exhaust varying from 100 to 300 g diesel exhaust particles/m® (= 75 to 225 ug EC/m3).

The AGS noted that experiments with humans on single exposure to diesel exhaust were not considered useful,
since the increase in inflammatory parameters were related with the NOz2 in the exhaust. The AGS also gives
suggestions for risk-based limit values (e.g., acceptable (4:100,000) and tolerable risks (4:1,000)) for the
carcinogenic effects. Based on the animal experiments, it suggests an acceptable risk concentration level of 20
1g EC/m3 (24 ug EC /m3 HEC equivalent) (TRGS 900, table 2).

The US EPA estimates that the ambient outdoor level of diesel exhaust (<10 pm particle size measured by EC)
would be up to 1-3 pg/m?3. In analysis of exposures in the trucking industry NIOSH estimated that a 13 pug/m3
working life exposure was associated with a 1-2% (10-20/1000) excess risk of lung cancer above the 5%
background lung cancer risk.

The EPA has developed a reference concentration (RfC) for diesel exhaust of 5 pg/m® of diesel exhaust (roughly
equivalent to 3.1-6.6 pg/m?® of diesel exhaust as determined by EC) which was derived based on “dose-response
data on inflammatory and histopathological changes” in the lung from rat inhalation studies.

Because the mechanisms of lung cancer in humans are likely to be multifactorial, including direct genotoxicity,
diesel exhaust particle-induced oxidative stress and pulmonary inflammation, Taxell and Santonen 2017,
reaffirmed that it is currently not possible to identify a threshold level for carcinogenicity.

In addition, when the pulmonary inflammatory response seen in controlled human studies after 1-2 h exposure
at 100 pg diesel exhaust particulate/m? (approximately 75 pug EC/m?) suggests the OEL should be well below
this level. There is sparse data available to link high exposure to new technology diesel exhaust with pulmonary
inflammatory effects, without indicating genotoxicity or carcinogenicity (Bemis et al 2015, Hallberg et al 2015).
The Dutch Expert Committee on Occupational Safety (DECOS), a committee of the Health Council of the
Netherlands, derives health-based calculated occupational cancer risk values (HBC-OCRVSs) associated with
excess cancer risk levels of 4 per 1,000 and 4 per 100,000 as a result of working life exposure.

The Committee estimates that the concentration of EC from diesel exhaust in the air, which corresponds to an
excess cancer risk level of:

* 4 deaths per 1,000 for 40 years of occupational exposure, equals to 1.03 ug EC/m?, and
* 4 deaths per 100,000 for 40 years of occupational exposure, equals to 0.011 pg EC/ m®.

Since the estimated HBC-OCRYV of 1.03 pg EC/m? falls in the range of the ambient urban air levels (0.4-2.0 pg
EC/md), and the HBC-OCRYV of 0.011 pg EC/m? is even below these levels, DECOS recommends that workers
should not be exposed to diesel exhaust at levels higher than the background levels.

For the public, Health Canada (2016) in its “Human Health Risk Assessment” for Diesel Exhaust noted that
based on traditional risk assessment methodologies, and with regard to “general population exposures”, a short-
term exposure guidance value of 10 pg/m3, and a chronic exposure guidance value of 5 pg/ms, have been
derived based on diesel particulate matter (DPM) to protect against adverse effects on the respiratory system.

4.2 Health effects from chronic exposure for non-cancer health effects

In 2017, the federal Ausschuss fur Gefahrstoffe (AGS) derived an occupational exposure limit for diesel exhaust
of 50 ug EC/m?® (8-h TWA). This is based on the endpoint of chronic particle-induced inflammatory action, the
study by Mauderly et al (1987) derived from rats an AGW of 50 pg EC/m3. The AGS didn’t incorporate short
term exposure in their assessment.
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4.3 Health effects from short-term exposure for non-cancer health effects

For lung inflammatory changes diesel exhaust particles have been assessed using human inhalation studies (1 —
2hr), the inflammatory changes in bronchiolar lavage (BAL), bronchial wash (BW) and increased airway
resistance from exposure to (older technology) diesel exhaust.

Taxwell and Santonen (2017) from human inhalation studies (1-2 h) have reported inflammatory changes in
BAL/BW, and increased airway resistance at the lowest observable adverse effect level of 0.1 mg/m? of diesel
exhaust particulate (DEP) (DECOS 2019) equivalent to about 0.05 mg/m® EC assuming a 50% conversion.

A study by Anderson et al (2019) demonstrated health effects for 29 healthy volunteers exposed to diesel
exhaust while sitting as passengers in diesel-powered trains. Exposure to diesel exhaust inside diesel-powered
trains for just 3 days was associated with reduced lung function and systemic effects in terms of altered heart
rate variability and increased levels of DNA strand breaks compared with electric trains as previously discussed.
The exposure average for black carbon (BC) was 10.3 pg/ m® the average for the electric train was 1.8 pg/m?. In
a study by Jeong et al (2017), side by side monitoring was carried out in different sections of a diesel-powered
passenger train. At the front of the train directly behind the diesel-powered engine, the average concentration
was shown to be 22 pg/mq. This is a location where the train balance crew are located. The same monitoring for
a train in “push mode” and not “pull mode” resulted in a marked reduction of BC to well within 10 pg/m?;
suggesting that if a TLV®-TWA were assigned as 10 pg/m?® an impetus for continuous improvement would
drive further reductions.

4.4 Health effects and a dose response relationship from traffic pollution (ambient air studies)

Exposure to traffic pollution has been found to increase the incidence of several cardiopulmonary diseases, as
well as type Il diabetes, and is related to neurotoxicity as well as cancers (HEI 2013).

The most prominent effects caused by air pollution in both humans and animals are oxidative stress and neuro-
inflammation. Studies in mice acutely exposed to DE (250-300 pg/m?® for six hours) have shown microglia
activation, increased lipid peroxidation, and neuro-inflammation in various brain regions, particularly the
hippocampus and the olfactory bulb (Costa et al 2017).

In a recent human study (Gawryluk et al 2023) it was shown that brief diesel exhaust exposure of 120 minutes
acutely impairs functional brain connectivity at a nominal concentration of 300 pg of particulate matter of 2.5
microns or less (PM2:5)/m3. During exposure, participants cycled on a stationary bicycle at light effort (that
which yields ventilation at 15 L/min/m?) for 15 min, during the first quarter of each hour, to maintain a
representative level of activity.

An extensive review of the literature by Long and Carlsten (2022) included 104 publications of controlled
human exposure studies to diesel exhaust along with traffic pollution. Health effects noted included
cardiovascular system (e.g., vasomotor dysfunction, inhibition of fibrinolysis, and impaired cardiac function)
and respiratory system (e.g., airway inflammation, increased airway responsiveness, and clinical symptoms of
asthma). From this review the lowest exposure examined, a nominal concentration of diesel exhaust PM2.5 at 25
ng/m?, resulted in acute diesel exhaust exposure associated with adverse effects on endothelial function,
vascular walls, and heart rate variability even at 24 h post-exposure. Short-term exposure to diesel exhaust
fumes has a prolonged adverse impact on endothelial function and vascular wall properties, along with impaired
heart rate variability, abnormal fibrinolytic activity and increased markers of inflammation. An increased
cardiovascular risk has been shown for 40 healthy subjects in a controlled human exposure experiment, when
exposed to diesel exhaust fumes at an average exposure to PM2.5 at a concentration of 25 pg/m? (Tousoulis et al
2020).
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DE was also associated with increased inflammatory markers and abnormal fibrinolytic markers. A study
conducted in the US reported that a 10 ug/m? increase in PM2.5 increased cardiovascular mortality risk by 8—
18% (Long et al 2022A).

Therefore, this justifies setting an ACGIH TLV®-TWA of no more than 10 pg/m?® measured as EC based on the
lowest observable adverse effects level (LOAEL) from short term health effects from both controlled human and
traffic related exposure studies.

5.0 Conclusion

The review by Long et al 2022, demonstrated that diesel exhaust (PM2.5) at 25 pg/m?® from acute diesel exhaust
exposure in a controlled exposure experiment with 40 healthy individuals was associated with adverse effects on
endothelial function, vascular walls, and heart rate variability even at 24 h post-exposure.

Anderson et al (2019) in a presentation delivered by Hedges and Jeong (2021), demonstrated exposure to diesel
exhaust inside diesel-powered trains for 3 days was associated with reduced lung function and systemic effects
in terms of altered heart rate variability and increased levels of DNA strand breaks in peripheral blood
mononuclear cells (PBMCs) when compared with exposures for those on electric trains. The average
concentration for diesel train occupants, over 3 days, reported by Anderson et al (2019) was 10.3 pg/m® TWA.

Therefore, to reduce the risk from both short term and long-term health effects a TLV®-TWA of 10 pg/m?® (EC)
is recommended. This will reduce health impacts of non-cancer lung health as well as reduce the burden of lung
and bladder cancer. In addition to the above, measurement of 1-nitropyrene is complimentary.

1-nitropyrene (1-NP) is more specific as an indicator for cancer causing effects from exposure to nitroarenes
(Scheepers et al 1995) and measurement is more sensitive at lower concentrations than EC. 1-NP measurements
can differentiate exposures associated with specific work tasks more effectively than EC, and 1-NP may be
more sensitive to differences in diesel exhaust composition (Riley et al 2018).

When considering an appropriate TLV®-TWA for 1-NP, Riley et al 2018 provides a reference from which
correlations against EC can be interpolated.

Recognizing that the ACGIH does not consider feasibility, it is nonetheless noted that providing a TLV®-TWA
for diesel exhaust, measured as Elemental Carbon (EC), of 10 ug EC mg/m? is in fact feasible with current
technology. OHCOW recommends this be adopted as the TLV®-TWA, along with the (L) notation.

Further, OHCOW recommends a TLV®-TWA for 1-nitropyrene as a complimentary measurement for diesel
exhaust, set at 60 pg/m?.

6.0 Citable Material

Abbey, DE, Nishino, N, McDonnell, WF, Burchette, RJ, Knutsen, SF, Lawrence, Beeson, W, Yang, JX.: Long-term inhalable
particles and other air pollutants related to mortality in nonsmokers. Am. J. Respir. Crit. Care Med. 159 (1999) 373-382

Adelroth E, Hedlund U, Blomberg A, Helleday R, Ledin MC, Levin JO, Pourazar J, Sandstrém T.: Airway inflammation in iron
ore miners exposed to dust and diesel exhaust.

Andersen MHG, Frederiksen M, Saber AT, Wils RS, Fonseca AS, Koponen IK , Johannesson S 2019, Health effects of exposure
to diesel exhaust in diesel-powered trains. Particle and Fibre Toxicology volume 16, Article number: 21 (2019).
https://particleandfibretoxicology.biomedcentral.com/articles/10.1186/s12989-019-0306-4

Anjilvel S, Asgharian B. A multiple-path model of particle deposition in the rat lung. Fundam Appl Toxicol. 1995;28(1):41-50
The European respiratory journal 27(4):714-9.

Attfield MD, Schleiff PL, Lubin JH, Blair A, Stewart PA, Vermeulen R, Coble JB, Silverman DT. The Diesel Exhaust in Miners
study: a cohort mortality study with emphasis on lung cancer. J Natl Cancer Inst. 2012; 104(11):869-83. Erratum in: J Natl
Cancer Inst. 2014; 106(8).

BAUA - www.baua.de/ags (2017), Justification for diesel engine emissions (DME)1 in TRGS 900 / page 1 of 82 (version from

Diesel Exhaust Page of 16 of 65



https://particleandfibretoxicology.biomedcentral.com/articles/10.1186/s12989-019-0306-4
http://www.baua.de/ags

26.9.2017).

Behndig AF, Mudway IS, Brown JL, Stenfors N, Helleday R, Duggan ST, Wilson SJ, Boman C, Cassee FR, Frew AJ, Kelly FJ,
Sandstrom T, Blomberg A. Airway antioxidant and inflammatory responses to diesel exhaust exposure in healthy humans.
Eur Respir J. 2006;27(2):359-65.

Bellmann, B., H. Muhle, O. Creutzenberg, C. Dasenbrock, R. Kilpper, J.C. McKenzie, P. Morrow und R. Mermelstein: Lung
clearance and retention of toner, utilizing a tracer technique, during chronic inhalation exposure in rats. Fundam. Appl.
Toxicol. 17 (1991) 300-313.

Bellmann, B., O. Creutzenberg, H. Ale und R. Mermelstein: Models of deposition, retention and clearance of particles after dust
overloading of lungs in rats. Ann. Occup. Hyg. 38, Suppl. 1 (1994) 303-311.

Benbrahim-Tallaa L, Baan RA, Grosse Y, Lauby-Secretan B, El Ghissassi F, Bouvard V, Guha N, Loomis D, Straif K;
International Agency for Research on Cancer Monograph Working Group. Carcinogenicity of diesel-engine and gasoline-
engine exhausts and some nitroarenes. Lancet Oncol. 2012; 13(7):663-4.

Bevan DR, Ruggio DM. Bioavailability in vivo of benzo[a]pyrene adsorbed to diesel particulate. Toxicol Ind Health.
1991;7(3):125-39. Bhatia, R., P. Lopipero und A.H. Smith: Diesel exhaust exposure and lung cancer. Epidemiology 9 (1998)
84-91.

Birch E 2016, NIOSH Manual of Analytical Methods 5th Edition, Monitoring Diesel Exhaust in the Workplace.

BlImschV 22 2002: Zweiundzwanzigste Verordnung zur Durchfuhrung des Bundes-Immissionsschutzgesetzes. BGBI 1 2002,
3626.

Boffetta P. Re: The diesel exhaust in miners study: a nested case-control study of lung cancer and diesel exhaust and a cohort
mortality study with emphasis on lung cancer. J Natl Cancer Inst. 2012; 104(23):1842-3; author reply 1848-9.

Brightwell, J., Fouillet, X., Cassano-Zoppi, A.L., Gatz, R., Duchosal, F.: Neoplastic and functional changes in rodents after
chronic inhalation of engine exhaust emissions. In: Carcinogenic and mutagenic effects of Diesel engine exhaust. S. 471-485.

Brook RD, Rajagopalan S, Pope CA 3rd, Brook JR, Bhatnagar A, Diez-Roux AV, Holguin F, Hong Y, Luepker RV, Mittleman
MA, Peters A, Siscovick D, Smith SC Jr, Whitsel L, Kaufman Begriindung zu D; American Heart Association Council on
Epidemiology and Prevention, Council on the Kidney in Cardiovascular Disease, and Council on Nutrition, Physical Activity
and Metabolism. Particulate matter air pollution and cardiovascular disease: An update to the scientific statement from the
American Heart Association. Circulation. 2010;121(21):2331-78.

Briske-Honhlfeld, 1., Ahrens, W., Mohner, M., Jockel, K.-H., Pohlabeln, H., Bolm-Audorff, U., Kreienbrock, L., Kreuzer, M.,
Heinrich, J .: Lung cancer risk from diesel engine emissions. In: Psychomental stress and stress in the changing world of
work and the environment. Carcinogenesis and Syncarcinogenesis. Documentation on the 37th Annual Meeting of the
German Society for Occupational and Environmental Medicine, Wiesbaden, May 12-15, 1997, pp. 167-171. Eds.: Borsch-
Galetke, E., Struwe, F., Rindt-Druck Fulda, 1997.

Bruske-Honhlfeld, 1., M. Méhner, W. Ahrens, H. Pohlabeln, J. Heinrich, M. Kreuzer, K.-H. Jockel and H.E. Wichmann: Lung
cancer risk in male workers occupationally exposed to diesel engine emissions in Germany. At the. J. Ind. Med. 36 (1999)
405-414.

BS 1SO 15202-3:2004 Workplace air. Determination of metals and metalloids in airborne particulate matter by inductively
coupled plasma atomic emission spectrometry.

BS EN 482:2012 Workplace exposure. General requirements for the performance of procedures for the measurement of chemical
agents

Cal/EPA (Californian Environmental Protection Agency): Findings of the Scientific Review Panel on THE REPORT ON DIESEL
EXHAUST as adopted at the Panel's April 22, 1998, Meeting. Attachment to Letter from the Chair of the Scientific Review
Panel to the Chair of the Air Resources Board of the State of California, May 27, 1998 (Appendix to Air Resources Board
resolution 98-35 of August 27, 1998). Published on the Cal/EPA website. http://www.calepa.ca.gov

Campen, M.J., McDonald, J.D., Gigliotti, A.P., Seilkop, S.K., Reed, M.D., and Benson, J.M. (2003). Cardiovascular effects of
inhaled diesel exhaust in spontaneously hypertensive rats. Cardiovasc. Toxicol. 3(4):353-361.

CDC (Centers for Disease Control and Prevention). U.S. Department of Health and Human Services. Centers for Disease Control
and Prevention. National Center for Health Statistics. National Vital Statitistics System. Deaths: Final Data for 2005,
National Vital Statistics Reports Volume 56 Number 10, 2008; and other data tables available at
http://www.cdc/gov/nchs/deaths.htm

Cheng YS, Yeh HC, Mauderly JL, Mokler BV. Characterization of diesel exhaust in a chronic inhalation study. Am Ind Hyg
Assoc J. 1984;45(8):547-55.

Clarke, RW, Catalano, PJ, Koutrakis, P, Murthy, GG, Sioutas, C, Paulauskis, J, Coull, B, Ferguson, S, Godleski, JJ.: Urban air
particulate inhalation alters pulmonary function and induces pulmonary inflammation in a rodent model of chronic
bronchitis. Inhal Toxicol 11 (1999) 637-656.

Costa LG, Cole TB, Coburn J, Chang YC, Dao K, Roque PJ 2017, Neurotoxicity of traffic related air pollution, Neurotoxicology
Vol. 59, pp. 133 — 139.

Diesel Exhaust Page of 17 of 65


http://www.calepa.ca.gov/
http://www.cdc/gov/nchs/deaths.htm

Costantino, J.P.; Redmond, C.K.; Bearden, A.: Occupationally related cancer risk among coke oven workers: 30 years of follow-
up. J. Occup. Environ. Med. 37 (1995) 597-604.

Couch J, Broadwater K,diesel exhaustPerio MA 2016, Evaluation of Diesel Exhaust Exposures at Multiple Fire Stations in a City
Fire Department, U.S. Department of Health and Human Services Centers for Disease Control and Prevention National
Institute for Occupational Safety and Health. HHE Report No. 2015-0159-3265 December 2016.
https://www.cdc.gov/niosh/hhe/reports/pdfs/2015-0159-3265.pdf?s cid=102015-HETAB-RSS-001

Cox, L.A., Jr.: Does diesel exhaust cause human lung cancer? Risk Analysis 17 (1997) 807-829.

Cren L, Krais AM, Assarsson E, Broberg K, Engfeldt M, Lindh C, Strandberg B, Pagels J, Hedmer M 2022, Underground
emissions and miners personal exposure to diesel and renewable diesel exhaust in a Swedish iron ore mine. International
Archives of Occupational and Environmental Health 95, 1369 — 1388. https://link.springer.com/article/10.1007/s00420-022-
01843-x

Crump, K.: Modeling lung cancer risk from diesel exhaust: suitability of the railroad worker cohort for quantitative risk
assessment. Risk Anal. 21 (2001) 19-23.

Crump KS, Van Landingham C, Moolgavkar SH, McClellan R. Reanalysis of the DEMS Nested Case-Control Study of Lung
Cancer and Diesel Exhaust: Suitability for Quantitative Risk Assessment. Risk Anal. 2015; 35(4):676-700.

Crump KS, Van Landingham C, McClellan RO. 2016. Influence of alternative exposure estimates in the diesel exhaust miners
study: diesel exhaust and lung cancer. Risk Anal. 36:1803-1812.

Csicsaky, M., M. Roller and F. Pott: Quantitative risk assessments for selected carcinogenic substances. Federal Institute for
Occupational Safety (Hrsg.) Publication series of the Federal Institute for Occupational Safety. - Special publication - S 31.
Dortmund 1993. - Bremerhaven: Wirtschaftsverlag NW, publishing house for new science, 1993.

Dasenbrock, C., L. Peters, O. Creutzenberg and U. Heinrich: The carcinogenic potency of carbon particles with and without PAH
after repeated intratracheal administration in the rat. Toxicol. Latvia 110 (1996) 1-7

Davis, ME, Smith, TJ, Laden, F, Hart, JE, Ryan, LM, Garshick, E.: Modeling particle exposure in U.S. trucking terminals.
Environ. Sci. Technol. 40 (2006) 4226-4232 Davis, ME, Smith, TJ, Laden, F, Hart, JE, Blicharz, AP, Reaser, P, Garshick, E.:
Driver exposure to combustion particles in the U.S. Trucking industry. J. Occup. Environ. Hyg. 4 (2007) 848-854

Dawson, S. V.; Alexeeff, G. V.: Multi-stage model estimates of lung cancer risk from exposure to diesel exhaust, based on a U.S.
railroad worker cohort. Risk Anal. 21 (2001a) 1-18.

Dawson, S. V.; Alexeeff, G. V.: Letter to the Editor. Response to commentary. Risk Anal. 21 (2001b) 213-216.

DFG (German Research Foundation): List of MAK and BAT values 2011.

Dockery, DW, Pope, CA 3rd , Xu, X, Spengler, JD, Ware, JH, Fay, ME, Ferris, BG Jr, Speizer, FE.: An association between air
pollution and mortality in six U.S. cities. N Engl J Med 329 (1993) 1753-1759 Don Porto Carero A, Hoet PH, Verschaeve L,
Schoeters G and Nemery B Genotoxic effects of carbon black particles, diesel exhaust particles, and urban air particulates
and their extracts on a human alveolar epithelial cell line (A549) and a human monocytic cell line (THP-1). environment
Mol. Mutagen. 37 (2001) 155-163.

Dutch Expert Committee on Occupational Safety (DECQOS) 2019, Advisory report.
https://www.healthcouncil.nl/documents/advisory-reports/2019/03/13/diesel-engine-exhaust

Tyoterveyslaitos. Dieselpakokaasujen tavoitetasoerustelumuistio; pg. 3. Helsinki, Finland: 2015.

EPA, Health Assessment Document for Diesel Emissions, EPA/600/8-90/057F, Washington, DC, May 2002.

Elder A, Gelein R, Finkelstein JN, Driscoll KE, Harkema J, Oberdérster G. Effects of subchronically inhaled carbon black in three
species. |. Retention Kinetics, lung inflammation, and histopathology. Toxicol Sci. 2005;88(2):614-29.

Evans KA, Halterman JS, Hopke PK, Fagnano M, Rich DQ. Increased ultrafine particles and carbon monoxide concentrations are
associated with asthma exacerbation among urban children. Environ Res. 2014;129:11-9.

Forth, W.; Henschler, D.; Rummel, W.; Starke, K.: General and special pharmacology and toxicology. Heidelberg, Berlin, Oxford:
Spektrum academic publishers, 1998

Gamble, J.: Lung cancer and diesel exhaust: A critical review of the occupational epidemiology literature. Critical Reviews in
Toxicology 40 (2010) 189-244

Gawryluk, JR, Palombo DJ, Curran J, Parker A & Carlsten C 2023, Brief diesel exhaust exposure acutely impairs functional brain
connectivity in humans: a randomized controlled crossover study. Environmental Health volume 22,

Avrticle number: 7 (2023). https://ehjournal.biomedcentral.com/articles/10.1186/s12940-023-00961-4

Garshick, E., Schenker, M.B., Munoz, A., Segal, M., Smith, T.J., Woskie, S.R., Hammond, S.K., Speizer, F.E.: A case-control
study of lung cancer and Diesel exhaust exposure in railroad workers. Am. Rev. Respir. Dis. 135 (1987) 1242-1248

Garshick, E., Schenker, M.B., Munoz, A., Segal, M., Smith, T.J.,Woskie, S.R., Hammond, S.K., Speizer, F.E.: A retrospective
cohort study of lung cancer and Diesel exhaust exposurein railroad workers. Am. Rev. Respir. Dis. 137 (1988) 820-825

Garshick, E.; Laden, F.; Hart, J.E.; Rosner, B.; Smith, Th.J.; Dockery, D.W.; Speizer, F.E.: Lung cancer in railroad workers
exposed to diesel exhaust. Environ. Health Perspect. 112 (2004) 1539-1543

Garshick, E, Laden, F, Hart, JE, Smith, TJ, Rosner, B.: Smoking imputation and lung cancer in railroad workers exposed to diesel

Diesel Exhaust Page of 18 of 65


https://www.cdc.gov/niosh/hhe/reports/pdfs/2015-0159-3265.pdf?s_cid=102015-HETAB-RSS-001
https://link.springer.com/article/10.1007/s00420-022-01843-x
https://link.springer.com/article/10.1007/s00420-022-01843-x
https://www.healthcouncil.nl/documents/advisory-reports/2019/03/13/diesel-engine-exhaust
https://ehjournal.biomedcentral.com/articles/10.1186/s12940-023-00961-4#auth-Jodie_R_-Gawryluk
https://ehjournal.biomedcentral.com/articles/10.1186/s12940-023-00961-4

exhaust. Am. J. Ind. Med. 49 (2006) 709-718

Garshick E, Laden F, Hart JE, Rosner B, Davis ME, Eisen EA, Smith TJ. Lung cancer and vehicle exhaust in trucking industry
workers. environment Health Perspective. 116 (2008) 1327-1332

Garshick E, Laden F, Hart JE, Davis ME, Eisen EA, Smith TJ. Lung cancer and elemental carbon exposure in trucking industry
workers. Environment Health Perspective. 2012; 120(9):1301-6.

Ge C, Peters S, Olsson A, Portengen L, Schu J, Almansa J, Ahrens W 2020, Diesel Engine Exhaust Exposure, Smoking, and
Lung Cancer Subtype Risks. A Pooled Exposure—Response Analysis of 14 Case—Control Studies. TOXICOLOGICAL
SCIENCES, 158(2), 2017, 243-251

GESTIS - International limit values for chemical agents (Occupational exposure limits, OELS) nd.
https://www.dguv.de/ifa/gestis/gestis-internationale-grenzwerte-fuer-chemische-substanzen-limit-values-for-chemical-
agents/index-2.jsp Diesel particulate matter as elemental C - https:/limitvalue.ifa.dguv.de/\WebForm_ueliste2.aspx

Ghio AJ, Kim C, Devlin RB: Concentrated ambient air particles induce mild pulmonary inflammation in healthy human
volunteers. At the. J. Respir. critical Care Med. 162 (2000) 981-988

Gong J, Zhub T, Kipenc H, Richd DQ, Huange W, Lin WT, Hu M 2015, Urinary Polycyclic Aromatic Hydrocarbon Metabolites
as Biomarkers of Exposure to Traffic-Emitted Pollutants. Environ Int. 2015 December ; 85: 104-110.
doi:10.1016/j.envint.2015.09.003. https://europepmc.org/article/pmc/4765327

Gordon T, Nadziejko C, Schlesinger R, Chen LC.: Pulmonary and cardiovascular effects of acute exposure to concentrated
ambient particulate matter in rats. Toxicol. Latvia 96-97 (1998) 285-288Greim, H. (ed.): Harmful working materials.
Toxicological and occupational medical justifications of MAK values (maximum workplace concentrations) of the Senate
Commission for the Testing of Noxious Working Materials of the German Research Foundation. Diesel engine emissions,
45th delivery 2008. Wiley-VCH, Weinheim. 2008

Greim H, Borm PJA, Schins RPF, Donaldson K, Driscoll KE, Hartwig A, Kuempel E, Oberdérster G, Speit G (2001) Toxicity of
fibers and particles: report of the workshop held in Munich, Germany. Inhal Toxicol 13: 101-119

Gustavsson, P.; Plato, N.; Lidstrom, E.B.; Hogstedt, C.: Lung cancer and exposure to diesel exhaust among bus garage workers.
Scand. J. Work environ. Health 16 (1990) 348-354

Harder, SD, Soukup, JM, Ghio, AJ, Devlin, RB, Becker, S.: Inhalation of PM2.5 does not modulate host defense or immune
parameters in blood or lung of normal human subjects. Environ. Health Perspect. 109 Suppl 4 (2001) 599-604

Harris, W.C.: Civil Action No. 5:04-cv-394. In the United States District Court Middle District of Georgia. Complaint. November
17, 2004. Scan http://www.defendingscience.org
http://www.defendingscience.org/case_studies/upload/Complaint_IBSA 11 17 2004-2.pdf am 9.12.2008

Hartwig, A. (ed.): Toxicological-occupational medical reasons for MAK values. Weinheim VCH publishing house.
http://onlinelibrary.wiley.com/book/10.1002/3527600418/topics Diesel engine exhaust (CASRN N.A.) 2003
http://www.epa.gov/IRIS/subst/0642.htm

HEI Review Panel on Ultrafine Particles Understanding the Health Effects of Ambient Ultrafine Particles. HEI perspectives. 3rd
ed. Boston, Massachusetts: Health Effects Institute; 2013.

Health Effect Institute (HEI) (2015a), Diesel Emissions and Lung Cancer: An Evaluation of Recent Epidemiological Evidence for
Quantitative Risk Assessment; HEI Diesel Epidemiology Panel, HElI SPECIAL REPORT 19, November 2015,
https://www.healtheffects.org/publication/diesel-emissions-and-lung-cancer-evaluation-recent-epidemiological-evidence-
guantitative

Health Effects Institute (HEI) (2015b), Advanced Collaborative Emissions Study (ACES): Lifetime Cancer and Non-Cancer
Assessment in Rats Exposed to New-Technology Diesel Exhaust, Research Report 184, Januar 2015
http://www.healtheffects.org

Hebisch R, Dabill D, Dahmann D, Diebold F, Geiregat N, Grosjean R, Mattenklott M, Perret V, Guillemin M (2003). Sampling
and analysis of carbon in diesel exhaust particulates--an international comparison. Int Arch Occup Environ Health.
2003;76(2):137-42.

Hedges K, Jeong CH 2021, OCC-TOBER & BEYOND: The Path Forward (November 12, 2021) Diesel Exhaust Exposure and
Health Risk in Transportation and the Community. Webinar presented by the Occupational Health Clinics for Ontario
Workers Inc. (OHCOW).

Heinrich, U., H. Muhle, S. Takenaka, H. Ernst, R. Fuhst, U. Mohr, F. Pott, und W. Stoéber: Chronic effects on the respiratory tract
of hamsters, mice and rats after long-term inhalation of high concentrations of filtered and unfiltered diesel engine emissions.
J. Appl. Toxicol. 6 (1986) 383-395

Heinrich, U., Dungworth, D.L., Pott, F., Peters, L., Dasenbrock, C., Levsen, K., Koch, W., Creutzenberg, O., Schulte, A.: The
carcinogenic effects of carbon black particles and tar-pitch condensation aerosol after inhalation exposure of rats. Inhaled
Particles VVII. Ann. Occup. Hyg. 38 Suppl. 1 (1994a) 351-356

Heinrich, U.; Roller, M.; Pott, F.: Estimation of a lifetime unit lung cancer risk for benzo(a)pyrene based on tumour rates in rats
exposed to coal tar/pitch condensation aerosol. Toxicology Letters 72 (1994b) 155-161

Diesel Exhaust Page of 19 of 65


https://www.dguv.de/ifa/gestis/gestis-internationale-grenzwerte-fuer-chemische-substanzen-limit-values-for-chemical-agents/index-2.jsp
https://www.dguv.de/ifa/gestis/gestis-internationale-grenzwerte-fuer-chemische-substanzen-limit-values-for-chemical-agents/index-2.jsp
https://limitvalue.ifa.dguv.de/WebForm_ueliste2.aspx
http://www.defendingscience.org/case_studies/upload/Complaint_IBSA_11_17_2004-2.pdf%20am%209.12.2008
http://www.epa.gov/IRIS/subst/0642.htm
https://www.healtheffects.org/publication/diesel-emissions-and-lung-cancer-evaluation-recent-epidemiological-evidence-quantitative
https://www.healtheffects.org/publication/diesel-emissions-and-lung-cancer-evaluation-recent-epidemiological-evidence-quantitative
http://www.healtheffects.org/

Heinrich, U., R. Fuhst, S. Rittinghausen, O. Creutzenberg, B. Bellmann, W. Koch, and K. Levsen: Chronic inhalation exposure of
Wistar rats and two different strains of mice to Diesel engine exhaust, carbon black and titanium dioxide. content Toxicol. 7
(1995) 533-556

Henderson RF, Pickrell JA, Jones RK, Sun JD, Benson JM, Mauderly JL, McClellan RO. Response of rodents to inhaled diluted
diesel exhaust: biochemical and cytological changes in bronchoalveolar lavage fluid and in lung tissue. Fundam Appl
Toxicol. 1988;11(3):546-67.

Henschler, D. (ed.): Harmful working materials. Toxicological and occupational medical justification of MAK values (maximum
workplace concentrations). Edited by the working groups “List of MAK values™ and "Definition of limit values for dust” of
the Commission for the Testing of Working Substances Harmful to Health of the German Research Foundation. Diesel
Engine Emissions. Delivery 13. Verlag Chemie, Weinheim. 1987

Hesterberg TW, Long CM, Valberg PA. Re: The diesel exhaust in miners study: a nested case-control study of lung cancer and
diesel exhaust and a cohort mortality study with emphasis on lung cancer. J Natl Cancer Inst. 2012; 104(23):1841; author
reply 1848-9.

Ishinishi, N., Koizumi, A., McClellan, R.O., Stéber, W. Developments in Toxicology and Environmental Science. Vol. 13.
Elsevier Sci. Publ. (Biomed. Div.), Amsterdam, New York, Oxford, 1986

Hesterberg, T.W., Bunn, W.B., McClellan, R.O., Hart, G.A., and Lapin, C.A.: Carcinogenicity studies of diesel engine exhausts in
laboratory animals: a review of past studies and a discussion of future research needs. Crit. Rev. Toxicol. 35 (2005) 379-411.

Hesterberg TW, Long CM, Bunn WB, Sax SN, Lapin CA, Valberg PA. Non-cancer health effects of diesel exhaust: a critical
assessment of recent human and animal toxicological literature. Crit Rev Toxicol. 2009;39(3):195-227.

Hesterberg TW, Long CM, Lapin CA, Hamade AK, Valberg PA. Diesel exhaust particulate (DEP) and nanoparticle exposures:
what do DEP human clinical studies tell us about potential human health hazards of nanoparticles? Inhal Toxicol.
2010;22(8):679-94.

Hesterberg TW, Long CM, Sax SN, Lapin CA, McClellan RO, Bunn WB, Valberg PA: Particulate matter in new technology
diesel exhaus (NTDE) is quantitatively and qualitatively very differend from that found in traditional diesel exhaust (TDE). J
Air Waste Manag Assoc. 2011 Sep;61(9):894-913.

Hext, P.M.: Current perspectives on particulate induced pulmonary tumours. Human Exp. Toxicol. 13 (1994) 700-715

Hedges K 2017, Is setting a suitably protective occupational exposure limit (OEL) for diesel particulate matter (DPM) a “key
driver” to reduce exposure. MDEC 2017, https://mdec.ca/2017/

Hoffmann, B.; Jockel, K.-H.: Lung cancer risk of occupational exposure to diesel motor emissions and coal mine dust. Ann. N.Y.
Acad. Sci. 1076 (2006) 253-265 IARC: IARC monographs on the evaluation of carcinogenic risk of chemicals to humans.
Vol. 46: Engine exhausts and nitroarenes. World Health Organization, International Agency for Research on Cancer, Lyon,
1989 IARC: IARC monographs on the evaluation of carcinogenic risk of chemicals to humans. Vol. 105: Diesel and
Gasoline Engine Exhausts and Some Nitroarenes. World Health Organization, International Agency for Research on Cancer,
Lyon, 2013

IARC (2014)Diesel and gasoline engine exhausts and some nitroarenes. IARC Monogr Eval Carcinog Risks; 105: 9-699.

IARC 2018, 1-Nitropyene. https://monographs.iarc.who.int/wp-content/uploads/2018/06/mono0105-010.pdf

Ichinose, T., Yajima, L.Y., Nagashima, M., Takenoshita, S., Nagamachi,Y., and Sagai, M.: Lung carcinogenesis and formation of
8-hydroxy-deoxyguanosine in mice by diesel exhaust particles. Carcinogenesis 18 (1997) 185-192

Ishihara Y, Kagawa J. Chronic diesel exhaust exposures of rats demonstrate concentration and time-dependent effects on
pulmonary inflammation. Inhal Toxicol. 2003 25;15(5):473-92.

Ishinishi, N., Kuwabara, N., Nagase, S., Suzuki, T., Ishiwata, S., Kohno, T.: Long-term inhalation studies on effect of exhaust
from heavy and light duty Diesel engines on F344 rats. In: Carcinogenic and mutagenic effects of Diesel engine exhaust, S.
329-348.

Ishinishi, N., Koizumi, A., McClellan, R.O., Stéber, W., Developments in Toxicology and Environmental Science. VVol. 13.
Elsevier Sci. Publ. (Biomed. Div.), Amsterdam, New York, Oxford, 1986 lwai, K.,

Jacobsen, N.R., Saber, A.T., White, P., Mgller, P., Pojana, G., Vogel, U., Loft, S., Gingerich, J., Soper, L., Douglas, G.R., and
Wallin, H.: Increased mutant frequency by carbon black, but not quartz, in the lacZ and cll transgenes of muta mouse lung
epithelial cells. Environ. Mol. Mutagen. 48 (2007) 451-461

Jockel, K.-H., Ahrens, W., Jahn, 1., Pohlabeln, H., Bolm-Audorff, U.: Studies on lung cancer and risks at work (final report),
publication series of the Federal Institute for Occupational Medicine, Research Fb 01 HK 546.

Jarvholm, B. (2006) Airway inflammation in iron ore miners exposed to dust and diesel exhaust. The European respiratory journal
2006; 27(4):714-9.

Jeong CH, Traub A, Evans GJ 2017, Exposure to ultrafine particles and black carbon in diesel-powered commuter trains.
Atmospheric Environment VVolume 155, April 2017, Pages 46-52.
https://www.sciencedirect.com/science/article/pii/S1352231017300857?via%3Dihub

Khalek 1A, Bougher TL, Merritt PM, Zielinska B. Regulated and unregulated emissions from highway heavy-duty diesel engines

Diesel Exhaust Page of 20 of 65


https://mdec.ca/2017/
https://monographs.iarc.who.int/wp-content/uploads/2018/06/mono105-010.pdf
https://www.sciencedirect.com/science/article/pii/S1352231017300857?via%3Dihub

complying with U.S. Environmental Protection Agency 2007 emissions standards. J Air Waste Manag Assoc.
2011;61(4):427-42.

Khalek A, Blanks MG, Merritt PM, Zielinska B. Regulated and unregulated emissions from modern 2010 emissions-compliant
heavy-duty on-highway diesel engines. J Air Waste Manag Assoc. 2015;65(8):987-1001.

Kim J., C.E. Peters, C. McLeod, S. Hutchings, L. Rushton, M. Pahwal, and P.A. Demers1,4 “Burden of cancer attributable to
occupational diesel engine exhaust exposure in Canada”, Occup Environ Med 2014;71:A37.

Koehler KA, Peters T 2015, New methods for personal exposure monitoring for airborne particles. Curr Environ Health Rep. 2015
Dec; 2 (4) 399 — 411. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4807653/

KRdL (Commission for Air Pollution Control): Evaluation of the current scientific knowledge on the health effects of particles in
the air. Report of the working group "Effects of particulate matter on human health” of the Commission on Air Pollution
Control in the VDI and DIN. Commissioned by the Federal Ministry for the Environment, Nature Conservation and Nuclear
Safety, July 2003

Krombach F, Miinzing S, Allmeling AM, Gerlach JT, Behr J, Dérger M. Cell size of alveolar macrophages: an interspecies
comparison. Environ Health Perspect. 1997; 105 Suppl 5:1261-3.

Laden, F, Hart, JE, Eschenroeder, A, Smith, TJ, Garshick, E.: Historical estimation of diesel exhaust exposure in a cohort study of
U.S. railroad workers and lung cancer. Cancer Causes Control. 17 (2006a) 911-919

Laden, F, Schwartz, J, Speizer, FE, Dockery, DW.: Reduction in fine particulate air pollution and mortality: Extended follow-up
of the Harvard Six Cities study. Am. J. Respir. Crit. Care Med. 173 (2006b) 667-672

LAI (Country Committee for Emission Control): Cancer risk from air pollution - development of "assessment standards for
carcinogenic air pollution” on behalf of the Environment Ministers' Conference. Ministry for the Environment, Regional
Planning and Agriculture of the State of NW, Duisseldorf, 1992

Lechner, J.F. und J.L. Mauderly: Sequence of events in lung carcinogenesis: Initiation and promotion, protooncogenes and tumor
suppressor genes, and particulates.

Laumbacha R,Tong J, Zhang L, Ohman-Strickland P, Stern A, Fiedlera, N, Kipena et al Quantification of 1-aminopyrene in
human urine after a controlled exposure to diesel exhaust. J Environ Monit. 2009 January ; 11(1): 153-159.
doi:10.1039/b810039j. https://www.ncbi.nIm.nih.gov/pmc/articles/PMC4049318/pdf/nihms575730.pdf

Lavigne E, Lima I, Hatzopolou M, Ryswyk KV, Donkelaar, A, Martin, RV, Stieb, DM et al 2020, Ambient ultrafine particle
concentrations and incidence of childhood cancers, Environment International Volume 145, December 2020, 106135.

https://www.sciencedirect.com/science/article/pii/S0160412020320900

Li C, Taneda S, Taya K, Watanabe G, Li X, Fujitani Y, Nakajima T, Suzuki AK. Effects of in utero exposure to nanoparticle-rich
diesel exhaust on testicular function in immature male rats. Toxicol Lett. 2009 25; 185(1):1-8.

Liang F, Lu M, Keener TC, Liu Z, Khang SJ. The organic composition of diesel particulate matter, diesel fuel and engine oil of a
non-road diesel generator. J Environ Monit. 2005;7(10):983-8.

Lipsett, M. und S. Campleman: Occupational exposure to diesel exhaust and lung cancer: a meta-analysis. Am. J. Public Health 89
(1999) 1009-1017

Liu, YQ, Keane, M, Ensell, M, Miller, W, Kashon, M, Ong, TM, Mauderly, J, Lawson, D, Gautam, M, Zielinska, B, Whitney, K,
Eberhardt, J, Wallace, W.: In vitro genotoxicity of exhaust emissions of diesel and gasoline engine vehicles operated on a
unified driving cycle. J. Environ. Monit. 7 (2005) 60-66

Liu ZG, Berg DR, Vasys VN, Dettmann ME, Zielinska B, Schauer JJ, Analysis of C1, C2, and C10 through C33 particle-phase
and semi-volatile organic compound emissions from heavy-duty diesel engines, Atmos Environ, 44 (8) (2010), 1108-1115

Long E, Carlsten C 2022, Controlled human exposure to diesel exhaust: results illuminate health effects of traffic-related air
pollution and inform future directions. Particle and Fibre Toxicology 19, Article number: 11 (2022).
https://particleandfibretoxicology.biomedcentral.com/articles/10.1186/s12989-022-00450-5

Long E, Schwartz C, Carlsten C 2022, Controlled human exposure to diesel exhaust: a method for understanding health effects of
traffic related pollution. Particle and Fibre Toxicolgy 19, Aerticle number 15 (2022).
https://particleandfibretoxicology.biomedcentral.com/articles/10.1186/s12989-022-00454-1

Mauderly, J.L., Jones, R.K., Griffith, W.C., Henderson, R.F., McClellan, R.O.: Diesel exhaust is a pulmonary carcinogen in rats
exposed chronically by inhalation. Fundam. Appl. Toxicol. 9 (1987) 208-221

Mohr, U., D.L. Dungworth, J.L. Mauderly und G. Oberddrster (Hrsg.) Toxic and carcinogenic effects of solid particles in the
respiratory tract. ILSI-Monographs. Washington, D.C.: ILSI-Press. (1994), S. 235-251

McDonald R 2016, Public Comments on Exposure of Underground Miners to Diesel Exhaust Public.
https://arlweb.msha.gov/REGS/Comments/2016-13219/index.asp

https://arlweb.msha.gov/REGS/Comments/2016-13219/AB86-Comm-5.pdf

Mattenklott, M.; Bagschik, U.; Chromy, W.; Dahmann, D.; Kieser, D.; Rietschel, P.; Schwalb, J.; Sinner, K.-E.; Stuckrath, M.;
Van Gelder, R.; Wims, V.: Diesel engine emissions at the workplace. Hazardous substances - purity. Luft 62 (2002) No. 1/2,
pp. 13-23

Diesel Exhaust Page of 21 of 65


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4807653/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4049318/pdf/nihms575730.pdf
https://www.sciencedirect.com/science/article/pii/S0160412020320900
https://particleandfibretoxicology.biomedcentral.com/articles/10.1186/s12989-022-00450-5
https://particleandfibretoxicology.biomedcentral.com/articles/10.1186/s12989-022-00454-1
https://arlweb.msha.gov/REGS/Comments/2016-13219/AB86-Comm-5.pdf

Mauderly, J.L.: Relevance of particle-induced rat lung tumors for assessing lung carcinogenic hazard and human lung cancer risk.
Environ. Health Perspect. 105 suppl. 5 (1997) 1337-1346

Mauderly, J.L., Jones, R.K., Griffith, W.C., Henderson, R.F., McClellan, R.O.: Diesel exhaust is a pulmonary carcinogen in rats
exposed chronically by inhalation. Fundam. Appl. Toxicol. 9 (1987) 208-221

Mauderly, J.L., Banas, D.A., Griffith, W.C., Hahn, F.F., Henderson, R.F., McClellan, R.O.: Diesel exhaust is not a pulmonary
carcinogen in CD-1 mice exposed under conditions carcinogenic to F344 rats. Fundam. Appl. Toxicol. 30 (1996) 233- 242
Mauderly, JL: Current status of the toxicology of diesel engine exhaust — and the ACES project. Zbl. Arbeitsmed. 60, 412-
417, 2010

McDonald R, 2017, MSHA Submission_Final.pdf; Summary DEP report Final.pdf.
https://arlweb.msha.gov/REGS/Comments/2016-13219/AB86-Comm-5.pdf

Mohner M, Kersten N, Gellissen J. Diesel motor exhaust and lung cancer mortality: reanalysis of a cohort study in potash miners.
Eur J Epidemiol. 2013; 28(2):159-68.

Mohner M. The impact of selection bias due to increasing response rates among population controls in occupational case-control
studies. Am J Respir Crit Care Med. 2012; 185(1):104-6; author reply 106-7.

Mohner M, Kersten N, Gellissen J. Re: The diesel exhaust in miners study: a nested case-control study of lung cancer and diesel
exhaust and a cohort mortality study with emphasis on lung cancer. J Natl Cancer Inst. 2012; 104(23):1846-7; author reply
1848-9.

Mohner M, Wendt A.: A critical Review of the Relationship between occupational Exposure to Diesel Emissions and Lung Cancer
Risk. Crit Rev Tox. 47, 185-224, 2017; DOI: 10.1080/10408444.2016.1266598

Mohner M (2017a) Re. Occupational Diesel Exposure, Duration of Employment, and Lung Cancer: An Application of the
Parametric G-Formula. Epidemiology doi:10.1097/EDE.0000000000000701

Mohner, M. (2017b) On the approach for calculating occupational exposure limits for diesel motor exhaust. Occup Environ Med
(accepted for publication): doi:10.1136/0emed-2017-104517

Mohr, U.; Ernst, H.; Roller, M.; Pott, F.: Pulmonary tumor types induced in Wistar rats of the so-called ‘‘19-dust study’’. Exp.
Toxicol. Pathol. 58 (2006) 13-20

Moolgavkar SH, Chang ET, Luebeck G, Lau EC, Watson HN, Crump KS, Boffetta P, McClellan R. Diesel engine exhaust and
lung cancer mortality: time-related factors in exposure and risk. Risk Anal. 2015; 35(4):663-75.

Morfeld P. Diesel exhaust in miners study: how to understand the findings? J Occup Med Toxicol. 2012; 7(1):10.

Morfeld P, Erren TC. Exposures to diesel motor exhaust and lung cancer: are findings of a large pooled analysis really consistent?
Am J Respir Crit Care Med. 2012; 185(1):104; author reply 106-7.

Morfeld P, Spallek M. Diesel engine exhaust and lung cancer risks - evaluation of the meta-analysis by Vermeulen et al 2014. J
Occup Med Toxicol. 2015 12;10:31.

Morgan, W.K., R.B. Reger und D.M. Tucker: Health effects of diesel emissions. Ann. Occup. Hyg. 41 (1997) 643-658.

Morrow, P.E., H. Muhle und R. Mermelstein: Chronic inhalation study findings as a basis for proposing a new occupational dust
exposure limit. J. Am. Coll. Toxicol. 10 (1991) 279-289.

Mroz, R.M., Schins, R.P., Li, H., Drost, E.M., Macnee, W., and Donaldson, K.: Nanoparticle carbon black driven DNA damage
induces growth arrest and AP-1 and NFkappaB DNA binding in lung epithelial A549 cell line. J. Physiol. Pharmacol. 58
suppl.5 (2007) 461-470.

Mroz, R.M,, Schins, R.P., Li, H., Jimenez, L.A., Drost, E.M., Holownia, A., MacNee, W., and Donaldson, K.: Nanoparticle-driven
DNA damage mimics irradiation-related carcinogenesis pathways. Eur. Respir. J. 31 (2008) 241-251.

MSHA (Mine Safety and Health Administration). Diesel Particulate Matter Exposure of Underground Metal and Nonmetal
Miners. Final rule. Department of Labor. Mine Safety and Health Administration. 30 CFR Part 57. Federal Register 66,
5706-5910. 2001 MSHA (Mine Safety and Health Administration). Diesel Particulate Matter Exposure of Underground
Metal and Nonmetal Miners. Final rule. Department of Labor. Mine Safety and Health Administration. 30 CFR Part 57.
Federal Register 71, 28924-29012. 2006.

Mudway IS, Stenfors N, Duggan ST, Roxborough H, Zielinski H, Marklund SL, Blomberg A, Frew AJ, Sandstrém T, Kelly FJ.
An in vitro and in vivo investigation of the effects of diesel exhaust on human airway lining fluid antioxidants. Arch
Biochem Biophys. 2004 1;423(1):200-Multiple Path Particle Dosimetry Model (MPPD)
http://www.ara.com/products/mppd.htm

National Institute for Occupational Safety and Health (NIOSH), "Current Intelligence Bulletin 50 Carcinogenic Effects of
Exposure to Diesel Exhaust”, NIOSH, Cincinnati, OH, Aug/88.

Neophytou AM, Picciotto S, Costello S, Eisen EA: Occupational Diesel Exposure, Duration of Employment, and Lung Cancer.
An Application of the Parametric G-Formula. Epidemiology 27, 21-28, 2016.

Neophytou AM, Picciotto S, Costello S, Eosen EA: Occupational Diesel Exposure, Duration of Employment, and Lung Cancer -
An Application of the Parametric G-Formula. Epidemiology 2016 Jan; 27(1): 21-28.

Neophytou AM, Picciotto S, Costello S, Eisen EA (2017) The Authors Respond. Epidemiology

Diesel Exhaust Page of 22 of 65


https://arlweb.msha.gov/REGS/Comments/2016-13219/AB86-Comm-5.pdf
http://www.ara.com/products/mppd.htm

doi:10.1097/EDE.0000000000000702

Neumeyer-Gromen A, Razum O, Kersten N, Seidler A, Zeeb H. Diesel motor emissions and lung cancer mortality--results of the
second follow-up of a cohort study in potash miners. Int J Cancer (2009) 15; 124(8):1900-6.

Nies, E.; Moeller, A.; Pflaumbaum, W., Blome, H., Schuhmacher-Wolz, U., Schneider, K., Kalberlah, F., Woitowitz, H.-J.,
Rddelsperger, K.: Cancer risk figures. Safety Information and Worksheet 120.120. 42nd run X11/2002. In: BGIA manual.
Publisher: Employers' liability insurance institute for occupational safety and health of the main association of commercial
trade associations - BGIA. Berlin: Erich Schmidt Verlag, 2002.

Nightingale, J.A.; Maggs, R.; Cullinan, P.; Donnelly, L.E.; Rogers, D.F.; Kinnersley, R.; Chung, K.F.; Barnes, P.J.; Ashmore, M.;
Newman-Taylor, A.: Airway inflammation after controlled exposure to diesel exhaust particulates. Am. J. Respir. Crit. Care
Med. 162 (2000) 161-166.

NIOSH 5040, https://www.cdc.gov/niosh/docs/2014-151/pdfs/methods/5040.pdf

Nikula, K.J., M.B. Snipes, E.B. Barr, W.C. Griffith, R.F. Henderson und J.L. Mauderly: Comparative pulmonary toxicities and
carcinogenicities of chronically inhaled diesel exhaust and carbon black in F344 rats. Fundam. Appl. Toxicol. 25 (1995) 80-
94.

NIST, 2006 https://www-s.nist.gov/srmors/view_detail.cfm?srm=1650b

Noll JD, Burgarski A, Vanderslice S, Hummer J 2020, High-sensitivity cassette for reducing limit of detection for diesel
particulate matter sampling. Environ Monit Assess (2020) 192:333.

Nokso-Kaoivisto P., Pukkala E.: Past exposure to asbestos and combustion products and incidence of cancer among Finnish
locomotive drivers. Occup Environ Med 51 (1994) 330-334.

Nordenhall C, Pourazar J, Blomberg A, Levin JO, Sandstrom T, Adelroth E. Airway inflammation following exposure to diesel
exhaust: a study of time kinetics using induced sputum. Eur Respir J. 2000;15(6):1046-51.

Oberdorster, G.: Extrapolation of results from animal inhalation studies with particles to humans? In: Mohr, U., D.L. Dungworth,
J.L. Mauderly und G. Oberddrster (Hrsg.) Toxic and carcinogenic effects of solid particles in the respiratory tract. ILSI-
Monographs. Washington, D.C.: ILSI-Press. S. 335-353, 1994,

Oberdorster, G.: Lung particle overload: Implications for occupational exposures to particles. Reg. Toxicol. Pharmacol. 27 (1995)
123-135.

OCRC (2017) Burden of Occupational Cancer in Ontario.

Olsson AC, Gustavsson P, Kromhout H, Peters S, Vermeulen R, Briiske I, Pesch B, Siemiatycki J, Pintos J, Bruning T, Cassidy A,
Wichmann HE, Consonni D, Landi MT, Caporaso N, Plato N, Merletti F, Mirabelli D, Richiardi L, Jockel KH, Ahrens W,
Pohlabeln H, Lissowska J, Szeszenia-Dabrowska N, Zaridze 153. D, Stucker I, Benhamou S, Bencko V, Foretova L, Janout
V, Rudnai P, Fabianova E, Dumitru RS, Gross IM, Kendzia B, Forastiere F, Bueno-de-Mesquita B, Brennan P, Boffetta P,
Straif K. Exposure to diesel motor exhaust and lung cancer risk in a pooled analysis from case-control studies in Europe and
Canada. Am J Respir Crit Care Med. 2011; 183(7):941-8.

Ochirpurev B, Eom SY, Toriba A, Kim YD, Kim H 2022, Urinary 1-aminopyrene level in Koreans as a biomarker for the amount
of exposure to atmospheric 1-nitropyrene. Toxicol Res. 2022 Jan; 38(1): 45-51.

OCRC http://www.occupationalcancer.ca/wp-content/uploads/2017/09/Burden-of-Occupational-Cancer-in-Ontario.pdf

Oukebdane K, Portet-Koltalo F, Machour N, Dionnet F, Desbéne PL. Comparison of hot Soxhlet and accelerated solvent
extractions with microwave and supercritical fluid extractions for the determination of polycyclic aromatic hydrocarbons and
nitrated derivatives strongly adsorbed on soot collected inside a diesel particulate filter. Talanta. 2010 Jun 30;82(1):227-36.

Platoa N, Lewné M, Per Gustavsson P 2019, “A historical job-exposure matrix for occupational exposure to diesel exhaust using
elemental carbon as an indicator of exposure”. Science of The Total Environment Volume 685, 1 October 2019, Pages 723-
728.

Pallapies D, Taeger D, Bochmann F, Morfeld P. Comment: Carcinogenicity of diesel-engine exhaust (DE). Arch Toxicol. 2013;
87(3):547-9. Pauluhn J. Poorly soluble particulates: searching for a unifying denominator of nanoparticles and fine particles
for DNEL estimation. Toxicology 2011; 279(1-3): 176-188.

Park, R.M., “Diesel Engine Emissions and Risk Assessment at NIOSH”, presentation at the Health Effects Institute — Boston MA
— March 6, 2014,

Pepelko, W.E., Chao Chen: Quantitative assessment of cancer risk from exposure to Diesel engine emissions. Reg. Toxicol.
Pharmacol. 17 (1993) 52-65 Pohjola, SK, Lappi, M, Honkanen, M, Savela, K.: Comparison of mutagenicity and calf thymus
DNA adducts formed by the particulate and semivolatile fractions of vehicle exhausts. Environ. Mol. Mutagen. 42 (2003) 26-
36.

Peters S, Carey RN, TR, Glass DC, Geza Benke 4,Reid A 2, Fritschi L 2015, The Australian Work Exposures Study: prevalence
of occupational exposure to diesel engine exhaust. Ann Occup Hyg 2015 Jun;59(5):600-8.

Poma, A., Limongi, T., Pisani, C., Granato, V., and Picozzi, P.: Genotoxicity induced by fine urban air particulate matter in the
macrophages cell line RAW 264.7. Toxicol. in Vitro 20 (2006) 1023-1029.

Pott, F., Heinrich, U.: Diesel engine emissions and lung cancer - animal experimental data and their assessment with regard to the

Diesel Exhaust Page of 23 of 65


https://www.cdc.gov/niosh/docs/2014-151/pdfs/methods/5040.pdf
https://www-s.nist.gov/srmors/view_detail.cfm?srm=1650b
http://www.occupationalcancer.ca/wp-content/uploads/2017/09/Burden-of-Occupational-Cancer-in-Ontario.pdf

risk to humans. In: Environmental Hygiene. Bd 19. Medical Institute for Environmental Hygiene. Annual Report 1986/87.
Ed.: Ges. z. promotion d. Air Hygiene and Silicosis Research e.V., Dusseldorf. Dusseldorf: Albers 1987, pp. 130-167.

Pott, F. und M. Roller: Relevance of non-physiologic exposure routes for carcinogenicity studies of solid particles. In: Mohr, U.,
D.L. Dungworth, J.L. Mauderly und G. Oberdérster (Hrsg.) Toxic and carcinogenic effects of solid particles in the
respiratory tract. ILSI-Monographs. Washington, D.C.: ILSI-Press. 1994, S. 109-125.

Pott, F. and M. Roller: Current data and questions on the carcinogenicity of solid particles from exhaust gas from diesel engines
and other sources. Zbl. Hyg. 200 (1997) 223-280.

Pott, F.; Roller, M.: Carcinogenicity study with nineteen granular dusts in rats. Eur. J. Oncol. 10 (2005) 249-281.

Pott, F., Heinrich, U., Roller, M.: Diesel Engine Emissions (DME). In: Cancer Risk from Air Pollution - Materials Volume. Vol 2
(chapters 6-10). Cape. 8, pp. 1-77. Publisher: Ministry for the Environment.

Plato N, Lewne M, Gustavsson P 2020, A historical job-exposure matrix for occupational exposure to diesel exhaust using
elemental carbon as an indicator of exposure. ARCHIVES OF ENVIRONMENTAL & OCCUPATIONAL HEALTH2020,
VOL. 75, NO. 6, 321-332. https://www.tandfonline.com/doi/epub/10.1080/19338244.2019.1644277?needAccess=true

Pott, F., D.L. Dungworth, U. Heinrich, H. Muhle, K. Kamino, P.G. Germann, M. Roller, R.M. Rippe und U. Mohr: Lung tumours
in rats after intratracheal instillation of dusts. (Inhaled Particles VI1I). Ann. Occup. Hyg. 38 Suppl. 1 (1994) 357-363.

Ramsay J, 2015 Measurement of Urinary 1-Nitropyrene Metabolites as Biomarkers of

Exposure to Diesel Exhaust in Underground Miners. Masters thesis:
https://digital.lib.washington.edu/researchworks/bitstream/handle/1773/33841/Ramsay washington 02500 14805.pdf?sequ
ence=1

Rasmussen RE.: Effect of fuel properties on mutagenic activity in extracts of heavy-duty diesel exhaust particulate. J. Air Waste
Manage. Assoc. 40 (1990) 1391-1396.

Riley EA, Carpenter EE, Ramsay J, Zamzow E, Pyke C, Paulsen MH, Sheppard L et al 2018, Evaluation of 1-Nitropyrene as a
Surrogate Measure for Diesel Exhaust. Ann Work Expo Health. 2018 Apr; 62(3): 339-350.

Roller, M.: The risk assessments of the LAI against the background of the particulate matter discussion in 2005. Hazardous
substances - purity. Air 65 (2005) 425-434.

Roller, M.: Differences between the data bases, statistical analyses, and interpretations of lung tumors of the 19-dust study - two
controversial views. Exp. Toxicol. Pathol. 58 (2007) 393-405.

Roller, M.: Studies on the carcinogenic effects of nanoparticles and other dusts. Project number F 2083. Dortmund: Federal
Institute for Occupational Safety and Health, 2008.
http://www.baua.de/nn_5846/sid_567AC76 AED2733F6D815953BAFF29FB/de/Publikationen/Fachbeitraege/F2083.html__
nnn=true

Roller, M.; Pott, F.: Lung tumour risk estimates from rat studies with not specifically toxic granular dusts. Ann. N.Y. Acad. Sci.
1076 (2006) 266-280.

Roller, M.; Akkan, Z.; Hassauer, M.; Kalberlah, F.: Risk extrapolation from laboratory animals to humans in the case of
carcinogens. Publication series of the Federal Institute for Occupational Safety and Health - Research - Fb 1078.
Bremerhaven: Wirtschaftsverlag NW. 432 p., 2006.

Senate Commission for the Testing of Noxious Working Materials. Communication 47. Weinheim: WILEY-VCH, 2006 DFG.
(Deutsche Forschungsgemeinschaft) 2012: Granular Biopersistent Dusts (GBS).

Saber, A.T.; Bornholdt, J.; Dybdahl, M.; Sharma, A.K.; Loft, S.; Vogel, U.; Wallin, H.: Tumor necrosis factor is not required for
particle-induced genotoxicity and pulmonary inflammation. Arch. Toxicol. 79 (2005) 177-182.

Sdverin, R., A. Bréunlich, D. Dahmann, G. Enderlein und G. Heuchert: Diesel exhaust and lung cancer mortality in potash mining.
Am. J. Ind. Med. 36 (1999) 415-422.

Salvi, S.; Blomberg, A.; Rudell, B.; Kelly, F.; Sandstrom, T.; Holgate, S.T.; Frew, A.: Acute inflammatory responses in the
airways and peripheral blood after short-term exposure to diesel exhaust in healthy human volunteers. Am. J. Respir. Crit.
Care Med. 159 (1999) 702-709.

Salvi, S.S.; Nordenhall, C.; Blomberg, A.; Rudell, B.; Pourazar, J.; Kelly, F.J.; Wilson, S.; Sandstrom, T.; Holgate, S.T.; Frew,
A.J.: Acute exposure to diesel exhaust increases I1L-8 and GRO-alpha production in healthy human airways. Am. J. Respir.
Crit. Care Med. 161 (2000) 550-557.

Schweizerische Bundeshahnen. Umweltbericht 2002/2003. SBB AG Generalsekretariat BahnUmwelt-Center, Bern, 2004.
www.shb.ch/umwelt

SCOEL: Diesel Engine Exhaust. Opinion from the Scientific Committee on Occupational Exposure Limits. SCOEL/OPIN/403,
adopted 21 December 2016.

Scheepers PTJ, Martens, M H.J.; Velders, D D; Fijneman, P; Kerkhoven, M van; Noordhoek, J; Bos, R P 1995, 1-Nitropyrene as a
marker for the mutagenicity of diesel exhaust-derived particulate matter in workplace atmospheres.

Sheesley, RJ, Schauer, JJ, Smith, TJ, Garshick, E, Laden, F, Marr, LC, Molina, LT.: Assessment of diesel particulate matter
exposure in the workplace: freight terminals. J. Environ. Monit. 10 (2008) 305-314.

Diesel Exhaust Page of 24 of 65


https://www.tandfonline.com/doi/epub/10.1080/19338244.2019.1644277?needAccess=true
https://digital.lib.washington.edu/researchworks/bitstream/handle/1773/33841/Ramsay_washington_0250O_14805.pdf?sequence=1
https://digital.lib.washington.edu/researchworks/bitstream/handle/1773/33841/Ramsay_washington_0250O_14805.pdf?sequence=1

Silverman DT, Samanic CM, Lubin JH, Blair AE, Stewart PA, Vermeulen R, Coble JB, Rothman N, Schleiff PL, Travis WD,
Ziegler RG, Wacholder S, Attfield MD. The Diesel Exhaust in Miners study: a nested case-control study of lung cancer and
diesel exhaust. J Natl Cancer Inst. 2012; 104(11):855-68.

Silverman DT, Lubin JH, Blair AE, Vermeulen R, Stewart PA, Schleiff PL, Attfield MD. RE: The Diesel Exhaust in Miners Study
(DEMS): a nested case-control study of lung cancer and diesel exhaust. J Natl Cancer Inst. 2014; 106(8).

Silverman DT, Attfield MD, Blair AE, Lubin JH, Stewart PA, Vermeulen R. Re: ,,The hidden impact of a healthy-worker effect of
the Diesel Exhaust in Miners Study”. Eur J Epidemiol 2016; 31 (8):805-6.

Smith, TJ, Davis, ME, Reaser, P, Natkin, J, Hart, JE, Laden, F, Heff, A, Garshick, E.: Overview of particulate exposures in the US
trucking industry. J. Environ. Monit. 8 (2006) 711-720.

Stayner, L.; Dankovic, D.; Smith, R.; Steenland, K.: Predicted lung cancer risk among miners exposed to diesel exhaust particles.
Am. J. Ind. Med. 34 (1998) 207-219.

Steenland, K., J. Deddens und L. Stayner: Diesel exhaust and lung cancer in the trucking industry: exposure-response analyses and
risk assessment. Am. J. Ind. Med. 34 (1998) 220-228.

Stenfors, N.; Nordenhall, C.; Salvi, S.S.; Mudway, I.; Soderberg, M.; Blomberg, A.; Helleday, R.; Levin, J.O.; Holgate, S.T.;
Kelly, F.J.; Frew, A.J.; Sandstrom, T.: Different airway inflammatory responses in asthmatic and healthy humans exposed to
diesel. Eur. Respir. J. 23 (2004) 82-86.

Stinn W, Teredesai A, Anskeit E, Rustemeier K, Schepers G, Schnell P, Haussmann HJ, Carchman RA, Coggins CR, Reininghaus
W. Chronic nose-only inhalation study in rats, comparing room-aged sidestream cigarette smoke and diesel engine exhaust.
Inhal Toxicol. (2005);17(11) 549-76.

Straif K, Olsson A, Gustavsson P. 2010. Diesel motor exhaust and lung cancer risk in SYNERGY': Pooled analysis of case-control
studies on the joint effects of occupational carcinogens in the development of lung cancer. Occup Environ Med. 60: A25
Zitiert in Mohner & Wendt 2017.

Sun Y, Bochmann F, Nold A, Mattenklott M. Diesel exhaust exposure and the risk of lung cancer-a review of the epidemiological
evidence. Int J Environ Res Public Health. 2014; 11(2):1312-40.

Takemoto, K., Yoshimura, H., Katayama, H.: Effects of chronic inhalation exposure to Diesel exhaust on the development of lung
tumors in di-iso-propanol-nitrosamine-treated F344 rats and newborn C57BL and ICR mice. In: Carcinogenic and mutagenic
effects of Diesel engine exhaust. In: Ishinishi, N., Koizumi, A., McClellan, R.O., Stéber, W. (Hrsg.) Developments in
Toxicology and Environmental Science. Vol. 13. Elsevier Sci. Publ. (Biomed. Div.), Amsterdam, New York, Oxford, S. 311-
327, 1986

Taxell P, Santonen T 2016, The Nordic Expert Group for Criteria Documentation for Health Risks from Chemicals and the Dutch
Expert Committee on Occupational Safety. 149. Diesel Engine Exhaust.
https://gupea.ub.gu.se/handle/2077/44340?show=full
https://gupea.ub.gu.se/bitstream/2077/44340/1/gupea 2077 44340 1.pdf

Taxell P, Santonen T 2017, Diesel Engine Exhaust: Basis for Occupational Exposure Limit Value. Toxicological Sciences, 158
(2), 2017, 243 — 251. https://academic.oup.com/toxsci/article/158/2/243/3868650

Taxell P, Santonen T for the Nordic Expert Group for Criteria Documentation of Health Risks from Chemicals and the Dutch
Expert Committee on Occupational Safety. 149. Diesel Engine Exhaust. Arbete och Hélsa (Work and Health) 2016;49(6).
Gothenburg, Sweden. ISBN 978-91-85971-58-9. https://gupea.ub.gu.se/bitstream/2077/44340/1/gupea_2077_ 44340 1.pdf

Tong HY, Karasek FW. Quantitation of polycyclic aromatic hydrocarbons in diesel exhaust particulate matter by high-
performance liquid chromatography fractionation and high-resolution gas chromatography. Anal Chem. 1984;56(12):2129-
34.

Tousoulis D, Fountoulakis P, Oikonomoua E, Antoniades C, Siasos G, Tsalamandris S et al 2020. Acute exposure to diesel affects
inflammation and vascular function. Eur J Prevent Cardiol (2020). https://academic.oup.com/eurjpc/article-
abstract/28/11/1192/6374170

Tse LA, Yu IT. Re: The diesel exhaust in miners study: a nested case-control study of lung cancer and diesel exhaust. J Natl
Cancer Inst. 2012; 104(23):1843; author reply 1848-9.

Udagawa, T., Yamagishi, M., Yamada, H.: Long-term inhalation studies of Diesel exhaust on F344 SPF rats. Incidence of lung
cancer and lymphoma. In: Carcinogenic and mutagenic effects of Diesel engine exhaust, S. 349-360. Hrsg.

UBA (Federal Environment Agency). Publications of the Federal Environment Agency. Traffic measures to reduce fine dust -
possibilities and reduction potentials. Study commissioned by the Federal Environment Agency. July 2006. V. Diegmann, F.
Pfafflin, Dr. G Wiegand, H Wursthorn, F Dunnebeil, H Helms, U Lambrecht. 2006

US EPA (U.S. Environmental Protection Agency). Health assessment document for diesel engine exhaust. Prepared by the
National Center for Environmental Assessment, Washington, DC, for the Office of Transportation and Air Quality;
EPA/600/8-90/057F. 2002. Available from: National Technical Information Service, Springfield, VA; PB2002-107661, and
http://www.epa.gov/ncea

US EPA (U.S. Environmental Protection Agency): Integrated Risk Information System (IRIS). 0642. Diesel engine exhaust.

Diesel Exhaust Page of 25 of 65


https://gupea.ub.gu.se/handle/2077/44340?show=full
https://gupea.ub.gu.se/bitstream/2077/44340/1/gupea_2077_44340_1.pdf
https://academic.oup.com/toxsci/article/158/2/243/3868650
https://gupea.ub.gu.se/bitstream/2077/44340/1/gupea_2077_44340_1.pdf
https://academic.oup.com/eurjpc/article-abstract/28/11/1192/6374170
https://academic.oup.com/eurjpc/article-abstract/28/11/1192/6374170

CASRN N.A. Last Revised 02/28/2003. http://www.epa.gov/iris/subst/0642.htm

Valberg PA, Crouch EA. Meta-analysis of rat lung tumors from lifetime inhalation of diesel exhaust. Environ Health Perspect.
1999;107(9):693-9.

Vermeulen R, Silverman DT, Garshick E, Vlaanderen J, Portengen L, Steenland K. Exposure-response estimates for diesel engine
exhaust and lung cancer mortality based on data from three occupational cohorts. Environ Health Perspect. 2014; 122(2):172-
7.

Vermeulen (2017) “Is diesel equipment in the workplace safe or not? A quantitative risk assessment for diesel engine exhaust”,
https://www.occupationalcancer.ca/2017/special-oeh-seminar-is-diesel-equipment-in-the-workplace-safe-or-not/

Verpaele, S 2019, Impact of the Detection and Quantitation Limits on the Analytical Feasibility of Measuring the European
Chemicals Agency Risk Assessment Committee’s Recommendations for Occupational Exposure Limit Values for Nickel and
Its Compounds in the Workplace. Nickel Institute, Health and Environment Public Policy, Brussels, BE.
https://www.astm.org/stp161820180073.html

VERT® Best Available Technology in Emission Reduction. URL https://www.vert-dpf.eu/

Wirtschaftsverlag NW, Bremerhaven, 1995 Kato A, Nagai A, Kagawa J. Morphological changes in rat lung after long-term
exposure to diesel emissions. Inhal Toxicol. 2000;12(6):469-90.

Watanabe N. Decreased number of sperms and Sertoli cells in mature rats exposed to diesel exhaust as fetuses. Toxicol Lett. 2005
; 155(1):51-8.

Weichenthal S. Selected physiological effects of ultrafine particles in acute cardiovascular morbidity. Environ Res. 2012;115:26—
36

Weichenthal S, Bai L, Hatzopoulou M, Ryswyk KV, Kwong, JC, Jerrett, M, Donkelaar, AV, et al 2017, Long-term exposure to
ambient ultrafine particles and respiratory disease incidence in in Toronto, Canada: a cohort study, Environmental Health
(2017) 16:64 DOI 10.1186/512940-017-0276-7.

Wellek S, Blettner M.: On the proper use of the crossover design in clinical trials: part 18 of a series on evaluation of scientific
publications. Deutsches Arzteblatt international 2012; 109(15):276-81 doi:10.3238/arztebl.2012.0276

Westerholm, R, Christensen, A, Torngvist, M, Ehrenberg, L, Rannug, U, Sjogren, M, Rafter, J, Soontjens, C, Almén, J, Grégg, K.:
Comparison of exhaust emissions from Swedish environmental classified diesel fuel (MK1) and European Program on
Emissions, Fuels and Engine Technologies (EPEFE) reference fuel: a chemical and biological characterization, with
viewpoints on cancer risk. Environ. Sci. Technol. 35 (2001) 1748-1754

WHO (World Health Organization): Selected nitro- and nitro-oxy-polycyclic aromatic hydrocarbons, Environmental health
criteria; 229, International Programme for Chemical Safety, WHO Geneva, ISBN 92 4 157229 9, 2003.

WHO (World Health Organization): Diesel Fuel and Exhaust Emissions. IPCS International Programme on Chemical Safety. Eds.
United Nations Environment Programme, International Labour Organization, World Health Organization. Environmental
Health Criteria 171.

World Health Organization, Geneva, 1996 WHO (World Health Organization): The World Health Report 2002 - Reducing risks,
promoting healthy life. WHO, Genf. 2002. http://www.who.int/whr/en

WHO (World Health Organization): Air Quality Guidelines - Global Update 2005 - Particulate matter, ozone, nitrogen dioxide
and sulfur dioxide. WHO Regional Office for Europe, Kopenhagen, 2006a WHO (World Health Organization):

WHO Statistical Information System (WHOSIS). WHO Mortality Data Base. Genf: World Health Organization. 17 November
2006 update. http://www.who.int/whosis

Wichmann, H.-E.: Epidemiological studies on the cancer risk from diesel engine exhaust. In: Environmental Hygiene. Vol. 19.
Medical institute for environmental hygiene, annual report 1986/87, ed. i.e. Total z. promotion d. Air Hygiene and Silicosis
Research e.V., Dusseldorf. Dusseldorf: Stefan W. Albers. 1987, pp. 167-194

Wichmann, H.-E.: Positive health effects of using particle filters in diesel vehicles - risk assessment for mortality in Germany.
environmental med. Research practice. 9 (2004) 85-99

Wichmann, H.-E.: Diesel exhaust particles. Inhal. Toxicol. 19 suppl.1 (2007) 241-244

Woskie, S.R., Smith, T.J., Hammond, S.K., Schenker, M.B., Garshick, E., Speizer, F.E.: Estimation of the Diesel exhaust
exposures of railroad workers: 1. Current exposures. Am. J. Ind. Med. 13 (1988a) 381-394.

Yoshida S, Sagai M, Oshio S, Umeda T, Ihara T, Sugamata M, Sugawara I, Takeda K. Exposure to diesel exhaust affects the male
reproductive system of mice. Int J Androl. 1999;22(5):307-15.

Yu, C.P.: Extrapolation modeling of particle deposition and retention from rats to humans. In: Mauderly, J.L.; McCunney, R.J.
(Hrsg.): Particle overload in the rat lung. Implications for human risk assessment. Washington, London: Taylor and Francis
1996, S.279-291

Zabest, D.D., D.E. Clapp, L.M. Blade, D.A. Marlow, K. Steenland, R.W. Hornung, D. Scheutzle, and J.Butler, "Quantitative
Determination of Trucking Industry Workers' Exposures to Diesel Exhaust Particles”, American Industrial Hygiene Journal
52:529-541 (1991).

Diesel Exhaust Page of 26 of 65


http://www.epa.gov/iris/subst/0642.htm
https://www.occupationalcancer.ca/2017/special-oeh-seminar-is-diesel-equipment-in-the-workplace-safe-or-not/
https://www.astm.org/stp161820180073.html
https://www.vert-dpf.eu/
http://www.who.int/whosis

Date Submitted March 31, 2023

Chemical Substance Lead BEI®
(5 pages + citable materials)

Name of Group/Individual Submitting Comments Occupational Health Clinics for Ontario
Workers Inc. (OHCOW)

Authored by: Shirly Yan, MPH, CIH, CRSP; Khayati Patel, MPH Occupational Hygienists
Reviewed by: Krista Thompson, MHSc, ROH, CRSP_Occupational Hygienist; Kimberly
O’Connell, M.Sc.(A), CIH, ROH, CRSP Executive Director

Contact Information

Address 1090 Don Mills Road, Suite 606
Toronto, ON M3C 3R6
Canada
Telephone: _ 416-510-8713 Email: Koconnell@ohcow.on.ca

Executive Summary (limit 250 words)

Lead is one of the most vital occupational and environmental pollutants and has been linked to
health problems, including cardiovascular disease, reproductive issues, central nervous system,
renal, hematological damage, and carcinogenic effects. The biological exposure index (BEI) for
lead exposure adopted by the ACGIH is <30 ug/dL and is mainly determined by measuring
blood lead levels (BLL), as an indicator of the body burden of lead exposure in workers.
However, studies suggest that lead exposure can cause health effects even at levels below the
BEI® (Lee et al., 2022).

Numerous studies have found an association between low BLL (<5 ug/dL) and cardiovascular
health, renal dysfunction, genotoxicity, and the hematological system. Lead is not only inhaled
upon exposure, but uptake can occur by ingestion (often through cross-contamination during
work processes) and some skin absorption. Julander et al. 2020 found that ingestion yielded the
highest contribution. According to the Centers for Disease Control and Prevention (CDC), all
exposure to lead can induce pathology, with BLL > 5 ug/dL the threshold considered to be
elevated in both children and adult; therefore, this submission is recommending a BLL of <5
ug/dL (CDC, 2021). The Australian Institute of Occupational Hygienist (AIOH) suggested
reduction of BLL to be less than 5 ug/dL for females of reproductive capacity. Several health
institutions stated BLL of 5 ug/dL and greater is considered elevated and requires clinical action.

Occupational Health Clinics for Ontario Workers (OHCOW) recommends that the ACGIH®
BEI® be lowered to 5 ug/dL (50 ug/L) to ensure workers are adequately protected.
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Chemical Substance: Lead BEI®

Contact Name: Krista Thompson (OHCOW)

Citable Material Attached (include Permission to Use if necessary): see below

Specific Action Requested

1. We recommend the ACGIH® BEI® be lowered to 5 pg/dL to ensure protection from both the
carcinogenic effects, renal, hematological effects and the most sensitive toxic effects, namely damage to
the nervous system.

Rationale

1. Review of Other Guidelines

According to California Department of Public Health, the mean blood lead level (BLL) for US adults is less than
1 ug/dL, and the 97.5 percentile for BLL is 3.5 ug/dL (CDPH, 2021); thus, CDPH recommends clinical action
and follow up for adult BLLs 3.5 ug/dL and greater for the care of adults aged 18 and older and adolescents
exposed to lead at work. Furthermore, Mount Sinai hospital, in New York indicates that in adults, the BLL of 5
ug/dL is considered elevated (Mount Sinai, 2021).

The Australian Institute of Occupational Hygienist (AIOH) provided a supplementary guidance value of 0.03
mg/m?3, stating that where there is potential for lead in air to exceed 0.03 mg/m?® or where a risk assessment
indicates a need, a lead biological monitoring program is required. It further suggested for system to be
implemented to prevent or significantly reduce exposure for females of reproductive capacity to ensure blood
lead to be less than 5 ug/dL. (AIOH Exposure Standards Committee, 2018).

2. Literature and Documents for Low Level Lead Exposure

Lead is mainly absorbed through the respiratory and digestive systems with some skin absorption. Exposure to
lead has been linked to several disorders, including respiratory, neurological, cardiovascular, and urinary, which
are associated with inflammatory, immune-modulation, and oxidative mechanisms. Lead can disturb the
inflammatory system and result in increased inflammatory mediators in human, experimental animal, and cell
culture systems. The mechanisms are well investigated. One of the main mechanisms underlying the toxic
effects of lead on respiratory, nervous, digestive, cardiovascular and urinary systems is inflammation. Therefore,
there are complicated immune network and regulatory pathways underlying this inflammatory process. Lead
exposure at low to moderate levels induces immune dysregulation effects. Similar to asthma, lead-induced
immunotoxicity via pronounced shifting in the balance in T helper cell function towards the T helper-2 sub type
cells. Lead-caused inflammatory cascade induction in the central nervous system via activating of glial cells,
impairing the blood-brain barrier function and over expression of inflammatory mediators (Boskabady et al.,
2018).

The Association between Low Level Lead Exposure and Cardiovascular Health

(Lanphear et al., 2018), a population-based cohort study of 14,289 adults with geometric mean concentration of
blood lead level of 2.71 ug/dL (geometric SE 1.31). During median follow up of 19.3 years, 4422 people died,
38% from cardiovascular disease and 22% from ischaemic heart disease. An increase in the concentration of
lead in blood from 1.0 ug/dL to 6.7 ug/dL, which represents the tenth to 90" percentiles, was associated with all-
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cause mortality (hazard ratio 1.37, 95% CI 1.17-1.60), cardiovascular disease mortality (HR 1.70, 95% CI 1.30-
2.22), and ischaemic heart disease mortality (HR 2.08, 95% CI 1.52-2.85). In analysis restricted to participants
who had concentrations of lead in blood lower than 5ug/dL, an increase in lead in blood from 1.0 ug/dL to
5.0ug/dL, which represents the tenth to 80™ percentiles, was associated significantly with all-cause mortality
(HR 1.38, 95% CI 1.15-1.66), cardiovascular disease mortality (HR 1.95, 95% CI 1.46-2.60), and ischaemic
heart disease mortality (HR 2.57, 95% CI 1.56-4.52). Therefore, this study shows that concentration of lead in
blood lower than 5ug/dL are associated with all-cause mortality, cardiovascular disease mortality, and ischemic
heart disease mortality. Concentration of lead in blood lower than 5 ug/dL were associated with an increased
risk of cardiovascular disease mortality. They also found risk coefficients for cardiovascular disease in the
subset of participants with concentrations of lead in blood lower than 5 ug/dL were generally larger than
coefficient in the total sample. Indicating the rate of increase in mortality was greatest with low amount of lead
in blood.

Cardiovascular-related clinical markers were elevated in this cross-sectional study of United States adults (aged
20 and older) exposed to lead through the National Health and Nutrition Examination Survey 2007-2008 and the
2009-2010 datasets. In four quartiles of exposure — 0-2 ug/dL, 2-5 ug/dL 5-10 ug/dL, and 10 ug/dL and over,
clinical and anthropometric markers were evaluated to examine how the markers manifested in the quartiles.
With respect to BLL and cardiovascular-related markers in adults, significant associations between BLL,
diastolic blood pressure, and high-density lipoprotein cholesterol was found in a recent case study. For systolic
blood pressure, there was a significant elevation when comparing individuals with low BLL of 0-2 ug/dL and
individuals with higher BLL of 2-5 ug/dL; and even more difference were found with higher BLL of 5-10
ug/dL. This indicates a potential relationship between higher lead exposure and increasing systolic blood
pressure (Obeng-Gyasi et al., 2018). The authors further investigate the association between low BLL and
increased oxidative stress in a 2020 pilot study, where they consider allostatic load, a measure of chronic stress
and cardiovascular disease. They found a positive association between BLL of 3 ug/dL and increased oxidative
stress and inflammatory responses (Obeng-Gyasi & Obeng-Gyasi, 2020).

A recent study was conducted to investigate the association between BLL and hypertension in adults when lead
exposure for the general population is low by utilizing data from the US National Health and Nutrition
Examination Survey (NHANES) 1999-2016. The study found a positive association between low BLL
(MEAN=2.20 ug/dL) and higher diastolic blood pressure (Teye et al., 2020). Significant association between
BLL and hypertension was also observed in a study investigating the health effects of lead exposure among
communication radio-repair workers in a plant building in Thailand. (Thongsringklee et al. 2021).

The Association between Low Level Lead Exposure and Renal Dysfunction

A case study of paint workers with normal blood pressure and blood lead level as low as 4 ug/dL were found to
have elevated risk of renal dysfunction (odds ratio (OR) 2.784, 95% CI 1.475-5.25) (Wang et al., 2018). Low
lead exposure leading to renal dysfunction is further demonstrated in a case-cohort study investigating the
impact of chronic lead exposure on liver and kidney function and hematologic parameters, in this study they
found that there was a significant relationship between BLL and white blood cell and serum urea, hepatic
transaminases, and creatinine (Nakhaee et al., 2019).

Lead Page of 29 of 65




The Association between Low Level Lead Exposure and Genotoxicity

A study was conducted to investigate whether low lead exposure (<10 ug/dL) affects the sperm quality and the
results indicated that aberrant DNA methylation of the calcium homeostasis pathway, induced by low lead
exposure is a potential case for reduced sperm velocity (Zhang et al., 2021).

The Association between Low Level Lead Exposure and Hematological System

A key enzyme for the synthesis of heme is J- aminolevulinic acid dehydratase (ALAD). &~-ALAD, a
cytoplasmic enzyme rich in SH groups, is the enzyme that catalyzes the formation of porphobilinogen from -
aminolevulinic acid (ALA). In one of the studies, it was demonstrated that J~ALAD is inhibited when lead BLL
are as low as 5 ug/dL and leads to behavioral changes and childhood lead encephalopathy (Collin et al., 2022).
The inhibition of J~ALAD results in the accumulation of J~ALA in the plasma and excess of J~ALA leads to
severe neurological effects (Dehari-Zeka et al., 2020). Moreover, a cross-sectional study among male
steelworkers was conducted to examine the relationship between serum y-glutamyl transpeptidase (yGT) as a
human index of oxidative stress and BLLs less than 5 ug/dL, a cause of oxidative stress. The study concluded
that BLL was positively associated with serum yGT levels in male steelworkers even at low lead concentrations
(<5ug/dL) (Lee et al., 2022).

Animal Studies

Animal studies on adult mice were conducted and it was found that exposure to the lowest (30 ppm lead acetate,
mean BLL 3.4 ug/dL) and highest (330 ppm lead acetate, mean BLL 14.1 ug/dL) levels of lead during early
development had similar disruptive effects in the neuroimmune system and had long-term consequences on
different synaptic properties of at least two hippocampal synapses. Due to this, the consequences of early lead
exposure might worsen the cognitive decline observed in aging men and women (Tena et al., 2019; Dominguez
etal., 2019).

3. Review of Multiple Routes of Exposure and Mechanism

As mentioned above, lead is absorbed predominately from the respiratory and digestive systems, though skin
absorption can occur. The effect of multiple routes of lead exposure to body burden was investigated in a case
study by Julander et al. on brass foundry workers. Based upon their analysis, the authors concluded that hand-to-
mouth behaviour resulting in ingestion yielded the highest contribution (16 ug/dL BLL), followed by skin
absorption (3.3-6.3 ug/dL BLL) and inhalation (2 ug/dL BLL). Therefore, skin absorption of inorganic lead and
its contribution to systemic dose needs to be considered (Julander et al., 2020).

Conclusion

Low blood lead levels (BLL) (<5 ug/dL) have been associated with detrimental effects such as cardiovascular
issues, renal dysfunction, genotoxicity, and hematological problems. Lead can be absorbed through inhalation,
ingestion and skin contact, with ingestion being the primary route. The Centers for Disease Control and
Prevention (CDC) has established that any exposure to lead can cause adverse health effects, with a BLL of >5
ug/dL regarded as elevated in both children and adults, leading to a recommendation of a BLL of <5 ug/dL. The
Australian Institute of Occupational Hygienists (AIOH) recommends a BLL of <5 ug/dL for females of
reproductive age. Numerous health institutions consider a BLL of 5 ug/dL or higher to be elevated and requiring
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clinical intervention. To ensure adequate protection of workers, we recommend the ACGIH ® BEI ® be
lowered to 5 ug/dL (or 50 ug/L).
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Executive Summary (limit 250 words)

The carcinogenicity of nickel compounds and nickel metal is confirmed (IARC, 2012). Many
industries will have a mix between insoluble and sparingly soluble nickel species, which is why
one TLV® should be applied. With additional supporting information around health effects
including cancer, reproductive toxicity, and pneumoconiosis / fibrosis, we recommended the
ACGIH TLV®-TWA be reduced from 0.1 to 0.01mg/m? for inhalable nickel, applied to soluble
and sparingly soluble nickel.

Assigning one limit as 0.01 mg/m? for inhalable nickel and compounds (both sparingly soluble

and soluble) should be protective for fibrosis.

Due to reproductive toxicity of nickel compounds, biological monitoring (of exposure) is
recommended as this will go hand in hand with personal exposure monitoring. A biological
exposure index of 10 pg/ L is recommended for mixed nickel species in line with AIOH 2016.
Establishing a baseline using urinary nickel level can be used as a measure of control
effectiveness for workplaces where inhalation, or skin contamination, hence inadvertent hand

mouth contact and ingestion may be an issue (AIOH 2016).
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Specific Action Requested

1. We recommend one TLV®-TWA for nickel and nickel compounds measured as inhalable nickel as 0.01
mg/m?3 for both soluble and sparingly soluble nickel including mixed nickel species.

2. Due to the carcinogenicity of nickel and mixed nickel species and reproductive toxicity, we recommend
inclusion of the abbreviation (L) “exposure to all routes should be carefully controlled to levels as low as
possible.”

3. Due to the sensitizing health effects, we recommend inclusion in the notations DSEN (dermal
sensitization) and RSEN (respiratory sensitization).

4. We recommend a BEI® for nickel in urine at 10 pg/L.

Rationale

Updated information.

e On 16 March 2022, the EU Commission published Directive (EU) 2022/431. Nickel and its
compounds: Compounds containing nickel are classified as carcinogens (category 1A). As a result, a
limit value of 0.01 mg/m? is introduced for the respirable fraction, and a limit value of 0.05 mg/m? for the
inhalable fraction. In addition, the amendment notes that nickel and its compounds can result in dermal
and respiratory sensitization.

As noted, OHCOW recommends that the ACGIH adopt one single limit based on inhalable nickel 0.01
mg/m?3 for both soluble and sparingly soluble nickel, and mixed nickel species.

e With regard to biological monitoring, “U-Ni was determined in 19 studies. Limit values were exceeded
in 8 studies among industry workers performing incineration operations, flux cored arc welding,
stainless steel grinding, and electroplating, and also among workers performing prosthesis preparation.
The highest level of U-Ni measured (12.12 + 8.31 ug/g creatinine) was observed in workers performing
incineration operations and other related activities for more than 3 months and for less than 8 months, in
a hazard waste incinerator. The lowest levels of U-Ni levels (0.25 pg/g creatinine) were detected among
workers in the production, polishing and shaving of stainless-steel vessels and other metallurgical
processes at an iron and steel industry” (Tavares et al. 2022).

Rationale for TLV®

Reproductive health effects / developmental toxicity

The European Union has classified some forms of nickel as reproductive category 2 (based on animal studies),
H360D, which is attributed to chemicals that may damage the unborn child (AIOH, 2016).
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The Office of Environmental Health Hazard Assessment 2018, provide information on analyses of pregnancy
complications included 290 nickel refinery workers and 336 non-nickel workers. They show pregnancy
complications in Ni refinery compared with other workers, and malformations among the specific nickel refinery
occupations and non-nickel workers. Reproductive health effects are reported, and correlations are made with
nickel in urine concentrations.

In a study of more than 300 Russian nickel refinery workers compared with local construction workers, normal
pregnancies were reduced in the nickel workers compared with the non-nickel worker from an average of 39% to
29%, whereas spontaneous abortions were increased from 9% to 16%, and structural malformations in live births
increased from 6 to 17% (Chashschin, et al., 1994). Nieboer (2006) concludes that animal studies suggest that
“water-soluble nickel salts cause developmental toxicity to rodents in the absence of general or maternal toxicity
in adult animals.”

If one adds to this the evidence in humans that nickel is transferred across the placenta, it seems prudent to
classify water-soluble nickel compounds as if they cause developmental toxicity. Previous studies of nickel
exposure have demonstrated an increased risk to the fetus including spontaneous abortion and birth defects
(Chashschin et al. 1994).

Due to the risk of exposure for women of reproductive age, since nickel freely passes the placental barrier;
knowing how much nickel is present and whether women of reproductive age have a likelihood of being exposed
must be considered in biological monitoring.

It should also be noted that in Europe there are requirements for managing pregnant and breastfeeding workers.
Cancer (Mixed soluble, sparingly soluble, and insoluble nickel and carcinogenicity).

There is debate about whether soluble nickel compounds are carcinogenic. Oller (2002) cited in AIOH 2016,
concluded that the weight of evidence indicated that inhalation exposure to soluble nickel alone will not cause
cancer. However, Oller conceded that if soluble nickel is inhaled at concentrations high enough to induce chronic
lung inflammation, these compounds may enhance carcinogenic risks associated with inhalation exposure to
other substances. Further evidence clearly indicates that these compounds strongly increase the potency of oxidic
nickel compounds and should be considered as carcinogenic (Goodman et al. 2009, cited in AIOH 2016).

Under the European Union Classification, Labeling and Packaging (CLP) legislation, many soluble and insoluble
nickel compounds are classified as Carc 1A, stating that these compounds are known to have carcinogenic
potential for humans, based largely on human evidence. This classification specifies inhalation as the only route
of concern. Nickel metal is classified as Carc 2, suspected human carcinogen based on evidence from animal
studies. Likewise, IARC classified soluble and insoluble nickel compounds under Group 1, carcinogenic to
humans, and nickel metal and alloys under Group 2B, possibly carcinogenic to humans.

Analyses of dose-responses for the main chemical forms of nickel (soluble, oxidic and sulfidic compounds) that
included 13 cohorts of nickel workers (~100,000 workers), indicated that no excess cancer risk were observed in
these studies when exposures to nickel in the inhalable aerosol fraction were kept <0.1 mg Ni/m? (Oller et al.
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2014). The ability of nickel substances to induce respiratory tumors after inhalation may be related to the
bioavailability of the Ni?* ions at target sites within epithelial cells. The bioavailability of Ni?* ions in the
nucleus of target respiratory epithelial cells is not dictated by just the water solubility of the nickel particle but by
the interplay of factors like respiratory toxicity, extracellular and intracellular dissolution, and lung clearance
(Goodman et al. 2011).

Pneumoconiosis / fibrosis

Pulmonary changes such as fibrosis and pneumoconiosis have been reported in workers inhaling nickel dust.
Airway hypersensitivity and asthma have been reported for some workers in the nickel-plating industry (Kolberg
et al. 2020, Warshaw et al. 2019, Wittczak et al. 2012). Other respiratory effects of the chronic inhalation of
nickel can include hypertrophic rhinitis and sinusitis, the formation of nasal polyps, and perforations of the nasal
septum (Bolek et al. 2017).

Berge and Skyberg (2003) analysed radiographs of 1046 workers in a nickel refinery in Norway, according to the
ILO standards. Pulmonary fibrosis (PF) was defined as a reading of ILO score >1/0 and following this criterion,
47 cases (4.5%) were identified. In logistic regression models, controlling for age and smoking, there was
evidence of increased risk of PF with cumulative exposure to soluble nickel or sulfidic nickel (p = 0.04 for both).

Logistic regression models with cumulative exposure to one nickel species at a time, predicted a 10% (soluble
Ni) or 15% (sulfidic Ni) increase in the prevalence of ILO score > 1/0 per 1 mg/m3-year. With a sampler
correction factor the reported average exposure time of 21.8 years, the 75th percentile cumulative exposure levels
corresponded to average exposure levels of 0.17 and 0.6 mg/m? for soluble and sulfidic Ni, respectively.
Although it is noted that an ILO profusion score of > 1/0 does not necessarily correlate with clinical (or
histopathological) diagnosis of lung fibrosis.

The incidence and severity of chronic lung inflammation (chronic active inflammation, alveolar proteinosis, and
fibrosis), also after 2-years (NTP 1996b, 1996c¢) of inhalation exposure to 0.11 mg/m? nickel sub sulfide, were
similar to those observed with an exposure of 0.11 mg/m? of nickel sulfate in rats based on 100 animals per

group.

In the chronic nickel sulfate study, rats were exposed to the lower exposure level of 0.06 to 0.03 mg Ni/m?,
resulting in a significant increase in incidence and severity of lesions to background inflammation levels. A
similar steep dose-response for inflammation is expected for nickel sub sulfide, based on results from 13-week
studies.

For the soluble nickel sulfate hexahydrate, a Lowest Observed Adverse Effect Concentration (LOAEC) for
chronic lung inflammation and fibrosis could be determined at 0.06 mg Ni/m3, and a definitive No Observed
Adverse Effect Concentration (NOAEC) for these effects could be set at 0.03 mg Ni/m? in the 2-years study.

Inflammatory reactions including fibrosis were also seen with poorly soluble nickel subsulfide (NTP 1996b) at
0.11 mg Ni/m?® and with nickel oxide (NTP 1996a) at 0.5 mg Ni/m® and, in form of alveolar proteinosis, alveolar
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histocytosis, and chronic inflammation, with metallic nickel exposure at 0.1 mg/mq. In all three cases this was the
lowest concentration applied and no NOAEC could be identified.

SCOEL argued that due to the severe lung damage or chronic inflammation observed at these concentrations, the
2-3-fold higher deposition of nickel after exposure to nickel oxide in humans (as compared in rats) and the
estimated longer retention half-times in humans for NisSz and NiO (Oller and Oberdoerster 2014), an OEL of
0.005 mg/m? (respirable fraction) was proposed for poorly soluble nickel compounds and metallic nickel.

The importance in particle size for deriving occupational exposure limits

NIiPERA Inc. is the Nickel Institute's independently incorporated science division. NiPERA is also characterizing
particle size and toxicity based on particle size. For the inhalable Derived No Effect Level (DNEL) NIPERA
considered 13 cohorts (> 100,000 workers) and exposure data reported in terms of inhalable aerosol fraction. In
this calculation the exposures were converted to inhalable equivalents (37 mm sampler to inhalable sampler,
factor 2) as described in Oller et al (2014) and Goodman et al (2011). Dosimetric adjustments were applied to the
animal toxicity values for each group of nickel substances calculating HECs to animal exposure by considering
workplace particle size distribution (PSD). NiPERA noted that restricting inhalable nickel exposures to levels
that prevent lung tumours is also expected to prevent nasal tumours. NiPERA therefore proposed inhalable
DNELSs of 0.05 mg Ni/m? for all nickel compounds and nickel metal, respectively based on respiratory cancer
effects in humans, supported by animal data and respiratory toxicity effects base on animal data supported by
human data.

Analyses of dose-responses for the main chemical forms of nickel (soluble, oxidic, and sulfidic compounds) that
included 13 cohorts of nickel workers (~100,000 workers), indicated that no excess cancer risk were observed in
these studies when exposures to nickel in the inhalable aerosol fraction were kept < 0.1 mg Ni/m? (Oller et al.

2014).

NiPERA stated further that “neither” the inhalable DNELSs of 0.05 mg Ni/m? for all nickel compounds and nickel
metal, nor the respirable guidance value of 0.01 mg Ni/m® were derived based on effects of nanoparticles (ECHA
2018). When setting a TLV®-TWA for nickel for both inhalable and respirable nickel compounds and metal, it is
recommended that caveat be provided where the TLV®-TWA has not considered nickel metal / nickel
compounds with a (nano particle) size < 0.1 um (ECHA 2018, NiPERA 2017).

Inhalable DNELSs of 0.05 mg Ni/m? for all nickel compounds and nickel metal, respectively was proposed based
on respiratory and cancer effects (not for nickel metal) in humans, and supported by animal data and respiratory
toxicity effects base on animal data supported by human data (NiPERA, ECHA 2018). The respirable guidance
value of 0.01 mg Ni/m? for nickel metal and nickel compounds was derived by calculating HECs, specifically
from the animal data by using full dosimetry adjustments and for each group of nickel substances. Also nickel
specific data for clearance rates and updated values for respiratory tract surface area in rats were considered
(NIPERA, ECHA 2018). Derived exposure risk relationship for less soluble nickel compounds (Begriindung zu
Nickelverbindungen in TRGS 910) based on a threshold for cytotoxicity in the rat lung converted into the HEC
for poorly soluble respirable nickel compounds of 6 pg Ni/m?® (equivalent to 0.006 mg/m®) for an assumed excess
cancer risk in humans at workplace of 4 in 10,000. Conversely 4 in 1000 is a HEC 13 nug Ni / m® (equivalent to
0.013 mg/m®) (ECHA 2018).
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Figure: % excess risk vs. exposure to respirable “less soluble” nickel compounds (Adapted from ECHA 2018).
Lowering the occupational exposure limits for nickel

Occupational exposure limits (OEL) are sometimes defined as sharp boundaries that must not be exceeded (e.qg.,
EU CAD, EU Carcinogens Directive, UK COSHH), and other times as exposure averages, provided short-term
exposure limits or excursion limits are not exceeded. The large variability in workplace exposure means that
occasional high results occur even where the exposure is generally well controlled. One may think that as long as
all measured exposure averages are < OEL, compliance will be demonstrated. This is not the case.

In practice, the majority of the exposure measurements have to be much lower than the OEL for compliance to be
demonstrated with any degree of confidence. For example, the estimated average needs to be 5 or 10-fold lower
than the OEL, depending on the OEL value and the number of measurements.

An exposure profile must be derived from exposure measurements, to allow sound statistical analysis. Only then
can accurate comparisons be made of exposures against the OEL. Of course, to do this the level of exposure must
be measured well below the OEL. International standards require that the exposure be measured at concentrations
< one tenth, or 10% of the OEL.

The level that can reliably be measured, is commonly referred to as the limit of quantitation (LoQ), minimum
reported value (MRV), or limit of reporting (LoR). This requirement is described in 1ISO 15202- 3 which states
that the LoQ be no more than 0.1 or 10% of the OEL. BS EN 482:20126 requires that the measuring range of the
procedure or instrument shall cover the concentration from 0.1 times to 2 times the OEL. If technical feasibility is
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considered, then that is an important consideration. However, TLV®s can be derived without considering
feasibility, and used to drive technical advancements.

Conclusion for TLV®

Setting a TLV®-TWA for inhalable nickel at the level of 0.01 mg/m? provides a safety margin to protect against
cancer and will reduce the risk from fibrosis and pneumoconiosis when exposed to nickel.

Rationale for BEI®

Biological monitoring of exposure should be considered as being complimentary to personal exposure
monitoring. Biological monitoring should be carried out and a BEI® of 10 ug/L in urine is recommended in line
with AIOH 2016 position paper “ Nickel and its compounds — potential for occupational health issues” which is
especially important when considering reproductive health effects and developmental toxicity.

Despite the major differences in elimination between different nickel compounds, evaluating exposures should be
based on biological monitoring for urinary nickel, with air monitoring being complementary to identify where
additional controls are required. Biomonitoring studies in exposed workers and conducting intervention studies,
have shown improvements of nickel excretion in urine (Beattie et al. 2017; Lehnart et al. 2014). These
improvements most likely have occurred by making workers aware of their individual situations and by
successfully implementing improved hygienic measures at the workplace.

A useful intervention study (model) involving stainless steel welders who are exposed to nickel and as part of the
process has demonstrated significant reductions in exposure. Air monitoring and biological monitoring (nickel in
urine) before and after improved controls including improvements to respiratory protection (to positive pressure)
and localized exhaust ventilation demonstrated reductions in respirable nickel exposure from 0.08 mg/m? (2008)
to 0.003 mg/m?® (2011) and 7.9 pg/ L (2008) to 3.1 pg/L for urinary nickel. The urinary nickel reduction was
close to 3.0 pg/L which is the German Biological Workplace Reference Value (BAR) representing the ninety-
fifth percentile in the general population (Lehnart et al. 2014).

With respect to soluble nickel (nickel sulfate) exposure, the use of biomonitoring has been used to assess
exposure in the electroplating industry. The aim of the study by Beattie et al. 2017, was to investigate whether
“repeat biological monitoring” over time could help to drive improvement in exposure to nickel. The study
demonstrated positive correlations between hand contamination and biological monitoring results that show that
dermal exposure is a significant factor (Beattie et al. 2017).

Biological monitoring of workplace exposure to poorly soluble nickel compounds is essential due to the potential
carcinogenic effect of poorly soluble nickel compounds on the lung of exposed workers after inhalation. A
background level of < 3 pg/L (DFG, SCOEL, 2011) can be based on the concentrations of nickel in urine from
non-occupationally exposed persons. A target (action) BEI® has been recommended as 5 pg/L for poorly/
insoluble nickel compounds and precautionary guideline value of 10 pug/L nickel in urine is recommended as
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being more or less equivalent to sparingly soluble nickel (Tommassen et al. 1999, AIOH 2016); above this may
indicate work practices that are not best practice.

Mean concentrations between about 1 — 5 pg/L and 95th percentiles up to 8 pg/L have been reported in the adult
population depending on the geographic location (Kiilunen et al., 1987; Minoia et al. 1990; Nisse et al., 2017). In
the late 1980s the range of urinary nickel concentrations were noted by Neiboer E (2001) for Sudbury (Ontario,
Canada) residents between 0.3 — 7.6 pg/L. It is important therefore that any reference value, for nickel in urine,
for non-exposed be taken from the general population for those living in the same general area such as that
determined for Sudbury. A precautionary BEI® of 10 ug/L nickel in urine is recommended, as being more or less
equivalent, to sparingly soluble airborne nickel (Tomassen et al. 1999); above this may indicate work practices
that are not best practice. Establishing a baseline using urinary nickel level can be used as a measure of control
effectiveness for workplaces where inhalation, or skin contamination, hence inadvertent hand mouth contact and
ingestion may be an issue and drive continuous improvement (AIOH 2016).

More recently Joh et al. (2021) has been able to correlate loss of lung function with quartiles of blood nickel
concentrations which provides useful direction when considering a BEI® for nickel.

A Korean study was carried out to assess the dose-response relationship between environmental exposure to
nickel and pulmonary function in the Korean general population aged 40 or older. Quartiles of blood nickel
concentrations were significantly associated with markers of pulmonary function in Korean men, such as forced
expiratory volume in 1 second (FEV1) and forced expiratory flow 25-75% (FEF25-75%). Dose—response
relationships were observed between blood nickel levels and these pulmonary function parameters (FEV1 and
FEF25-75%) (Joh et al. 2021). This study provides useful information to further help refine a BEI® based on
pulmonary health effects.

When reviewing a BEI® for nickel, AIOH 2016 provides useful guidance in addition. SCOEL (2011) have
recommended a biological guidance value (BGV) of 3 ug/L in urine based on background levels in a working age
population.

As such, it is not health based or an indication of risk and can only be considered as a guideline value when
assessing effectiveness of exposure controls such as personal protective equipment (PPE). There should be
caution when applying the SCOEL biological guidance value as this has not considered a range of populations.

A more realistic urinary nickel reference value has been proposed by Hoet et al (2013), which covers a range of
countries and populations. They recommend an upper reference limit (URL) equivalent to a 97.5th percentile of
nickel in urine for a general adult population of 6 pg/L. However, as noted, mixed nickel species for Sudbury
residents have been reported between 0.3 — 7.6 pg / L. Tomassen et al (1999) determined an airborne equivalent
correlation between external exposure levels of sparingly soluble nickel compounds and urinary levels of nickel,
whereby 0.1 mg/m? exposure was equivalent to 10 pg /L in urine. This provides the rationale for assigning a
BEI® of 10 pg/L in urine.
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Executive Summary (limit 250 words)

We recommend a TLV®-TWA of 20 ppm. One study found adverse health effects at an estimated
average exposure in paint of 40 ppm (Lindstrom and Wickstrom 1983), which was not cited in the

Stoddard solvent documentation (available at: https://www.acgih.org/stoddard-solvent/). It is noted

that this is an imperfect study, as the exposure average was estimated, and the painters had other
solvent exposures. In addition, a study by Jarnberg et al (1997) exposed volunteers to 50 ppm for 2
hours, and did not result in irritation or CNS effects. A study published by Lammers et al (2007)
compared volunteers exposed to 10 ppm then to 100 ppm, both for 4 hours, spaced 7 days apart. No
irritation or CNS effects were observed with 10 ppm exposure, but effects were observed at 100
ppm. A study by Ernstgard et al (2009) observed irritation in volunteers exposed to 50 ppm

Stoddard solvent for 4 hours, but not in 16 ppm Stoddard solvent, nor clean air.
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Specific Action Requested

1. We recommend a TLV®-TWA of 20 ppm.

Rationale

Stoddard solvent is also known as mineral spirits, naptha safety solvent, petroleum solvent, white spirits, and
products with the trade names Texsolve S and Varsol 1. Stoddard solvent is a petroleum distillate that has many
industrial uses, including as a dry-cleaning agent, degreaser, paint thinner, in some photocopier toners, in
printing inks, and in adhesives (Wypych, ed., 2019). Benzene is a trace impurity in stoddard solvent that
typically contained <0.1% benzene since 1975 (Carpenter 1975, Kalnas and Teitelbaum 2000, Kopstein 2011,
NIOSH 1977, William et al 2008), with additional refinements in the year 2000 resulting in even lower amounts
ranging from 0.0002 to 0.09% benzene (Fedoruk et al 2003, Williams et al 2008). Benzene is not typically listed
on the SDS since concentrations are below the reporting requirement of 0.1%. However, given the range of
concentrations and vaporizations, there is no correlation between benzene concentration and airborne exposure
relative to Stoddard solvent airborne exposure.

The Scientific Committee on Occupational Exposure Limits (SCOEL) of the European commission
recommended an 8-hour occupational exposure limit (OEL) of 20 ppm to prevent nervous system effects, and a
short-term exposure limit (STEL) of 50 ppm to prevent acute irritation and acute neurological symptoms
(SCOEL 2007). The SCOEL OEL was based on a study Lindstrom and Wickstrém (1983), which compared 219
house painters exposed to an average of 40 ppm Stoddard solvent, compared to 229 unexposed reinforcement
workers. This study demonstrated a reduction in testing in exposed workers, particularly in performance in
simple reaction time and short-term visual memory tests (Lindstrém and Wickstrom 1983). Ultimately, SCOEL
applied a safety factor of 2 to establish an OEL of 20 ppm.

Safe Work Australia (SWA) has a recommended workplace exposure standard (WES) for stoddard solvent
(referred to as mineral spirits): a time-weighted average (TWA) of 50 ppm, and a short-term exposure limit
(STEL) of 100 ppm (SWA 2020). The WES-TWA is based on irritation, central nervous system (CNS)
impairment, and brain damage. The WES-STEL is based on acute irritation, nausea, and CNS depression. These
recommended WES are in draft form, and have not been adopted. The reason presented by SWA (2020) for the
WES-TWA of 50 ppm and WES-STEL of 100 ppm is eight acute volunteer inhalational studies published in the
Deutsche Forschungsgemeinschaft (DFG) Maximale Arbeitsplatz-konzentration (MAK) documentation for
Stoddard solvent (referred to as hydrotreated heavy naphtha (petroleum)) (DFG 2010). Notably the DFG MAK
for Stoddard solvent is 100 ppm.

Of the studies cited by SWA (2020) and DFG (2010), there were three studies published since 1997 that were
not previously considered by the ACGIH and that warrant further discussion: studies by Jarnberg et al (1997),
Lammers et al (2007), and Enstgard et al (2009).

Stoddard solvent Page of 44 of 65




A study published in 1997 observed that exposure to 50 ppm Stoddard solvent for 2 hours did not result in any
irritation or CNS effects in 9 male volunteers (Jarnberg et al 1997). Notably this study was not done for a full 8-
hours.

A study published in by Lammers et al (2007) investigated exposure to Stoddard solvent on two occasions, with
the 12 male volunteers exposed to 10 ppm Stoddard solvent and 100 ppm Stoddard solvent, spaced 7 days apart.
No irritation or CNS effects were reported when volunteers were exposed to 10 ppm Stoddard solvent for 4
hours. CNS effects were reported and observed when volunteers were exposed to 100 Stoddard solvent for 4
hours, specifically for: increased fatigue, decreased vigour, finger tapping with dominant hand (but not non-
dominanent hand), and greater latency in attention in both simple reaction time and colour word vigilance tests
(Lammers et al 2007). Some of the effects were deemed “subtle” in terms of magnitude of effect, but still
statistically significant when analyzed with a test of significance. Notably the authors conclude the differences
in simple reaction time test was more consistently related to exposure, by comparing the results for 10 ppm
exposure to 100 ppm exposure. Although the duration was not 8-hours, it still shows that 4-hours of exposure to
the current TLV®-TWA can result in adverse health effects.

The study by Ernstgard et al (2009) assessed investigated exposure to Stoddard solvent using 6 male and 6
female volunteers exposed for 4 hours, exposed to 16 ppm of Stoddard solvent with 19% aromatics (Stoddard
solvent is typically 10-20% aromatics), 50 ppm of Stoddard solvent with 19% aromatics, and clean air. This
review is focused on different metrics of irritation. The only significant increases in irritation in exposed
compared to unexposed clean air were: 50 ppm Stoddard solvent with 19% aromatics (eye irritation), but not in
16 ppm Stoddard solvent with 19% aromatics (Ernstgard et al 2009). Notably, white spirit with lower percent
aromatics were also included, but did not result in irritation.

These studies indicate there are irritation effects at 100 ppm exposure to Stoddard solvent, even at 50 ppm
exposure. It is recommended that a TLV®-TWA of 20 ppm be adopted, in line with the study published by
Lindstrom and Wickstrom (1983) and a safety factor of 2. Notably, the study by Lindstrém and Wickstrém
(1983) was not cited in the Stoddard solvent summary published by ACGIH (available at:
https://www.acgih.org/stoddard-solvent/). It is noted that this was an imperfect study, as the exposure average
was used, and the painters likely had other solvent exposures. If this study is rejected for these reasons, then the
study identifying health effects occurring at 50 ppm still warrant consideration (Enstgard et al 2009).
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Executive Summary (limit 250 words)

There are a large number of workers globally who are exposed directly and indirectly to
welding fumes. According to one estimate there are 11 million welders in the world and
approximately 1 million in North America 2. This is likely be an underestimate since many
countries do not have a robust human resource database nor are indirectly exposed workers’ to
welding fume usually reported.

The welding fumes exposure has wide range of adverse health effects reported in the scientific
literature on respiratory, cardiovascular, and neurological systems. Moreover, it has been
established that chronic exposure to welding fumes causes lung cancer and ocular melanoma.

Many countries have instituted 5 mg/m® PNOS exposure limit for welding fumes but it is too
high to protect welders from its adverse health effects, therefore, it has been withdrawn in many
cases. Due to its complex chemistry and wide range of exposure scenarios it is difficult to
determine a TLV® that can encompass all the scenarios and protect from all the adverse health
effects. However, due to its vast and deep impact on welders’ health, it is imperative that a
TLV® is established.

OHCOW recommends a two-prong strategy:
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1) A TLV®-TWA of 0.1 mg/m? (respirable) be established to protect welders from
welding fumes’ non-cancerous health effects such as asthma, COPD, respiratory irritation, and
neurological symptoms, except for stainless-steel welding and welding with beryllium.

2) In case of stainless-steel welding fume, the current TLV®s for hexavalent chromium

and nickel should be used. In cases where beryllium exposure is suspected, the current beryllium
TLV® should be used.
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Chemical Substance: Welding Fumes

Contact Name: Krista Thompson (OHCOW)

Citable Material Attached (include Permission to Use if necessary): see below

Specific Action Requested

1. Itis recommended that the ACGIH TLV®-TWA be 0.1 mg/m? for welding fumes in general, except
stainless steel welding fumes and when beryllium is suspected in the welding fumes.

2. When stainless steel welding is done, users should be directed to use nickel and hexavalent chromium
TLV®s. When beryllium is suspected in the welding fume, users should be directed to use the
beryllium TLV®.

Rationale

Introduction

The welding fume exposure causes a wide range of adverse health effects (to name a few asthma, COPD,
pneumoconiosis) including lung cancer due to its complex and wide range of chemical composition. The
welding fumes composition can be classified into different kinds of metals, gases, and particulates, and the
levels of which depends on the type of welding, base metal, coating on the welding surface, composition of
the electrode, and other work practices factors such as the rate and the length of a weld etc.!

According to CAREX there were 330,000 welders in Canada in 2016 mainly in manufacturing and metal
fabrication, construction, automotive repair and maintenance, and architectural and structural metals
manufacturing. The welders are also categorized according to the intensity of welding fume exposure into low
(12% of the welders), medium (32% of the welders), and high (56% of the welders). Moreover, welding fume
exposure and welding lead to 310 lung cancer and 15 ocular melanomas each year in Canada, based on the
retrospective exposures from 1961-2001. This amounts to 1.3% lung cancer cases and 5.4% of ocular
melanomas diagnosed annually from welding fumes. The lung cancers attributed to welding fumes costed
$308 million in 2011.2 It is estimated that there are 11 million welders worldwide and 110 million workers
who are indirectly exposed to welding fumes.® In USA, there is also a large workforce of 754,000 who is
employed as a full-time welder in 2021.4

Many countries have implemented an exposure limit of 5 mg/m?® PNOS to control the welding fume exposure.
However, this limit seems to be too high in the light of new scientific evidence. Therefore, some countries
have withdrawn this exposure limit. The Netherlands’ exposure limit of 1 mg/m? is case in point which has
been reduced from 5 mg/m?® (GESTIS limit values database GESTIS International Limit Values (dguv.de)).
The PNOS exposure limit has been used historically for substances where clear scientific evidence or a dose
response relationship is not available. However, a more rigorous approach should be taken when dealing with
a confirmed carcinogen such as welding fume. Keeping in mind the welding fumes exposure’s sever health
outcomes it is necessary that a strategy is developed to lower welders’ exposure to welding fumes. Therefore,
we are making an attempt through this submission to gather some of the main scientific studies which can be
helpful in determining a TLV®.
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Welding fume related adverse health effects

Korczynski, R. (2000), studied the occupational health concerns of the welders in 8 companies initiated by
the Workplace Safety and Health Branch of the provincial government of Manitoba, Canada. The study was
initiated in response to the welders’ complaints about the excessive welding fumes at their workplaces and
adverse health effects from welding fume exposure such as welders’ flash, sore/red/teary eyes, headaches,
nosebleeds, and a black mucus discharge from their nasal discharge. Different hazards of welding fume such
as iron oxide, manganese, ozone, carbon monoxide, and noise were measured, and exceedances were reported
for all of them as compared with the ACGIH TLV®s. It was found that the welders had high incidence of
bronchitis and pneumonia as compared with the non-welders. Welders in general also has more work-related
symptoms of chronic rhinitis, cough, phlegm, wheeze, chest tightness, dyspnea, pleurisy than non-welders.>

Antonini, J. (2003), conducted a literature review of epidemiological studies on welding fume related health
effects. It is concluded in the study that it is difficult to compare the epidemiological studies due to vast
variations in the exposure variables, however, large number of welders experienced bronchitis, airway
irritation, lung function changes, and a possible increase in the lung cancer.®

Toren et al (2020), studied invasive pneumococcal disease (IPD) in a population-based case control study to
further the knowledge of metal fume exposure and the incidence of pneumonia. 4438 cases were selected in
the age bracket of 20-65 from a Swedish registry of invasive infection caused by streptococcus pneumoniae.
A Job Exposure Matrix is used to characterize the metal exposure. The welders showed an increased risk of
IPD with an Odds ratio of 2.99 (95% CI 2.09 to 4.30).”

Grahn et al (2021), conducted a population-based cohort study from the Stockholm Public health survey from
2002, 2006, 2010, followed up until 2014 to study the Chronic Obstructive Pulmonary disease (COPD) among
different professionals by linking the data with a Job Exposure Matrix (JEM). It is concluded that a positive
exposure response relationship was found between particles (respirable crystalline silica, gypsum and insulation
material, diesel exhaust, asphalt/bitumen, and welding fume) and COPD. Welding fume had a Hazard Ratio
(HR) of 1.57 (C1 1.12-2.21) .8

Toren et al (1999), studied onset of asthma in different professions in a nested case referent study. A random
population sample of 15813 people between the ages of 21 to 51 years were selected and the information
about their occupational exposure and asthma diagnosis were obtained through questionnaire survey. The
odds ratio for welding fume causing physician diagnosed asthma was 1.6 (Cl 1.1-2.6). It is concluded that the
study indicates that the acrylate-based compounds and welding fume exposures are associated with adult
onset of asthma.®

Karjalainen et al (2002), performed a population-based study to learn the risk of asthma in different
professions from the entire workforce of Finland. A total of 49575 cases of medically diagnosed asthma in
the age range of 25-59 years were selected with onset of asthma within 1986-1998. 275 non administrative
professions were studied to calculate the relative risk of acquiring asthma. A relative risk of 1.91 (1.71-
2.14) was found among 395 male welders. 23 women were also found with a RR of 1.6 (1.06-2.41).1°
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Kendzia et al (2013), pooled 16 case control studies to calculate an odds of lung cancer among welders. The
studies were from different countries including Canada, China, New Zealand, ad Europe from 1985-2010. A
total of 15483 cases of lung cancer and 18388 controls were selected who performed welding on regular basis
and as part time or on occasional basis. The OR for regular workers who ever performed welding was 1.44
(95% CI: 1.25-1.67) and for part time welders the OR was also elevated (OR=1.27, Cl: 1.10-1.28) but not as
much as regular welders.!

Ibfelt et al (2015), studied 9 different cardiovascular conditions among welders. The cohort was followed from
1986 to 2006. The study concluded that the particulates from welding fume increases the risk of
cardiovascular diseases.’

Lung cancer risk from welding fume exposure

Honaryar et al (2019), performed a meta-analysis of 20 case-control studies and 25 cohort/nested case
control studies to study the risk of lung cancer from welding fumes. The meta RR for cohort studies was
1.29 (CI: 1.2-1.39), 1.87 for case-control studies (Cl: 1.53-2.29), and 1.17 for case-control studies adjusted
for smoking and asbestos with a Cl of 1.04-1.38. It is concluded in the study that the welding fumes
increases the risk of lung cancer regardless of the type of steel welded, welding method, and independent
of the presence of asbestos or tobacco smoking.?

International Agency for Research on Cancer (IARC) published a monograph volume 118 in 2017 in which
they carried out an extensive evaluation of epidemiological evidence of welding fumes carcinogenicity. The
IARC concluded that there is sufficient evidence in humans that the welding fumes causes lung cancer. A
positive association between welding fume exposure and kidney cancer has also been found. There is also
sufficient evidence for ocular cancer from ultraviolet radiation from welding operation. Furthermore, chronic
exposure to welding fume has also been associated with asthma, brochitis, lung function changes,
neurological disorders, and renal tubular dysfunction if cadmium is present.®

Cherrie & Levy (2020) evaluated some new evidence regarding welding fume’s carcinogenic effect after
IARC evaluation in 2017. The new evidence reinforces the earlier evidence that the welding fumes are
carcinogenic without differentiating between stainless steel or mild steel welding fumes. The evidence for
carcinogenicity is from welding fumes as total welding aerosols. The paper also suggests that the risk of
lung cancer from welding fumes has been observed below 1 mg/m? or may be as low as 0.1 mg/m3. 1

Adverse health effects and welding fume exposure levels

Sjogren et al (2022), in a study entitled “An occupational exposure limit for welding fumes is urgently
needed” suggest that the limit for welding fumes of 5 mg/m?® which is used by many countries is not adequate
to protect welders from its adverse health effects. Different studies are also summarized with welding fume
exposure levels and their corresponding health effects. The range of exposure levels which can cause
Ischemic Heart Disease, COPD, and preterm birth in pregnant women is 0.1-3.2 mg/m?, 1314
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Lillienberg et (2008), conducted a population-based study on welding fume exposure and respiratory health
effects such as asthma, wheezing, and bronchitis. 316 males from 10 European countries were selected with a
work history of welding at work including welders. The welding related work history was obtained through a
questionnaire with questions on different variables of welding exposure and the frequency of exposure. The
exposure levels were assigned to a particular welding activity and duration by the experts using the Netherland
welding database comprised of 20 years of data. The exposures were divided into three tertiles and the lowest
tertile of 0.02-0.31 mg/m® has a prevalence risk of 0.95 (95% CI 0.52-1.74) for asthma, 1.32 (95% CI 0.89-
1.95) for wheeze, and 1.57 (95% CI 1.04-2.37) for bronchitis. Significant relation was found between
bronchitis and welding fume exposure but not with asthma. *°

Taj et al (2021), studied the effect of welding fume exposure on cardiovascular system in a six year
longitudinal study. 78 mild steel welders and 98 controls were included in the study. The blood pressure and
other markers of cardiovascular system were measured six years apart along with respirable dust in the
breathing zone of the workers. Exposure to low to moderate respirable dust levels (0.5-0.7 mg/m?3) were
associated with increased blood pressure.'® In a similar study Gliga et al (2020), found that the respirable dust
at 0.5 mg/m? and manganese at 0.049 mg/m? in welding fumes are associated with changes in neurology
related proteins in the blood serum. One of the proteins could be linked to Alzheimer’s disease.*®

Siew et al (2008), conducted a study to learn iron and welding fume exposure and the risk of lung cancer
among Finnish men by using the Finnish Job Exposure Matrix. The relative risk for lowest welding fume
category i.e., 0.1-10 mg/m?® is 1.09 (95% CI 1.05-1.14) for all types of lung cancers. The highest welding
exposure category of > 50 mg/m? has highest RR of 1.15. These RR were adjusted for confounding exposures
such as iron, nickel, and benzo(a)pyrene.*®

Pesch et al (2019), studied the risk of lung cancer from exposure to welding fumes, nickel, and hexavalent
chromium in two German case-control studies which were followed from 1988-1996. 3418 cases and 3488
controls were selected for the study and the information from their job specific questionnaire was linked to the
respective measurements obtained from the worksites. An average welding fume exposure of < 1.8 mg/m?
showed increased risk of lung cancer independent of nickel and hexavalent chromium exposure; OR of 0.98
(95% CI 0.64-1.51) for less than 1 year exposure, OR of 1.41 (95% CI 0.73-2.75) for an exposure between 1-5
years, OR of 2.27 (95% CI 1.18-4.37) for more than 5 years of exposure.?

Koh et al (2015) studied the relationship between welding fume exposure and Chronic Obstructive
Pulmonary Disease in welders at two shipyards in Korea. 240 welders participated in the study by going
through a medical examination and filling out health and occupational history questionnaires. The
pulmonary function test was performed by qualified staff with strict quality control measures which is
different from many other similar studies. 884 total welding fume sampling results were used from 2002 to
2009 to run the multiple linear and logistic regression models to understand the association between COPD
and welding exposure. The exposures were grouped into low (0.1-3.4 mg/m?), medium (3.4-11.7 mg/mq),
and high (11.7-22.8 mg/m®) and odds ratio (OD) for COPD were calculated for each group. The OD for
medium and high exposure groups were significantly elevated i.e. 3.9 and 3.8 respectively as compared with
low exposure group. The overall average exposure for an average of 15 years exposure was 7.7 mg/m?-
years which equates to an average welding fume exposure level of 0.5 mg/m?.23
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The wide range of welding fume exposure levels associated with different adverse health effects are
summarized in the following table 1.

Table 1 Welding fume exposure levels for different adverse health effects

Study Health effect Exnnstire level (ma/m3)
Cherrie & Levy (2020) Lung cancer 0.1
Siew et al (2008) Lung cancer 0.1-10
Pesch et al (2019) Lung cancer <18
Sjogren et al (2022) IHD, COPD, Preterm and low | 0.1-3.2
weight birth
Lillenberg et al (2008) Asthma, Bronchitis, Wheeze | 0.02-0.31
Taj et al (2021) Cardiovascular disease 0.5-0.7
Gilga et al (2020) Neurology protein changes 0.5
Koh et al (2015) COPD 0.4

The studies are comprised of cohort and case control studies with large sample sizes from different
industrial sectors encompassing different welding techniques and materials. These studies do not mention if
the measured welding fume levels are in respirable or inhalable size fractions. However, one can
reasonably assume that they are in respirable size fraction since the major portion of a welding fume is in
fine and ultrafine particulate size fraction. The particle size can be affected by the type of welding and the
residual time, but the bulk of the particles would still be in the respirable size range.?

The large sample sizes in the studies mentioned in table 1 show the level of rigor in determining an exposure
level linked to an adverse health effect. Because of the robustness of the studies, one can be confident that if
an exposure limit of 0.1 mg/m? respirable dust is set the workers’ health will be protected from welding fumes
for respiratory, cardiovascular, and carcinogenic effect. However, it should be noted that a dose-response
relationship between welding fume exposure and lung cancer has not been established, therefore, the
suggested exposure limit should be used with caution. Perhaps a risk assessment should be carried out before
welding and the risk of exposure and welding constituents should be characterized. In case where a carcinogen
is present in the fumes, for instance hexavalent chromium and nickel in stainless steel welding, the
carcinogen’s specific TLV® should be used to lower the exposure.

Beryllium which is also a carcinogen is present as an alloy in different metals and, therefore, can be present in
the welding fume as one of the constituents. It is found in different industries such as automotive, construction,
electronics, aerospace, and defense. Although beryllium is present in the alloy or welding rod in a low
concentration (as low as 0.0008%) but it can still be present in high concentration in the welding fume (> 2
Hg/m?).22

Conclusions

In summary, OHCOW recommends a TLV®-TWA of 0.1 mg/m? respirable dust for welding fumes in
general with the exception of stainless steel and beryllium exposure. Current ACGIH TLV®s for
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hexavalent chromium and nickel should be used to control the welding fumes from stainless steel welding.
Similarly, the current ACGIH TLV® for beryllium should be instituted when beryllium is suspected in the
welding fumes.
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