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PREAMBLE

Health Canada assesses the health risks posed by specific indoor pollutants in residential
environments and provides recommendations on how to reduce those risks. Residential Indoor Air
Quality Guidelines (RIAQG) summarize the known health effects, pollutant sources, and exposure
levels in Canadian homes and characterize the risks to health, based on the best scientific data
available. Recommended exposure limits (also referred to as guideline values) for short- and/or
long-term exposure to the pollutant are developed, representing indoor air concentrations below
which health effects are unlikely to occur. The recommended exposure limits take into account the
reference concentrations (RfC) for the pollutant and the feasibility of achieving such levels through
control of indoor sources. The RIAQG also include recommendations for controlling sources or
other actions to reduce exposure to the pollutant.

The RIAQG and guidance documents serve as a scientific basis for activities to evaluate and
reduce the risk from indoor air pollutants, including, but not limited to:

e assessments by public health officials of health risks from indoor air pollutants in
residential or similar environments;

e performance standards that may be applied to pollutant-emitting materials, products,
and devices, so that their normal use does not lead to air concentrations of pollutants
exceeding the recommended exposure limits; and

e communication products informing Canadians of actions they can take to reduce their
exposure to indoor air pollutants and to help protect their health.

The RIAQG and guidance documents replace a series of exposure limit values for indoor air
pollutants from a report entitled Exposure Guidelines for Residential Indoor Air Quality (Health
Canada 1987). In addition to updates for the substances included in the 1987 report, guidelines or
guidance documents will be developed for other substances that are identified as having the
potential to affect human health in the indoor environment.
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EXECUTIVE SUMMARY

Residential Indoor Air Quality Guidelines for Xylenes

Concentration
lif;’cgs‘i‘l‘:;ei‘?;?t ) Critical effect(s)
p pg/m’ ppb
Short-term 7 200 1 700 Neurological symptoms (headache, fatigue);
(1h) irritation of eyes, nose and throat; respiratory effects
Long-term 150 36 Impaired motor coordination
(24 h)

The recommended short-term (1-hour) exposure limit for xylenes is 7 200 pg/m* and the
recommended long-term exposure limit is 150 pg/m?® (based on a 24-hour average). The
recommended exposure limits apply to all three xylene isomers (p-xylene, m-xylene, and o-xylene)
in any combination.

Levels of xylenes in Canadian homes are likely below the short-term exposure limit; however,
some homes may have levels that are above the long-term exposure limit, and accordingly, may
pose a health risk. It is therefore recommended that exposure to xylenes be reduced by ensuring
adequate ventilation and controlling indoor sources.

Background

Xylene (dimethylbenzene) is an aromatic hydrocarbon with three isomers (p-xylene, m-xylene, and
o-xylene), which differ in the positions of the two methyl groups around the benzene ring. Indoor
concentrations of xylenes are generally higher than outdoor concentrations. The terms xylene and
xylenes can be used interchangeably.

In 1993, Health Canada derived a provisional tolerable concentration for xylenes of 180 pg/m?.
Health Canada subsequently established an Indoor Air Reference Level (IARL) of 100 pg/m? for
xylenes in 2017, based on evidence of neurotoxicity in rats from an assessment by the United
States Environmental Protection Agency (US EPA). IARLs represent concentrations of a specific
volatile organic compound that are associated with acceptable levels of risk after long-term
exposure, as determined by the organization or jurisdiction that performed the risk assessment. As
levels of xylenes in some Canadian homes may exceed the recommended [ARL, this substance
was prioritized for a full health risk assessment and development of Residential Indoor Air Quality
Guidelines (RIAQG).

This guideline document reviews the epidemiological, toxicological, and exposure research on
xylenes as well as the conclusions from several comprehensive reviews conducted by
internationally recognized health and environmental organizations. The RIAQG propose short- and
long-term indoor air exposure limits for xylenes, which would minimize risks to human health, and
to support the development of actions to limit xylenes emissions indoors. The guideline document
also recommends various risk mitigation measures to reduce exposure to xylenes.
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Sources and Exposure

Xylenes occur naturally in petroleum and coal tar, and have been measured during forest fires, to a
small extent. However, most ambient sources of xylenes are from human activity including
industrial sources such as petroleum refineries and chemical plants and combustion of fuels in
motor vehicles, including on-road mobile sources such as cars and trucks, as well as off-road
mobile sources such as lawn mowers, snowmobiles and heavy construction vehicles.

In Canadian homes the indoor xylene concentrations are at least 3-fold greater than outdoor
concentrations, indicating a predominance of indoor sources. Evaporative emissions from items
stored in a garage, including cars, gas-powered equipment, and gasoline containers are an
important source of xylenes indoors. Some building and renovation products, such as caulking,
coatings and stains, as well as smoking in the home can also contribute to indoor xylene
concentrations. Xylenes have been identified internationally in several consumer products
(including air fresheners); however, there is no information on the possible contribution of these
products to indoor xylene concentrations in Canada.

In Health Canada studies conducted in multiple cities during the winter and summer from 2005 to
2014, the median indoor xylene levels measured ranged from 2.0 to 11.1 pg/m?. The 95th
percentiles ranged from 15.6 to 212.7 pg/m’. Preliminary data from a Health Canada study suggest
that xylene levels are variable but may be higher in recently built homes.

Health Effects

In humans, xylene exposure has been shown to cause eye, nose, and throat irritation, as well as
some nervous system symptoms including headaches, dizziness, and nausea. In some studies,
effects were also observed in tests of memory or reaction times, colour vision, and the central
auditory nervous system. In laboratory animals, the most sensitive effect of inhaled xylene is
neurological impairment (deficits in tests of motor coordination, pain sensitivity, spontaneous
movement, and learning). At higher concentrations, other effects including hearing deficits, body
weight decreases, adaptive liver changes, respiratory irritation, lung inflammation, and decreased
litter size were sometimes also observed. There is insufficient data to determine whether xylenes
might be carcinogenic, but they are generally not considered mutagenic or genotoxic.

In general, there is no clear difference in toxicity among the three xylene isomers: the m-, p- and o-
1somers are expected to behave similarly in humans.

There are insufficient data to identify populations that could be more susceptible to the effects of
xylene inhalation. A number of factors can contribute to the differences in sensitivity between
individuals, including age, body weight, sex, diet and alcohol consumption, exercise, and disease
states. In general, children may receive a greater internal dose of many inhaled toxicants than
adults at the same exposure concentrations. However, no xylene-specific information is available
on internal dose for different age groups.
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Recommended short-term residential indoor air quality exposure limit

For short-term exposure to xylenes, the most sensitive endpoints were mild neurological symptoms
and eye and respiratory irritation in acute exposure studies with healthy volunteers. A lowest
observed adverse effect level (LOAEL) of 50 ppm (217 mg/m?) from a 2-hour study was selected
as the point of departure, and the following uncertainty factors were applied: 10 to account for
sensitivity in the human population and 3 to account for the use of a LOAEL. Therefore, the short-
term reference concentration (RfC) is 7 200 pg/m> (1 700 ppb).

The Health Canada residential indoor air exposure studies provide a 24-hour sample of xylene
measurements, which does not represent acute or peak exposure. These 24-hour measurements
show that the short-term RfC is higher than the range of median indoor air concentrations. As this
RfC is achievable in Canadian homes, the recommended short-term exposure limit for xylenes
(sum of isomers) is 7 200 pug/m® (7.2 mg/m?). It is recommended that the short-term exposure limit
be compared to a 1-hour air sample.

Short-term or acute reference exposure levels for xylenes have been derived by the California
Environmental Protection Agency (CalEPA 1999; 22 mg/m?); the European Commission (2005;
20 mg/m?); the Agency for Toxic Substances and Disease Registry (ATSDR 2007; 8.7 mg/m?);
and the US National Research Council (NRC 2010; 560 mg/m?). Differences in the reference
exposure levels established by various jurisdictions result from the key study or endpoint that is
selected, and the uncertainty factors that are applied.

Recommended long-term residential indoor air quality exposure limit

For long-term exposure to xylenes, the most sensitive endpoint was decreased motor coordination
in rats. A no observed adverse effect level (NOAEL) of 50 ppm (217 mg/m?) was selected as the
point of departure, and this concentration was adjusted for continuous exposure, resulting in an
adjusted NOAEL of 9 ppm (39 mg/m?). The following uncertainty factors were applied: 1 for
toxicokinetic differences and 2.5 for toxicodynamic differences between rats and humans, 10 for
sensitivity in the human population, and 10 for database deficiencies and use of a subchronic
study. Thus, the long-term RfC is 150 pg/m?® (36 ppb).

Health Canada data indicate that there may be Canadian homes in which the long-term RfC is
exceeded. However, the RfC was derived using the most recent and relevant scientific information
and 1s consistent with the Health Canada IARL and values from other jurisdictions. In addition,
reduction of xylene levels in the home through ventilation and source control is considered
possible. Therefore, the recommended long-term exposure limit for xylenes (sum of isomers) is
150 pg/m?>.

When a measured xylene concentration is compared against the long-term exposure limit, the
sampling time that is used should be at least 24 hours.

Long-term or chronic inhalation reference exposure levels for xylenes have been derived by the
CalEPA (2000; 700 ug/m?); the National Institute for Public health and the Environment in the
Netherlands (2001; 870 pg/m?); the US EPA (2003; 100 ug/m?®); the European Commission (2005;
200 pg/m?); and the ATSDR (2007; 220 ng/m?). Differences in reference exposure levels
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established by various jurisdictions result from the key study or endpoint that is selected, and the
uncertainty factors that are applied.

Risk Management Recommendations

Exposure to xylenes in indoor air should be limited by ensuring adequate ventilation and
controlling for indoor sources, using the strategies outlined below. Furthermore, many of these
measures will also contribute to reducing the concentrations of other indoor air contaminants,
generally improving indoor air quality.

e Increase ventilation, especially when using renovation or building products such as
caulking, coatings, and stains:

o By opening windows when possible (check the outdoor air quality conditions in
your region before opening windows: www.airhealth.ca).

o By employing mechanical ventilation strategies.

o For more information, refer to the Factsheet: Ventilation and the indoor
environment (Health Canada 2018).

e Ifpossible, do not store gasoline and other chemicals in the home or garage; if these
products need to be stored, they should be well sealed.

e If you have an attached garage:
o Consider installing a garage exhaust fan.

o Make sure the interface between the attached garage and the home is properly
sealed.

o Avoid idling your car, snowblower, lawnmower, or any gas-powered equipment in
the garage, even with the garage door open.

¢ Do not smoke inside the home.
e Choose low-emission products when possible.

e Limit use of scented products and air fresheners.
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1.0 PHYSICAL AND CHEMICAL CHARACTERISTICS

The physical and chemical properties of xylenes are summarized in Table 1 (US EPA 2003; NLM
2020). There are three isomers of xylene: p-xylene, m-xylene, and o-xylene, which differ in the
positions of the two methyl groups around the benzene ring. m-Xylene is commonly the
predominant component in commercial mixed xylenes (40%—77%), with the other isomers each
comprising up to 20% of the mass (US EPA 2003). Technical grade xylene could also contain
ethylbenzene, toluene, and C9 aromatics (CalEPA 2000). Many studies of xylenes in air report the
m- and p-xylene isomers together, as they are not easily separated. The terms xylene and xylenes
can be used interchangeably.

Table 1. Physical and chemical properties of xylenes

Molecular formula C8H10 Chemical structure

Molecular weight 106.16 g/mol

CAS registry numbers 1330-20-7 (mixed isomers); 95-47-6 (o- *—CH’
xylene); 108-38-3 (m-xylene); 106-42-3
(p-xylene)

Density 0.864 g/cm’ (mixed isomers)

Vapour pressure 1.065 kPa at 25 °C (mixed isomers) CH

Water solubility 106 mg/L (mixed isomers)

Boiling point 138.5 °C (mixed isomers)

Octanol/water partition coefficient 3.16 (mixed isomers)

(log Kow)

Common synonyms Dimethylbenzene, methyltoluene

p-xylene = 1,4-dimethylbenzene

m-xylene = 1,3-dimethylbenzene

o-xylene = 1,2-dimethylbenzene
Conversion factors 1 ppm = 4.34 mg/m? at 25 °C

1 mg/m* = 0.23 ppm

2.0 SOURCES IN THE AIR

This section focuses on sources of xylenes in outdoor and indoor air. While exposure to xylenes
can result from sources that contribute to media other than air (such as water, food, and soil), these
are beyond the scope of this document.

2.1 Outdoor Sources

Xylenes are found throughout the ambient environment and are emitted from both natural and
anthropogenic sources. Xylenes occur naturally in petroleum and coal tar and have been measured
during forest fires, to a small extent (ATSDR 2007). However, most ambient sources of xylenes
are from human activity including industrial sources such as petroleum refineries and chemical
plants (Environment Canada and Health Canada 1993; VCCEP 2005; ATSDR 2007). Xylenes are
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used as solvents in a variety of products including paints, varnishes, paint thinners, lacquers,
coatings, adhesives, and sealants, and may also be used in the production of plastics and synthetic
fibres (Environment Canada and Health Canada 1993; VCCEP 2005; ATSDR 2007). Canada’s
National Pollutant Release Inventory (NPRI) indicated that in the years 2015 to 2017, the annual
on-site releases of xylenes from all industrial facilities totalled over 3 200 tonnes (NPRI 2021).
The majority of xylene releases (97%—-99%) were to the air, with the remainder going to water and
land.

Combustion represents another major anthropogenic source of xylenes, particularly the combustion
of fuels in motor vehicles, including on-road mobile sources such as cars and trucks, as well as off-
road mobile sources such as lawn mowers, snowmobiles, and heavy construction vehicles
(Environment Canada and Health Canada 1993; VCCEP 2005; ATSDR 2007). Xylenes are also
released during biomass burning (VCCEP 2005).

2.2 Indoor Sources

Levels of xylenes in indoor air generally exceed those in outdoor air (Environment Canada and
Health Canada 1993; VCCEP 2005; Stocco et al. 2008). In Canadian homes the indoor xylene
concentrations are at least 3-fold greater than outdoor concentrations (see section 3). In a Health
Canada study conducted in Windsor (Stocco et al. 2008), although numerous industrial sources of
volatile organic compounds (VOCs) were identified in the area, the distance to specific outdoor
sources or the number of point sources within a certain radius were not significant predictors of
personal exposure. Similarly, the outdoor concentration did not strongly predict personal exposure,
whereas the indoor level of m-, p-xylene was a good predictor of personal exposure. These data
indicate a predominance of indoor sources of xylenes compared to outdoor sources.

2.2.1 Garages

An important source of exposure to xylenes indoors is the presence of an attached garage
(Batterman et al. 2007; Héroux et al. 2008; Stocco et al. 2008; Wheeler et al. 2013; Mallach et al.
2017; Cakmak et al. 2020). Canadian homeowners generally use their garage to park vehicles and
store items such as automotive products, gas-powered equipment, and solvents (Mallach et al.
2017). Many of these items have been shown to release xylenes in chamber tests, even when
properly sealed and when not in operation (Won et al. 2015).

In an analysis of Health Canada indoor air data from multiple cities, having a garage attached to
the house with a door was associated with a significantly higher mean xylene concentration (by
86% in Edmonton in summer, and by 255% and 134% in Regina in summer and winter,
respectively). Significantly higher xylene concentrations were also associated with homes that
stored gas-operated tools or gasoline in the garage (by 139%—-215% in Edmonton and Halifax), or
parked two or more cars in the garage (by over 750% in Halifax) (Health Canada 2021a).
Similarly, in a Health Canada study of homes in Windsor Stocco et al. (2008) identified having an
attached garage as a significant predictor of indoor m-, p-xylene concentration (o-xylene was
measured separately), and Héroux et al. (2008) found that having an attached garage was
associated with higher xylene concentrations in Quebec City homes. Based on data from the
Canadian Health Measures Survey (CHMS), Wheeler et al. (2013) identified “garage on the
property” as a predictor of higher levels of xylenes and found that mean levels of xylenes in homes
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with an attached garage were approximately double those in homes with a detached garage.
Cakmak et al. (2020) also found that homes with a door connecting to an attached garage had
higher concentrations of xylenes than those without.

A Health Canada study of 33 homes in Ottawa with attached garages found that the median garage
to outdoor (G/O) ratios of xylenes were 80.9 and 75.8 for m-, p-xylene and o-xylene respectively,
indicating the presence of garage sources (Mallach et al. 2017) (m- and p-xylene isomers were
reported together, and o-xylene was treated separately). The G/O ratios were significantly
decreased (p<0.05) when an exhaust fan was operating in the garage (12.9 and 10.9 for m, p-
xylene and o-xylene respectively). Operation of a fan in the garage also significantly reduced the
median indoor-to-outdoor (I/O) ratios of m-, p-xylene and o-xylene (from 16.09 to 10.3, and from
14.7 to 9.9, respectively); and reduced the concentrations of m, p-xylene and o-xylene indoors by
45% and 43%, respectively. This shows that garage sources are a major contributor to indoor
xylene concentrations, and that this contribution can be decreased by use of a garage fan.

The median garage-to-indoor (G/I) ratios for m-, p-xylene and o-xylene in the Ottawa study were
2.4 and 4.0, respectively (Mallach et al. 2017), whereas a study conducted in 15 homes in
Michigan, United States (US) reported G/I ratios exceeding 10 (Batterman et al. 2007). The lower
G/I ratios in the Health Canada study compared to the US study were attributed to increased stack
and wind forces during winter sampling that promoted the transfer of air from the attached garage
into the home, in comparison to the spring-summer sampling done in Batterman et al. (2007).

A Canadian study on chamber tests of VOC emissions from evaporative sources in residential
garages found that gasoline related products were high emitters of BTEX (benzene, toluene,
ethylbenzene, and xylenes) species (Won et al. 2015). The tested gas-powered products that
emitted high levels of xylenes included snow blowers, lawn mowers, lawn trimmers, and chain
saws. Equipment was run for 30 minutes before being wiped off and placed in the chamber. The
older products (snow blower, lawn mower, and lawn trimmer purchased in 2002 or 2003) had
xylene emission factors that were 10 to 20 times higher than the same type of equipment purchased
in 2014 (e.g., the older snowblower had an m, p-xylene emission factor of 4 451 pug/h compared to
218 ug/h for the newer machine). Another high emitter of xylenes was a 5-L regular grade

gasoline container (with the cap closed, the m, p-xylene emission factor was 2 634 ng/h). Other
xylene emitters commonly found in residential garages included paint products such as paint
thinner, oil-based primer/sealant, and aerosol paint (cap closed m, p-xylene emission factors of 9,
3, and 0.4 pg/h, respectively). A cap/cover tightness test showed that paint primer and paint
thinner with a cap opening had higher emissions compared to those with the cap or cover closed
tightly. Low emission factors were obtained for an adhesive product, a degreaser, automotive
products, wax or polishes, lubricant, roof, lawn and plant care products, and driveway products (m-
, p-Xylene emission factors of 2.5 pg/h or less). Emission factors for o-xylene were generally about
2 to 4 times lower than those for m-, p-xylene.

2.2.2 Infiltration from traffic

The presence of xylenes indoors could be partially explained by infiltration of outdoor vehicle
combustion sources, considering that xylenes are also traffic-related VOCs (Stocco et al. 2008;
Bari et al. 2015). In one study in Greece and another in China, indoor levels of xylenes were found
to be influenced by location of residents, with levels being higher in urban than suburban locations
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(Alexopoulos et al. 2006; Du et al. 2014). In the Greek study, proximity to busy roads and to gas
stations was also found to influence indoor concentrations of xylenes (Alexopoulos et al. 2006). A
study in Australia also showed that xylenes were significantly elevated in homes near a major road
compared to homes farther away (Cheng et al. 2016). In a study in four schools in Ottawa,
MacNeill et al. (2016) showed that the indoor concentration of m-, p-xylene decreased by 25%—
42% when the timing of ventilation was altered so that high ventilation periods did not correspond
to rush hour traffic. However, as described above, outdoor concentration is not a good predictor of
exposure to xylenes. Overall, infiltration from traffic is not expected to be an important source of
xylenes in Canadian homes.

2.2.3 Building materials and consumer products

A Canadian database of chamber test emissions from building materials commonly used in
Canadian homes found that xylenes were detected in 72%—-84% of dry materials (including
flooring products, wood-based materials, ceiling tile, and insulation materials), and 93%—-100% of
wet materials (including coating, adhesive, caulking, paint, wood stains, and foam sealant) (Won et
al. 2013). For dry materials, 24-hour emission factors were generally low (<10 ug/m*/hour) except
for acoustical ceiling tile which had the highest emissions among all dry materials (285.2
ug/m?/hour for m-, p-xylene). Wet materials generally had higher emission factors than dry
materials. The highest emission factors for xylenes were seen with an oil-based removable
caulking sample (over 1 500 000 pg/m?/hour for m-, p-xylene). Other caulking samples had
relatively high emissions as well. Emission factors for oil- and water-based polyurethane coatings
and oil-based wood stains ranged from 236.6 to 1 370.7 ug/m?/hour for m-, p-xylene. Emissions
from oil-based foam sealant, as well as from adhesives and paints, were low (<15 pug/m?/hour).
These results are consistent with another emissions study, in which xylenes were only detected in
14% of all tested materials (paint, wood, and insulation) (Won et al. 2014). The highest 24-hour
emission factor was identified for a latex-based foam sealant (127 ug/m*hour for m-, p-xylene).
Emission factors for o-xylene were about 2 to 7 times lower than those for m-, p-xylene in these
studies.

Based on results of emission tests along with material usage scenarios and parameters such as
house volume, indoor air concentrations of VOCs were predicted over a 10-day period (Won et al.
2013, 2014, 2015). These simulations found that dominant sources of xylenes, such as oil-based
wood stain, varnishes, and foam caulking, decay fastest at the beginning of the 10-day period, and
their contributions to indoor air concentrations decrease over time until they plateau. Other sources
that are not initially dominant such as thermal insulation, doors, and flooring (subflooring and
solid wood) become dominant later (i.e., they have a higher contribution to air concentrations than
they did in the beginning). Also, after the decay of the dominant sources (wet materials) in the first
10 days, infiltration from the garage becomes the dominant source of xylenes; the major garage
sources were gasoline containers and gas-powered equipment (Won et al. 2015).

Chamber emission tests were conducted on new building products collected from the construction
sites of two new homes or matched materials from retail distributors (if necessary due to the
unavailability of clean samples). Products tested included flooring materials (white oak veneer, red
oak laminate, plywood underlay, polyester carpet, oriented strandboard subflooring, and ceramic
tile assembly with adhesive and plywood underlay), new cabinetry, painted medium density
fibreboard baseboard trim, laminate countertop, structural I-joists and paint-drywall assembly. m-,
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p-Xylene was detected in 71% of products, and the highest predicted 14-day emission factor was
for latex caulk used to install baseboard trim (detection frequency and predicted emission factors
were lower for o-xylene) (Health Canada and National Research Council Canada 2019).

Using the emission factors for the building products along with the amount of each product used
and the installation schedule, the concentration of xylenes in each home was modelled, and the
predicted concentrations were compared to the measured concentrations. The modelled
concentrations of xylenes and other hydrocarbons were severely under-predicted, which is
expected since composite wood products are not a significant source of this type of contaminant.
Therefore, additional modelling was conducted using the added scenario of an application of oil-
based finish to a small area of the home 24 hours before sampling. Although the new results
represented an improvement, the predicted concentrations were still only 10%—-50% of the
measured values, indicating the presence of additional xylene sources in the new homes (Health
Canada and National Research Council Canada 2019).

Canadian studies have found increased levels of xylenes in homes with major renovations within
the past month (Wheeler et al. 2013; Cakmak et al. 2020). The o-xylene and m, p-xylene increases
were 35% and 43%, respectively (Wheeler et al. 2013). These studies were based on indoor air
measurements and activity surveys for the CHMS. An association between renovations and xylene
levels was also seen in a study conducted in China, where renovations included redecorating
and/or refurnishing (Du et al. 2014). In a US study (Dodson et al. 2017), the mean xylene level was
significantly higher in 10 homes sampled immediately after renovation (pre-occupancy) compared
to the level in 27 homes sampled 1-9 months later (post-occupancy).

Cakmak et al. (2020) also found that hobbies done within the past three months were associated
with higher concentrations of xylenes in Canadian homes. This includes activities such as arts
using paints, pottery and ceramics using a kiln, model making using glues, solders, paints or
metals, making fishing sinkers or weights, welding or soldering, auto repairs, electronics assembly
or repairs, plumbing, refinishing furniture, and woodworking. Wheeler et al. (2013) also identified
use of fragrance in the previous 24 hours and use of paint remover in the previous week as
predictors of higher xylene concentrations (increases of 22% and 86%—88%, respectively).

Xylenes have been identified internationally in a number of consumer products (permanent pen,
shoe polish, leather cleaner, laundry detergent, and air fresheners) (European Commission 2021;
Shrubsole et al. 2019; Steinemann, 2017; Lim et al. 2014); however, there is no information on the
possible contribution of these products to indoor xylene concentrations in Canada.

2.2.4 Smoking

Tobacco smoke can also be a source of xylenes in the home (ATSDR 2007; Wheeler et al. 2013;
Niaz et al. 2015). Xylenes are present in both mainstream tobacco smoke inhaled directly by the
smoker and sidestream tobacco smoke released into the environment from the other end of the
cigarette (VCCEP 2005). Xylene emission factors for commercial cigarettes range from 85—

470 pg/cigarette for m-, p-xylene and 40-98 pg/cigarette for o-xylene (Charles et al. 2007). In the
CHMS, higher mean levels of m-/p-xylene were observed in smoking homes compared to non-
smoking homes in 2012-2013 (cycle 3) (Li et al. 2019). In the CHMS in 2009-2011 (cycle 2),
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Wheeler et al. (2013) also identified regular smoking in the home as a predictor of higher m-, p-
xylene concentrations (by 20%).

3.0 CONCENTRATIONS IN INDOOR AND OUTDOOR AIR

3.1 Outdoor Concentrations

The National Air Pollution Surveillance (NAPS) program indicated that in 2019, across 32
monitoring stations that reported valid values, the national average concentration of xylenes was
0.91 pg/m>. This includes a rural average of 0.08 pg/m? (3 stations), an urban average of

0.75 png/m? (17 stations), and a point source average of 1.34 pg/m? (12 stations including traffic
stations) (Environment and Climate Change Canada 2021).

In Health Canada studies conducted in multiple cities, median outdoor concentrations of xylenes
(sum of isomers)' ranged from 0.3 to 2.1 pg/m?; the 95th percentiles ranged from 1.0 to 9.6 ng/m?>
(Health Canada 2021b; 2013; 2012; 2010a; 2010b; Mallach et al. 2017; Goldberg et al. 2015;
Weichenthal et al. 2013). Data from these studies are shown in Table 2.

3.2 Indoor Concentrations

In Health Canada studies in a number of cities (Edmonton, Regina, Halifax, Windsor, Ottawa,
Montreal) and a First Nations reserve in Manitoba (Swan Lake), median indoor concentrations of
xylenes (sum of isomers)! ranged from 2.1 to 11.1 pug/m?; the 95th percentiles ranged from 15.6 to
212.7 ng/m>. The highest levels were found in Windsor. Personal monitoring was also conducted
in Windsor; median concentrations of xylenes (sum of isomers)' ranged from 4.7 to 9.0 pg/m?; the
95th percentiles ranged from 42.2 to 119.5 pg/m? (Health Canada 2021b; 2013; 2012; 2010a;
2010b; Mallach et al. 2017; Goldberg et al. 2015; Weichenthal et al. 2013). These studies all used
passivated canisters for air sampling.

Similar xylene concentrations were observed in other Canadian studies, including homes in
Quebec City, Sioux Lookout, Nunavik, and Ottawa, as well as in the CHMS. These studies used
different sampling and analysis methods, and were therefore not included in the ranges given
above (National Research Council Canada 2021; INSPQ 2021; Health Canada 2021b; Li et al.
2019; Héroux et al. 2008; Zhu et al. 2005).

A Canadian pilot study looking at VOCs in two new homes found that in one house,
concentrations of m-, p-xylene and o-xylene were 154.9 and 63 pg/m?, respectively (24-hour
active sampling). In a second home, concentrations of m-, p-xylene and o-xylene were 27.8 and
10.1 pg/m?, respectively (Health Canada and National Research Council Canada 2019).

Data from these studies are shown in Table 2.

! Study data reports and publications show data for m- and p-xylene together, and o-xylene separately. Additional
analysis was done to generate summary statistics for the sum of all three isomers.
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Preliminary data from an in-progress Health Canada study suggest that xylene levels may be
higher in recently built homes.

Table 2. Concentrations (ug/m?) of xylenes in indoor and outdoor air in Canada
X X X X Concentration
Location Sam;?lmg Samplm;g Season No. of Smoking No. of . (ng/m’)* Study Reference
period  method homes status samples = =
Median = 95th %ile
Edmonton, Alberta 2010 Passivated Summer 50 Non- 328 32 39.6 Health Canada
canisters Winter 50 smokers 337 6.2 82.4 (2013)
(7 days x
24 hours)
Halifax, Nova Scotia 2009 Passivated Summer 50 Non- 331 3.1 105.8 Health Canada
canisters Winter 50 smokers 312 4.0 49.7 (2012)
(7 days x
24 hours)
Regina, 2007 | Passivated Summer 111 Non-smokers 91 6.9 79.9 Health Canada
Saskatchewan canisters Smokers 13 52 55.8 (2010a)
(24 hours) Winter 106 NOSH'SIEOkefS 84 43 252
mokers 21 33 227
Windsor, Ontario 2006 Passivated Summer 46 Non- 211 10.2 212.7 Health Canada
canisters Winter 47 smokers 224 4.1 43.5 (2010b)
(5 days x
24 hours)
Windsor, Ontario 2005 Passivated Summer 45 Non- 217 11.1 159.2 Health Canada
canisters Winter 48 smokers 232 4.2 45.7 (2010b)
(5 days x
24 hours)
Ottawa, Ontario 2014 Passivated winter 33 Non- 62 43 62.9 Mallach et al.
canisters (all smokers (garage 2017
(48 hours) with fan off)
attached 61 34 21.1
garage) (garage
fan on)
Montreal, Quebec 2008- | Passivated all 55 - 285 8.2 130.9 Goldberg et al.
2011 canisters 2015
(24 hr)
Swan Lake, 2011 Passivated winter 20 - 53 2.1 15.6 Weichenthal et al.
Manitoba canisters 2013
(7 day)
Quebec City, Quebec = 2008- = TD Tubes Winter 82 Smokers 317 17.3 151.7 NRC Canada 2021
2011 (6-8 days) summer and non- 158 15.8 143.1
smokers
Sioux Lookout, 2017-19 | TD tubes winter 98 Smokers 98 3.12 29.08 Health Canada
Ontario (5 days) and non- 2021b
smokers
Nunavik 2018 TD Tubes Winter — 54 Smokers 52 9.8 107.2 INSPQ 2021
(7 days) “pre” and non- 54 4.8 355
Winter- smokers
“post”™
Quebec City, Quebec 2005 3IM Winter 96 Smokers 96 m, p: m, p: 77.1 = Héroux et al. 2008
organic and non- 9.2 (max)
vapor smokers 0:3.0 0:26.4
monitors (max)
(7 days)
Ottawa, Ontario 2002- TD tubes Winter 75 Smokers 75 m, p: m, p: Zhu et al. 2005
2003 (100 min) and non- 3.59 16.35
smokers 0:1.22 (90
0:6.48
(90™)
Across Canada 2012-13 = TD tube all 3524 Smokers 3524 m, p: m, p: 36.2 Li et al. 2019
(7 days) and non- 3.54 0: 10.5
smokers o:1.13
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Concentration

Sampling Sampling Season No. of Smoking No. of (ng/m’)*
S/

period  method® homes status samples® Study Reference

Location

Median = 95th %ile

WWW fall 2 - 2 m, p: m, p: ea anada and
(24 hours) 27.8 154.9 NRC Canada 2019
0:10.1 0: 63
(House (House 2)
D
OUTDOOR
Edmonton, Alberta 2010 Passivated Summer 50 — 324 1.1 34 Health Canada 2013
canisters Winter 50 332 1.2 9.6
(7 days x
24 hours)
Halifax, Nova Scotia 2009 Passivated Summer 50 — 324 0.6 2.2 Health Canada 2012
canisters Winter 50 287 0.3 1.4
(7 days x
24 hours)
Regina, Saskatchewan 2007 Passivated Summer 111 — 108 0.7 2.2 Health Canada
canisters Winter 106 95 0.7 4.5 2010a
(24 hours)
Windsor, Ontario 2006 Passivated Summer 46 — 214 2.1 7.1 Health Canada
canisters Winter 47 214 1.1 33 2010b
(5 days x
24 hours)
Windsor, Ontario 2005 Passivated Summer 45 — 216 2.0 7.0 Health Canada
canisters Winter 48 201 1.1 32 2010b
(5 days x
24 hours)
Ottawa, Ontario 2014 Passivated winter 33 Non- 127 0.4 1.0 Mallach et al. 2017
canisters (all smokers
(48 hours) with
attached
garage)
Montreal, Quebec 2008- | Passivated all 55 - 200 1.5 6.1 Goldberg et al.
2011 canisters 2015
(24 hr)
Overall range from 6 0.3-2.1 1.0-9.6
studies
PERSONAL
Windsor, Ontario 2005 Passivated Summer 45 — 207 9.0 119.5 Health Canada
canisters Winter 48 225 4.7 422 2010b
(5 days x
24 hours)

2 Detailed methodologies for air sampling, analysis, and treatment of values below the detection limit can be found in
the individual reports. For studies identified as using passivated canisters: stainless steel evacuated passivated
(Summa™) canisters (6.0 L) were used to non-selectively collect indoor and outdoor air samples for analysis of
constituent VOC concentrations. For personal sampling in Windsor in 2005, adult participants carried a 1.0 L
passivated canister in a backpack wherever they went. TD tubes are thermal desorption tubes.

® The number of samples represents the total number of samples collected and analyzed.

¢ The concentration is shown as the sum of m-, p-, and o-xylene unless otherwise noted. Study reports and publications
show data for m- and p-xylene together, and o-xylene separately. Additional analysis was done to generate summary
statistics for the sum of all three isomers, where possible (Health Canada 2021b)

¢ In the Nunavik study, “pre” and “post” represent sampling before and after the ventilation was optimized.

The distribution of indoor xylene concentrations in studies conducted by Health Canada in four
cities is presented in Figure 1. It should be noted that for the studies in Edmonton, Halifax, and
Windsor, multiple measurements were made at each home and these values have been averaged to
present one value per home, while for the Regina study a single measurement was made at each
home. Strong seasonal differences were not observed.
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Figure 1. Distribution of concentrations of xylenes in indoor air by season across studies
conducted by Health Canada
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Figure 1. The 75th, 50th, and 25th percentiles are represented by the top, middle, and bottom of the boxes. The
whiskers represent the 90th and 10th percentiles. The concentration is shown as the sum of m-, p-, and o-xylene. Study
data reports and publications show data for m- and p-xylene together, and o-xylene separately. Additional analysis was
done to generate summary statistics for the sum of all three isomers (Health Canada 2021b).

3.3 Indoor/Outdoor (I/0) ratios

An /O ratio compares levels of xylenes measured inside a given home to levels measured directly
outside the same home. The distribution of I/O ratios for homes in four Health Canada studies is
presented in Figure 2. Median I/O ratios of xylenes in these four Canadian cities range from 2.6 to
12.3, indicating a predominance of indoor sources. In a Health Canada study conducted in 33
homes in Ottawa with attached garages, the median I/O ratios for m-, p-xylene in homes with the
garage fan off and the garage fan on were 16.09 and 10.3, respectively (similar ratios were
obtained for o-xylene) (Mallach et al. 2017).
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Figure 2. Distribution of I/O ratios by season across studies conducted by Health Canada
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Figure 2. The 75th, 50th, and 25th percentiles are represented by the top, middle, and bottom of the boxes. The
whiskers represent the 90th and 10th percentiles. The concentration is shown as the sum of m-, p-, and o-xylene. Study
data reports and publications show data for m- and p-xylene together, and o-xylene separately. Additional analysis was
done to generate ratios for the sum of all three isomers. (Health Canada 2021b)

3.4 Impact of Ventilation

In an analysis of Health Canada indoor air data from three cities, a higher daily mean indoor air
exchange rate was associated with significantly lower mean xylene concentrations in Edmonton in
summer, and in Halifax in summer and winter (29%—73% decrease with an air exchange rate
increase of 1/hour) (Health Canada 2021a). Also, as described in section 2.2.1, in a study of 33
homes in Ottawa, the operation of an exhaust fan in the attached garage significantly reduced the
concentrations of m-, p-xylene and o-xylene in the home, by 45% and 43%, respectively. In a
study in 54 homes in Nunavik, optimization of the ventilation system reduced m-, p-xylene and o-
xylene by 52% and 53%, respectively, compared to levels prior to the optimization (INSPQ 2021).
In contrast, in a study in Quebec City, although there was an increase in the mean ventilation rate
in homes after a ventilation intervention (installation or optimization of a ventilation system)
compared to control homes, xylene levels were similar in the two sets of homes (Lajoie et al 2015;
National Research Council Canada 2021).
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4.0 TOXICOKINETICS

4.1 Absorption, Distribution, Metabolism, and Excretion

The characteristics of xylene pharmacokinetics are well understood, and are described in detail in
US EPA (2003) and ATSDR (2007). In rodents and humans, following inhalation exposure, over
60% of the inhaled dose of xylene is rapidly absorbed into the blood and distributed around the
body. Due to its lipophilicity (high Kow), xylene partitions primarily into lipid-rich tissues such as
adipose and brain. The blood concentration of xylene declines rapidly as soon as exposure ends.
The movement of xylene out of the blood follows first-order kinetics with a biphasic pattern, the
first phase having a half-life of 0.5 to 1 hour, and the second phase a half-life of 20 to 30 hours.

Xylene metabolism occurs rapidly in the liver, and the primary route starts with oxidation of one of
the methyl groups by microsomal CYP2E]1, followed by conjugation with glycine and excretion in

urine as methylhippuric acid (MHA) derivatives. Urinary MHAs account for over 95% of the
absorbed xylene, and levels increase rapidly during the first 2 hours of exposure, reaching a peak
during or immediately following the cessation of exposure, at which time the amount declines
significantly but remains detectable for several days. Minor metabolites include methylbenzyl
alcohols, glucuronic conjugates, and xylenols. A small fraction (less than 5%) of the absorbed
xylene is rapidly eliminated unchanged in expired air, and trace amounts of unchanged xylene are
eliminated in urine. The metabolic pathway of p-xylene is shown in Figure 3.

Residential Indoor Air Quality Guidelines for Xylenes

15



Figure 3. Proposed pathway for the metabolism of p-xylene (adapted from US EPA

2003; ATSDR 2007)
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Figure 3: Proposed pathway for the metabolism of p-xylene (adapted from US EPA 2003; ATSDR 2007). p-Xylene is
shown as representative of all three xylene isomers. O- and m-xylenes are expected to follow the same pathway.
Glucuronidation may only occur under conditions of high dose administration.

The three xylene isomers have similar chemical properties, such as log Kow, and exhibit similar
patterns of absorption and distribution. In addition, the tissue/air partition coefficients (liver, fat,
and muscle) and blood/air partition coefficients are similar (Adams et al. 2005; ATSDR 2007).
Metabolism of the three isomers occurs via the same enzymatic pathway, resulting in urinary
excretion of the corresponding MHA isomer as the predominant metabolite (See Figure 3).
However, Adams et al. (2005) did note a slightly higher blood clearance of m-xylene, which was
consistent with earlier findings of higher urinary clearance of that isomer. p-Xylene and o-xylene
readily cross the placenta and are distributed in amniotic fluid and embryonic and fetal tissues in
mice (ATSDR 2007). Ungvary et al. (1980) showed the presence of o-xylene in fetal blood and
amniotic fluid of rats.

Xylene metabolism is a saturable process, but saturation is only expected to occur at high
concentrations. For example, a study in rats suggested that saturation occurs at a concentration
above 225 ppm; and PBPK (physiologically based pharmacokinetic) modelling in humans suggests
a linear relationship up to a concentration of 500 ppm (ATSDR 2007). As shown in section 3,
levels in Canadian homes are well below this (highest 95th percentile of 213 pg/m?® or less than
0.05 ppm).
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Other VOCs including benzene, toluene, and ethylbenzene inhibit xylene metabolism by
competing for the same liver enzymes (i.e., CYP2E1). However, data in humans as well as PBPK
modelling in rats and humans suggest that xylene metabolism is unlikely to be inhibited at VOC
concentrations to which the general population is exposed (ATSDR 2007; Health Canada 2014;
Valcke and Haddad 2015; Marchand et al. 2016). Ethanol is also a substrate of CYP2E1; in
addition to competing for binding sites, it induces enzyme activity. Therefore, alcohol
consumption may affect xylene metabolism in individuals (MacDonald et al. 2002).

Several polymorphisms have been identified that influence CYP2E1 gene expression or enzyme
activity (reviewed in Wang et al. 2020); however, there are no available studies that examine
CYP2E1 polymorphism and xylene metabolism specifically. In a study of 17 human subjects,
Ernstgard et al. (2003) found that despite a greater than 10-fold difference in CYP2EI activity
between individuals, there was no correlation with any toxicokinetic parameters of m-xylene. As
only one subject had a different CYP2EI genotype, no comparison could be made between
CYP2E1 genotype and xylene metabolism. Despite the lower expression and activity of
cytochromes including CYP2E1 in newborns and young children, PBPK modelling suggests that
there is not significant variability in terms of the level of xylene metabolism in children compared
to adults (Pelekis et al. 2001; Valcke and Krishnan 2011; Valcke and Haddad 2015).

4.2 Physiologically Based Pharmacokinetic Modelling

Several PBPK models for m-xylene inhalation in rats have been described in US EPA (2003) and
ATSDR (2007). These models use inhaled and exhaled xylene concentrations and blood/gas and
tissue/gas partition coefficients to predict blood and tissue concentrations, assuming saturable
metabolism in the liver. Some of the models were also applied to mixtures (i.e., xylene and other
aromatic compounds such as toluene, benzene, and ethylbenzene). US EPA (2003) and ATSDR
(2007) also reported validation of some models in rats and humans.

The US EPA (2003) used the rat model to predict the blood concentration at the duration-adjusted
NOAEL of 39 mg/m? from the critical study selected for their RfC derivation (Korsak et al. 1994).
The resulting blood concentration of 144 ng/L was used in the human model to predict a
corresponding human exposure concentration (HEC) of 41 mg/m?. The US EPA (2003) also used
the rat model to predict the arterial blood concentration in rats during the same 13-week study.
Exposure in the study was intermittent (6 hours per day, 5 days per week), and the model showed a
rapid rise and fall in blood concentration corresponding to each exposure period. The US EPA then
estimated the equivalent HEC using various approaches (overall time-weighted average [TWA]
blood concentration averaged over 1-hour intervals for 13 weeks, the maximum blood
concentration for any given exposure, and the midpoint between the maximum and minimum on
any given day of exposure). They noted that the approach using the TWA likely gives the most
realistic estimate of exposure in the rat study; this approach resulted in a HEC of 46 mg/m?>.

ATSDR (2007) noted that PBPK modelling suggests that the urinary excretion of m-
methylhippuric acid following m-xylene exposure in humans is linear at exposure concentrations
up to 500 ppm (2 170 mg/m?) and may be slower in individuals with a greater percentage of body
fat. Some of the other parameters that influence within-species variability of tissue and blood doses
following inhalation exposures include body weight, ventilation rate, fraction of cardiac output
flowing to the liver, blood/air partition coefficient, and hepatic extraction ratio (ATSDR 2007).
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Using individual measured data and PBPK modelling, Adams et al. (2005) suggested that the
actual body burden of xylene could vary significantly, even among equivalently exposed subjects.
Differences in diet, alcohol consumption, and stress could affect variation in respiratory and blood
physiological parameters, accounting for some of this variability (ATSDR 2007).

4.3 Biomonitoring

Xylene in blood has been measured in the general population as an indicator of recent exposure. In
the 5th cycle of the CHMS, VOCs were measured in blood of over 2 500 subjects, aged 12 to 79
(Health Canada 2019). The median and 95th percentiles of m-, p-xylene in blood were 0.065 and
0.39 pg/L, respectively; the median and 95th percentiles of o- xylene in blood were 0.020 and 0.10
ng/L, respectively. US national biomonitoring data from the National Health and Nutrition
Examination Survey (NHANES) are also available; median blood levels of m-, p-xylene and o-
xylene were reported as 0.19 and 0.11 pg/L, respectively in a sample from 1988—-1994, and similar
levels were reported in more recent general population studies in the US (US CDC 2017). In
several other countries including Mexico, Italy, and Germany, blood xylene levels of 0.05 to 0.7
ng/L have been reported in non-occupationally exposed subjects (ATSDR 2007).

Smokers can have blood o- and m-, p-xylene levels that are each about twice as high as those for
non-smokers (US CDC 2017). Kirman et al. (2012) used NHANES data for 314 smokers and 876
non-smokers, and noted that the geometric mean (GM) of blood concentrations of total xylene for
smokers was 0.26 pg/L, whereas non-smokers had a GM of 0.16 pg/L. Similarly, Faure et al.
(2020) calculated blood concentrations of xylene in 402 smokers and 1 967 non-smokers from the
CHMS and reported that the GM and 95th percentiles were considerably higher for smokers (0.17
ng/L and 0.44 pg/L) than for non-smokers (0.066 pg/L and 0.26 pg/L).

Aylward et al. (2010) used PBPK modelling to estimate that the steady-state blood xylene
concentration at the US EPA RfC of 100 ug/m* would be 0.3 pg/L. Blood concentrations above
this biomonitoring equivalent (BE) could indicate that the population is exposed to xylene
concentrations above the US EPA RfC. The data presented by Faure et al. (2020) indicate that the
GM blood concentration of xylene in the Canadian general population is below the BE. Although
the 95th percentile for smokers does exceed the BE, the GM is generally a more appropriate
measure of long-term population biomarker concentration (Aylward et al. 2013).

The main urine metabolite of xylene, MHA, is generally only measured in occupational settings,

and reflects recent exposure. Methods for measuring MHA in urine may not be sensitive enough to
use in investigations of xylene exposure for the general population (ATSDR 2007).

5.0 HEALTH EFFECTS

Relevant studies on the health effects of xylene (including studies on individual isomers as well as
mixed isomers and technical grade xylene) published up to April 2020 were reviewed. Although
xylene is a component of tobacco smoke, studies of tobacco smoke were excluded as tobacco
smoke is a complex mixture that contains many known toxins and carcinogens, and its health
effects are not addressed in this document. Routes of exposure other than inhalation (i.e., ingestion
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and dermal) were not considered physiologically relevant. Health Canada evaluated the original
studies identified as key in the derivation of the recommended exposure limits for xylene (see
section 6). Other relevant information was drawn from previous authoritative reviews of the health
effects of xylenes: (a) ATSDR’s (2007) Toxicological Profile for Xylene; (b) US EPA’s

(2003) Toxicological Review of Xylenes; (c) CalEPA’s (2000) Xylenes Reference Exposure Levels;
(d) CalEPA’s (2012) Evidence on the Developmental and Reproductive Toxicity of Xylene and

(e) Environment Canada and Health Canada’s (1993) Priority Substances List Assessment Report:
Xylenes.

Details of the key human exposure and toxicological studies presented below can also be found in
appendices B and C.

5.1 Effects in Humans

The limited available information on the toxicity of xylene to humans comes from single exposure
volunteer studies, case reports of accidental exposure to very high concentrations, and studies of
occupational exposures in which subjects were exposed to a mixture of solvents.

Single controlled exposure studies in volunteers and a case study of accidental high concentration
exposure reported eye, nose and throat irritation, as well as some neurological symptoms including
headaches, dizziness, and nausea. Mixed results were observed in tests of memory or reaction
times following acute exposure of healthy volunteers.

Occupational studies showed similar effects such as irritation (eye irritation, sore throat), and
central nervous system (CNS) symptoms including a floating sensation, headache and confusion,
as well as effects in some neurological endpoints including tests of memory, colour vision, and the
central auditory nervous system. These studies were limited by poorly defined exposure
concentrations and durations and co-exposure to multiple chemicals, as well as by the timing of the
symptom survey or testing, and in some cases, the subjective nature of self-reporting of symptoms.

The few available epidemiological studies on non-occupationally exposed groups were not of
sufficient quality to draw conclusions about the effects of xylene exposure; however, they lend
support to the overall weight of evidence showing that xylene has neurological effects.

5.1.1 Acute exposure

A minimal increase in subjective symptoms (headache, dizziness, feeling of intoxication) was
observed during exposure in a study of 56 healthy volunteers (28 male, 28 female) exposed for

2 hours to 50 ppm m-xylene, compared to exposure to clean air or 150 ppm isopropanol (each
subject experienced the three exposures, with an interval of 2 weeks in between) (Ernstgard et al.
2002). Slight respiratory effects were also reported by subjects during exposure (increased
discomfort in throat and airways in women and breathing difficulty in both sexes). No mention
was made of whether the subjective symptoms continued after exposure was terminated, although
the study protocol included conducting a questionnaire 20 and 230 minutes post-exposure. In
addition to symptom rating, the study included pulmonary function measurements and assessments
of nasal swelling, nasal inflammation, and colour vision before, immediately after, and 3 hours
after exposure. The only difference was a small reduction in forced vital capacity (FVC) in women
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only, 3 hours after (but not immediately after) xylene exposure ended. The difference was
expressed as percent change compared to before xylene exposure and was significant relative to
clean air exposure. The study authors proposed that factors contributing to the difference between
women and men could include estrogen or smaller body size (and therefore smaller airway size
and greater sensitivity). Additional studies are needed to explore these sex-based differences.
ATSDR (2007) determined a minimal LOAEL of 50 ppm (217 mg/m®) m-xylene from this study,
and used this value to derive an acute duration minimal risk level (MRL).

The US EPA (2003) cited several studies of volunteer exposure to xylenes at concentrations of 100
to 400 ppm for up to 4 hours, which suggest CNS effects including mild nausea, headache,
reversible effects on balance and reaction times, and impaired performance on tests of memory and
reaction times. However, in other studies using similar concentrations and exposure durations,
effects were not observed; for example, there was no impairment of performance in tests of simple
reaction time, short-term memory, or choice reaction time, and no changes in visually evoked brain
potentials or electroencephalogram (EEG) patterns in several studies at 200 ppm (US EPA 2003).
Carpenter et al. (1975) noted that at 230 ppm, 1 of the 6 volunteers felt dizzy during the last 2
minutes of the 15-minute exposure; none reported dizziness at 110 ppm.

Symptoms of irritation (e.g., watering eyes and sore throat) were reported in studies of volunteers
exposed to 200400 ppm xylenes for 15 minutes to 4 hours (US EPA 2003). Nose and throat
irritation were also reported following exposure to mixed xylenes at an estimated concentration of
200 ppm but not 100 ppm for 3—5 minutes (Nelson et al. 1943). No increase in reports of nose and
throat irritation was noted, and no change in eye blinks per minute or breaths per minute was
observed in a study of 50 healthy male subjects exposed to mixed xylenes at concentrations of up
to 400 ppm for 30 minutes; in the same study, eye irritation was reported by 90% of the subjects at
400 ppm, 70% at 200 ppm, and 60% at 100 ppm, compared to 56% of control subjects (Hastings et
al. 1984 cited in NRC 2010; CalEPA 1999).

The US EPA (2003) noted that “concentrations around 100-200 ppm are close to the threshold
level for short-term reversible neurological and irritation effects from xylenes.” CalEPA (1999)
and the European Commission (2005) derived acute (1-hour) RfCs based on a NOAEL of 100 ppm
(434 mg/m?) for eye, nose and throat irritation in the studies by Hastings et al. (1984), Nelson et al.
(1943), and Carpenter et al. (1975).

In a case study of 15 workers accidentally exposed to xylene vapours at an estimated concentration
of up to 700 ppm for up to an hour, each worker experienced at least two symptoms, including
headache, nausea, vomiting, dizziness or vertigo, eye irritation, and nose or throat irritation

(US EPA 2003).

5.1.2 Long-term exposure
Neurological Effects

One occupational study was identified in which xylene was described as the primary exposure
(Uchida et al. 1993), although other solvents were present also. Workers were selected based on a
single day personal exposure measurement in which at least 70% of the solvent detected was
xylene, and exposure was assumed to be the same for the entire 7-year study period. The mean
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xylene concentration (TWA) of personal exposure measurement) was 14 ppm. The day after
exposure was measured, a health survey was done. The prevalence of subjective symptoms during
the work shift and in the previous 3-month period was significantly higher in exposed workers
compared to that for non-exposed workers. When the exposed individuals were divided according
to xylene concentration (1-20 ppm or >21 ppm), eye irritation, sore throat, and a floating sensation
showed a concentration-related increase for symptoms reported during the work shift, whereas
poor appetite was the only concentration-dependent symptom reported for the previous 3 months.
ATSDR (2007), CalEPA (2000), and the EU (2005) considered the mean TWA concentration of
14 ppm (61 mg/m?) to be a LOAEL and used it as the basis for their exposure limits. The US EPA
(2003) did not use this study to derive their RfC, and described many study limitations, including a
lack of reporting on the duration of exposure, co-exposure to other chemicals, no clear
demonstration of relationships between response and dose or duration, and the inherent bias
associated with self-reporting of symptoms.

More recent occupational exposure studies also suggest neurotoxicity but have limitations like
those of the Uchida study. In a study of shipyard painters (Lee et al. 2005), although co-exposure
to multiple solvents was identified, xylene accounted for the highest concentration in air. The
exposed group of painters had significantly different results in a test of memory (SD, symbol digit
substitution test) and in finger tapping speed (FT) compared to unexposed controls. Increased
duration of exposure (<10 years vs. >20 years) also showed differences in these test results. Simple
reaction time was not impacted in any of the analyses. The authors did not look at lead or other
inorganic contaminants that may have been present in the workplace. A later study on shipyard
painters also reported that, among the solvents identified, xylene had the highest concentration in
air (mean concentration of 10 ppm), and therefore the urine metabolite MHA was measured in
exposed workers and controls. The MHA concentration in urine was significantly correlated with
results on the colour confusion index test, which the authors note can be an important indicator of
the preliminary stages of nervous system disorders in workers exposed to multiple solvents (Lee et
al. 2013) These studies are of limited value because of the multiple co-exposures, including
toluene, ethylbenzene, and methyl isobutyl ketone.

A case study of 5 women laboratory workers exposed to xylene for 1.5 to 18 years reported CNS
effects including headache and confusion (US EPA 2003). Subjects also reported chest pain,
electrocardiogram abnormalities, dyspnea, cyanosis of the hands, and impaired lung function.

Two recent studies in non-occupationally exposed populations were identified that examined
associations between xylene exposure and neurological symptoms. Werder et al. (2019) measured
levels of xylene and other chemicals in the blood of 690 non-occupationally exposed adults and
conducted a survey on the frequency of neurological symptoms during the 30 days prior. Blood
xylene concentrations were 0.06, 0.13, and 0.25 ng/mL (ng/L) at the 25th, 50th, and 75th
percentiles, respectively. The study authors stated that for xylene, most associations were
confounded by co-exposures. However, in models restricted to non-smokers and adjusted for
confounders (including blood concentrations of benzene, toluene, and ethylbenzene), there was an
association between multiple CNS symptoms and the second, third, and fourth quartiles of blood
xylene concentration, as well as an exposure-response trend. The CNS symptoms surveyed were
dizziness, headache, nausea, sweating, and palpitations. Norback et al. (2017) measured indoor
concentrations of multiple pollutants in 32 classrooms at 8 schools in Malaysia. The median xylene
concentration measured by passive sampling for 1 week was 78.4 pg/m? (0.02 ppm). Higher
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xylene levels were associated with self-reported fatigue in the past 3 months in the 462 students
surveyed; however, there was no adjustment for co-exposure to other contaminants. No association
was observed between xylene concentration and reported headache or mucosal symptoms. These
studies were not of sufficient quality to draw conclusions about the effects of higher xylene
exposure in the general population; however, they lend support to the overall weight of evidence
for xylene exposure and neurological effects.

Auditory Effects

Several studies have identified occupational exposure to solvents and noise as a potential risk
factor for hearing loss. However, in most of these studies, workers were exposed to multiple
solvents with or without co-exposure to excessive noise; therefore, no conclusions could be drawn
about the effect of xylene specifically on hearing loss.

One study (Fuente et al. 2013) was identified that looked specifically at the effect of occupational
exposure to xylene (without co-exposure to other solvents) on the auditory systems. The exposed
group of 30 subjects were medical laboratory workers for whom xylene is likely to be the primary
exposure due to its use as a tissue sample processing agent. None of the workers were exposed to
excessive noise. The subjects described their work history in order to estimate the exposure
duration, the concentration of xylene in air was measured on a single day, and urine was sampled
after the last day of a work week to measure MHA. The mean xylene concentration measured in
air was 36.5 mg/m?® (range 8-217 mg/m?), and the mean duration of exposure was 11.8 years
(range 2-29 years). Tests of both peripheral and central auditory function were conducted on all
exposed and control subjects. The xylene-exposed participants showed significantly worse results
in some tests including pure-tone thresholds, pitch pattern sequence test, dichotic digit test, speech
recognition in noise test, and auditory brainstem response. An estimate of cumulative dose was
also obtained using the reported exposure duration and the urine MHA concentration; participants
with a higher cumulative dose had poorer test results than those with a low cumulative dose. The
study authors suggested that xylene is associated with adverse effects on the central auditory
nervous system and sound detection abilities in humans, and proposed that the effect of xylene on
the auditory system at least partially relates to neurotoxicity at the brainstem level. The authors
acknowledged the study limitations, including the timing of the exposure measurements and
testing.

A case study (Fuente et al. 2012) reported that the suspected cause of hearing loss in a histology
laboratory worker was exposure to xylene for 20 years.

Reproductive/Developmental Effects

The US EPA (2003) described some occupational exposure studies looking at rates of spontaneous
abortions in workers; however, exposure was to multiple chemicals, and the number of cases was
small. Therefore, these studies are not useful for characterizing xylene toxicity. Similar limitations
were noted for some more recent studies. Cho et al. (2001) found increased prevalence of
oligomenorrhea (menstrual cycle longer than 35 days) in exposed petrochemical workers
compared to controls, but all the workers exposed to xylene were also exposed to toluene and
benzene, and some were also exposed to styrene. Similarly, Desrosiers et al. (2015) looked at the
birth weight of babies born to mothers who were occupationally exposed to solvents; however,
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they could not estimate the effect of exposure to xylene due to the small number of xylene-exposed
women and co-exposure to other chemicals. Lehman et al. (2002, cited in CalEPA 2012) found
that levels of m-, p-xylene in the air of infants’ homes were associated with cytokine-producing
cord blood T-cells in unadjusted analyses but not after adjusting for maternal smoking during
pregnancy, family atopy history, and gender.

Respiratory effects

Multiple studies looking at associations between air pollutant concentrations (including xylene)
and respiratory effects such as lung function, asthma, rhinitis, or wheezing were identified.
Although some associations were observed, no conclusions could be drawn regarding the effect of
xylene exposure, primarily due to multiple pollutant exposures.

A few studies that included biomonitoring were identified; however, these studies were also
confounded by multiple pollutant exposures. Elliott et al. (2006) measured pulmonary function
associated with blood concentrations of xylene and other VOCs in the general population of the
US. No association was found between xylene and any of the pulmonary function tests. Kwon et
al. (2018) studied 34 subjects before and after moving to a new rehabilitation facility, where they
spent 8 hours a day or more. The urinary levels of o-MHA, m-MHA, and p-MHA increased
significantly after the move, indicating an increase in xylene exposure. No changes were observed
in the levels of the other VOC metabolites. No significant correlations were observed between
changes in urinary levels of xylene metabolites and lung function tests before and after the move.
Yoon et al. (2010) studied 154 Koreans and compared urinary metabolites of BTEX with lung
function. The levels of MHA were negatively associated with FEV1 and FEV1/FVC. No
association between air xylene and urine MHA was observed, making it even more difficult to
draw conclusions.

5.1.3 Carcinogenicity

The International Agency for Research on Cancer (IARC) (1999) classifies xylenes as Group 3
“not classifiable as to their carcinogenicity in humans” and concludes that there is inadequate
evidence in humans. IARC reviewed several studies investigating the carcinogenicity of xylenes in
humans but concluded that “In view of the multiple exposure circumstances in most studies, the
multiple inference context of these studies, and the weak consistency of the findings, these results
are not strong enough to establish whether there is an association with xylene exposure.”

Similarly, the US EPA (2003) states that under the Draft Revised Guidelines for Carcinogen Risk
Assessment (1999), data are inadequate for an assessment of the carcinogenic potential of xylenes.
Although some occupational studies have suggested possible carcinogenic effects of xylene
exposure, they were not considered adequate to determine the carcinogenicity of xylenes, due to
their small sample size (including a small number of cases), uncertainty related to exposure level,
multiple solvent exposure, and short latency period (US EPA 2003),

More recent studies looking at associations between occupational exposures and risk of lung

cancer, prostate cancer, leukemia, lymphoma, or multiple myeloma did not provide additional
information on the carcinogenic potential of xylene, as the exposures were to multiple solvents
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including benzene and toluene (Miligi et al. 2006; Costantini et al. 2008; Cocco et al. 2010; Blanc-
Lapierre et al. 2018; DeRoos et al. 2018; Warden et al. 2018).

5.1.4 Genotoxicity

No increases in the frequency of sister chromatid exchanges or chromosomal aberrations were
observed in peripheral lymphocytes in individuals exposed to xylenes by inhalation in an
occupational or experimental setting (US EPA 2003; ATSDR 2007).

More recent studies were inconclusive regarding a possible association between xylene exposure
and deoxyribonucleic acid (DNA) damage. In a study of pathology laboratory technicians, where
xylene was the main solvent used, De Aquino et al. (2016) found a higher frequency of DNA
strand breaks in blood cells (Comet assay) in technicians than in controls, as well as in the
technicians’ blood at the end of the work week compared to the start of the week (Friday vs.
Monday). There were no differences in micronucleus frequency in buccal cells. Bagryantseva et al.
(2010) showed that garage workers had a higher frequency of DNA strand breaks in peripheral
lymphocytes compared to controls; however, in addition to elevated xylene, workers were exposed
to higher levels of other solvents including benzene and polycyclic aromatic hydrocarbons.

Mixed results were obtained in studies looking at xylene exposure and markers of oxidative stress
and oxidative DNA damage. Moro et al. (2010) reported a correlation between urine MHA with
MDA (a lipid peroxidation biomarker) and ALA-D (an oxidative stress biomarker) in
occupationally exposed painters, and Yoon et al. (2010) reported an association between urine
MHA with MDA and 8-OHdG (a marker of oxidative DNA damage) in non-occupationally
exposed subjects. However, several other recent studies reported no associations between levels of
urinary metabolites of xylene and oxidative stress biomarkers in occupationally and non-
occupationally exposed subjects (Bagryantseva et al. 2010; Kim et al. 2011; Kwon et al. 2018).

Overall, the limited available evidence does not indicate that xylenes are genotoxic in humans.
5.2 Toxicological Studies

5.2.1 Neurological effects

General Neurotoxicity (movement, behaviour, and learning tests)

Several studies of repeated exposure (1-6 months) in rats identified an effect level of 100 ppm in
tests of motor coordination, pain sensitivity, spontaneous movement, and learning. In addition,
single exposure studies in rats and mice showed deficits in neurotoxicity tests following as little as
30 minutes of exposure to xylenes at concentrations of 1 400 ppm and up.

In the key study for the US EPA Integrated Risk Information System RfC (US EPA 2003), Korsak
et al. (1994) exposed rats by inhalation to 0, 50 or 100 ppm m-xylene for 6 hours per day, 5 days
per week, for 3 months. The rotarod test for motor coordination was conducted after 1, 2 and 3
months of exposure, and the hot plate test for pain sensitivity was conducted only at the end of the
3 months. Both tests were conducted 24 hours following the termination of the exposure period. In
the rotarod test, the animals are placed on a rotating rod and their ability to remain on the rod for
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2 minutes is evaluated. The rats exposed to m-xylene showed decreased performance at all 3 time
points, with an 8% failure rate for the 50 ppm exposure group and a 33% failure rate for the

100 ppm group, compared to 0% for the controls (statistically significant for the 100 ppm group).
The failure rates were the same after 1, 2 and 3 months of exposure. In the hot plate test, the time
between when the animal is placed on a hot plate and when it licks its paws is measured. The rats
exposed to m-xylene had a statistically significant increase in pain sensitivity (12.2, 8.6, and 8.7
second response time for controls, 50 ppm and 100 ppm, respectively). The US EPA (2003)
determined that 100 ppm (434 mg/m?) is the LOAEL, and 50 ppm (217 mg/m?) is the NOAEL for
the study, based on the rotarod test results. The hot plate test results were not considered as
reliable, because the opposite effect (decreased pain sensitivity) was observed in another study
(Gralewicz and Wiaderna 2001).

In a related study, Korsak et al. (1992) exposed rats to m-xylene at a concentration of 100 ppm for
6 months or 1 000 ppm for 3 months (6 hours per day, 5 days per week). The failure rate in the
rotarod test was approximately 35% 24 hours after the 6-month 100 ppm exposure, and 60% 24
hours after the 3-month 1 000 ppm exposure (0% in the controls; both exposed groups were
statistically different from the controls). Spontaneous movement also decreased significantly with
exposure, from about 800 per hour in controls to 400 per hour, after 6 months of exposure to 100
ppm m-xylene. The results for the 3-month 1 000 ppm exposure are not shown, but the authors
state that there was a decrease in all exposed groups. The LOAEL for this study is the lowest test
concentration of 100 ppm (no NOAEL could be determined).

In a study to test learning, a radial maze test was conducted in control rats and rats exposed to
100 or 1 000 ppm m-xylene for 3 months. The test was done 70—83 days after the end of the
exposure period. Unlike the controls, exposed rats (at both concentrations) did not exhibit a
shortening of the time needed to complete a trial or a decrease in omission errors with successive
daily trials. The authors suggest that these results indicate a learning deficit in the exposed rats
(Gralewicz et al. 1995). In a follow-up study, Gralewicz and Wiaderna (2001) exposed rats to 100
ppm m-xylene for 4 weeks, and did not find a difference in radial maze performance 14—18 days
after the end of exposure. However, they did observe a significantly shorter step-down time in
exposed rats compared to control rats in a passive avoidance test conducted 3948 days after
cessation of exposure (in the last of 6 trials only), and a significant increase in latency to paw-lick
in the hot plate test conducted 5051 days post-exposure (in the last of 3 trials only). The authors
suggest that these changes indicate a decreased ability to inhibit locomotor response in a fear-
inducing environment. Both of these were supporting studies for the US EPA RfC derivation (US
EPA 2003).

Armenta-Resendiz et al. (2019) exposed male rats to m-xylene at concentrations of 0, 500, 1 000,
2 000, 4 000 or 8 000 ppm for 30 minutes. After a 3-minute break, behavioural tests were done
(defensive burying behaviour task, step-through avoidance learning task, hot plate test, shock
threshold test, social interaction and rotarod test). Results for the 500 and 1 000 ppm groups were
not shown. At 2 000 ppm, a clear and significant concentration-dependent decrease in latency was
observed in the passive avoidance test. At 4 000 ppm and up, there was a significant increase in
latency to paw-lick in the hot plate test. All of the remaining tests showed significant changes only
at the highest test concentration (8 000 ppm).
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Korsak et al. (1990, cited in US EPA 2003) exposed rats to a single isomer of xylene at
approximately 3 000 ppm for 6 hours and reported that the number of rats that failed the rotarod
test were 19/20, 6/20 and 1/20 for the o-, m-, and p- isomers, respectively. A 4-hour exposure to
xylene in rats resulted in decreased activity at concentrations above 1 900 ppm (US EPA 2003). In
a study in which mice were exposed to individual xylene isomers for 30 minutes, minimally
effective concentrations of 1 400-3 000 ppm were determined for disruptions in two neurological
tests (lever-pressing behaviour and inverted screen test) (US EPA 2003).

Neurological effects in developmental studies
Several developmental toxicity studies conducted in rats examined neurotoxicity endpoints.

In a study of prenatal exposure on neurological effects, Hass and Jacobsen (1993) exposed
pregnant rats to 200 ppm technical grade xylene on gestational days (GD) 6-20. The exact
composition of the test material was not given but the authors noted that technical grade xylene is a
mixture of the three isomers and could include up to 35% ethylbenzene. No maternal toxicity was
observed in the exposed dams. Statistically significant decreases in rotarod performance were
observed in female pups on postnatal day (PND) 22 and PND 23 (but not PND 24), and in male
pups on PND 23 (but not PND 22 or 24). However, the authors indicated that testers were not
blinded to the exposure status of the animals, and the animals were not tested on the same day. No
differences were observed in the time of development of the surface righting reflex, cliff avoidance
reflex, or auditory startle reflex. No LOAEL or NOAEL for developmental toxicity was identified
by the study authors or the US EPA; however, RIVM (2001) derived their tolerable concentration
in air (TCA) based on a LOAEL of 200 ppm (868 mg/m?®) from Hass and Jacobsen (1993), for
“behavioral impairment of offspring.”

In a later study, Hass et al. (1995) exposed pregnant rats to 500 ppm mixed xylenes (19% o-
xylene, 45% m-xylene, 20% p-xylene, and 15% ethylbenzene) on GD 7-20. No maternal toxicity
was observed in the exposed dams, and there were no statistically significant differences in birth
weight, pup weight, or organ weights, although mean birth weight per litter and mean brain
weights at day 28 were slightly decreased. In the rotarod test (conducted at age 24-26 days), the
percentage of animals unable to stay on the rod for the full 30 seconds was higher in exposed
animals on all 3 test days, with the greatest difference for females on day 3. The mean time was
also shorter for exposed animals in each trial. However, none of the differences were statistically
significant. There was no difference between control and exposed pups in developmental
milestones including surface righting reflex or auditory startle; however, the air righting reflex was
delayed by 1 day in the exposed group. No differences were observed in an open field test of
activity (at age 27-34 days). In the Morris water maze test of learning and memory (3 months of
age), there was no difference in the time to find the platform hidden in the pool, between control
pups and exposed pups that were housed in an “enriched” environment (i.e., with toys). However,
in exposed pups that had been in standard housing, there was a trend (not statistically significant)
towards increased time to find the platform during the learning phase of the test. In a subsequent
test following relocation of the platform, the difference in time was significant for exposed females
kept in standard housing relative to controls. The standard housed females of the exposed group
also showed a significant increase in swimming duration but no difference in swimming speed
compared to controls. Significant differences between exposed and control female offspring in the
time to find the platform in the Morris water maze were observed at ages 16 and 28 weeks, but not
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at age 55 weeks (Hass et al. 1997). The authors suggested that this could be due to partial reversal
of the effect or compensation due to practice. A LOAEL of 500 ppm (2 170 mg/m?®) was identified
for the water maze effects (Hass et al. 1995). The US EPA noted that the effect was minimally
adverse and possibly reversible.

No effects on acoustic startle response or the figure-8 maze test were observed between control rat
pups and those born to dams who had been exposed to 800 or 1 600 ppm p-xylene on gestation
days 7-16 (Rosen et al. 1986).

5.2.2 Auditory effects

In studies on rats exposed to xylenes for 3 to 13 weeks, LOAELs of 250—1 800 ppm (1 085—
7 812 mg/m?) were identified for hearing deficits, increased auditory response thresholds, or hair
cell loss.

Gagnaire et al. (2001) exposed male rats to individual xylene isomers at 0, 450, 900 or 1 800 ppm
for 13 weeks (6 hours/day, 5 days/week), and conducted audiometric tests and cochleograms
during and after exposure. Significant reductions in brainstem auditory-evoked potential and
number of cochlear hair cells were observed at every time point, including after an 8-week
recovery period, in the group exposed to 1 800 ppm p-xylene. Moderate outer hair cell (OHC) loss
was seen in the 900 ppm p-xylene group, with no impact on auditory thresholds. No effects were
observed with o- or m-xylene at any concentration.

Gagnaire et al. (2007a) exposed male rats for 13 weeks to 0, 250, 500, 1 000 or 2 000 ppm mixed
xylenes of two different compositions (6 hours per day, 6 days per week, 14 animals per group).
Auditory thresholds were tested at the end of the 4th, 8th and 13th weeks of exposure and at the
end of an 8-week recovery period. No shift in audiometric thresholds was observed in the controls
or in the groups exposed to 250 and 500 ppm of both test mixtures. Threshold shifts in groups
exposed to higher concentrations were observed and increased slightly throughout the exposure.
No recovery was observed 8 weeks after the end of exposure. Following the 8-week recovery
period, a histological examination was done to determine the amount and location of hair cell loss
in the cochlea. For the mixed xylenes composed of 20% o-xylene, 20% p-xylene, 40% m-xylene,
and 20% ethylbenzene, one animal in the 250 ppm group and one in the 500 ppm group had
significant OHC losses in the organ of Corti. Animals in the 1 000 ppm group had significant OHC
loss also, and the 2 000 ppm group had almost complete loss of OHCs and some loss of inner hair
cells. The damage was less extensive in the animals exposed to mixed xylenes with more o-xylene
(30%) and m-xylene (50%) and less p-xylene (10%) and ethylbenzene (10%). The LOAEL for the
more sensitive endpoint (hair cell loss) is 250 ppm (no NOAEL), whereas the LOAEL and
NOAEL for irreversible hearing loss are 1 000 and 500 ppm, respectively. As both test mixtures
contained ethylbenzene, which also has ototoxic properties (Gagnaire and Langlais 2005), the
effects cannot necessarily be attributed to xylenes; however, the authors note that the role of p-
xylene in the mixtures should not be ruled out completely.

Maguin et al. (2006) also conducted otological tests in rats, 4 weeks following exposure to o-, p-,

or m-xylene at 0 or 1 800 ppm for 3 weeks (6 hours per day, 5 days per week). A permanent shift
in auditory threshold and severe OHC losses in the cochlea were observed in the group exposed to
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p-xylene, but not in controls or in animals exposed to o- or m-xylene. The LOAEL for p-xylene is
1 800 ppm (no NOAEL).

Hearing loss measured by both behavioural assessment of auditory thresholds and brainstem
auditory-evoked response was observed in rats exposed to mixed xylenes (10% p-xylene, 80% m-
xylene, 10% o-xylene) at 800 ppm for 6 weeks. A decrease in auditory sensitivity (brainstem
auditory response) was noted in rats following 9 weeks of exposure to mixed xylenes at 1 000 ppm
(US EPA 2003).

Wathier et al. (2019, 2016) examined the middle ear reflex (MER) and cochlear histology of
anesthetized and tracheotomized rats exposed to 3 000 ppm xylene isomers twice for 15 minutes
with a break of 20 minutes between exposures. There was a transient increase in the MER
amplitude during and after exposure, which was most pronounced for p-xylene, and less
pronounced but still significant for m-xylene. No difference was observed in the MER of animals
exposed to o-xylene, or in the morphology of the cochlea for any isomer, and there was no
correlation between MER change and brain xylene concentration.

5.2.3 Reproductive and developmental effects

Developmental toxicity studies including neurotoxicity test endpoints are described in

section 5.2.1. A developmental LOAEL of 500 ppm (2 170 mg/m?) in rats was determined based
on minimal and reversible decreases in performance in the Morris water maze (Hass et al. 1995,
1997).

In the study by Hass and Jacobsen (1993) (described in section 5.2.1), no maternal toxicity was
observed in pregnant rats exposed to 200 ppm technical grade xylene on GD 6-20. Fetuses from
exposed dams had an increased incidence of delayed ossification of os maxcillare in the skull, with
18 out of 26 exposed litters affected compared to 2 out of 22 control litters. The study authors also
noted higher pup weight (significant in males at birth, and in both males and females at day 28 but
not day 14) and significantly earlier eye opening and ear unfolding. No NOAEL or LOAEL was
identified, in part due to study limitations (see section 5.2.1).

Additional reproductive and developmental toxicity studies are summarized in the following
paragraphs. In several of these studies, rat maternal body weight decreases were observed at and
above 500 ppm. In one study, severe maternal toxicity in rabbits was observed at 230 ppm but not
at 115 ppm. No reproductive toxicity was observed at up to 500 ppm in a one-generation study in
rats, and no male fertility effects were seen at concentrations of up to 1 000 ppm in another rat
study. Fetal body weights were decreased in rats at concentrations of 350 ppm and above in several
studies, and in some studies an increase in dead or resorbed fetuses or decreased litter size was
observed at concentrations of 700 ppm and above.

In a one-generation study (Bio/dynamics 1983, as cited in US EPA 2003), no maternal or
developmental toxicity was observed in rats exposed to up to 500 ppm technical grade xylene
before mating, during gestation and during lactation (6 hours per day, 5 days per week). There
were also no reproductive effects in the parental generation. A NOAEL of 500 ppm was identified
for reproductive and developmental toxicity (US EPA 2003).
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Nylén et al. 1989 exposed male rats to 0 or 1 000 ppm xylene (isomer/composition not stated) for
61 days (18 hours per day, 7 days per week). Two weeks or 10 weeks after the end of exposure,
there was no change in the percentage of intact spermatozoa, the percentage of spermatozoa with
normal heads and tails, or testis weight. There was also no change in ventral prostate weight,
noradrenaline concentration in vas deferens or plasma testosterone 2 weeks after the end of
exposure (these parameters were not examined at the 10-week point). In addition, 3 exposed rats
were reported to have been fertile when tested 14 months after cessation of exposure. The US EPA
(2003) reported a NOAEL of 1 000 ppm xylene for testicular and fertility effects in male rats from
this study.

No effect on litter size, pup weight or growth rate were observed between control rat pups and
those born to dams who had been exposed to 800 or 1 600 ppm p-xylene on gestation days 7—16
(Rosen et al. 1986). Maternal body weight gain was decreased at 1 600 ppm but not 800 ppm,
compared to controls. US EPA considered 800 ppm a NOAEL for maternal toxicity (LOAEL of
1 600 ppm), and 1 600 ppm a NOAEL for developmental toxicity.

Ungvary et al. (1980) exposed pregnant rats to individual xylene isomers for 24 hours per day on
gestation days 7—14. The US EPA (2003) identified maternal NOAELSs of 350 ppm and LOAELs
of 700 ppm for each isomer, based on body weight decrease. Developmental NOAELs of 350 ppm
for m-xylene (decreased fetal weight at 700 ppm) and p-xylene (decreased fetal body weight,
decreased litter size, and post-implantation loss at 700 ppm), and 35 ppm for o-xylene (decreased
fetal body weight at 350 ppm) were also identified (US EPA 2003). The US EPA (2003) also
identified NOAELSs of 230 ppm for maternal and developmental toxicity in rats exposed to
technical grade xylene for 24 hours per day on gestation days 9—14 (230 ppm was the only test
concentration in the study) (Hudak and Ungvary 1978). Similarly, no maternal or developmental
toxicity was observed at up to 400 ppm mixed xylenes in rats exposed for 6 hours per day on
gestation days 615 (Litton 1978 as cited in US EPA 2003). However, in rats exposed to mixed
xylenes for 24 hours per day on gestation days 7-14, a NOAEL of 440 ppm was identified based
on an increase in dead or resorbed fetuses at 780 ppm (Ungvary and Tatrai 1985).

Only one study in rabbits was identified (Ungvary and Tatrai 1985). Pregnant rabbits were exposed
to mixed xylenes or a single isomer on gestation days 7-20 (24 hours per day). At a concentration
of 230 ppm, severe maternal toxicity and no live fetuses were observed, but at a concentration of
115 ppm, there was no indication of maternal or developmental toxicity (based on fetal survival,
weight, malformations or variations). This study was also the only mouse developmental toxicity
study identified: no increase in fetal malformations or variations was observed in mouse pups up to
the highest tested concentrations for mixed xylenes (230 ppm) and for individual isomers

(115 ppm).

According to the US EPA (2003), the studies by Ungvary (Hudak and Ungvary 1978; Ungvary et
al. 1980; Ungvary and Tatrai 1985) are limited by a lack of detailed reporting. The US EPA
commented that “interpretation of statistically significant findings for increased incidence of
fetuses with retarded skeletal ossification is difficult, given the inability to adjust for possible litter
size covariation and the relatively small magnitude of the increased incidences.” They also stated
that Ungvary and Tétrai (1985) did not report maternal body weight in a way that allowed for
determination of maternal NOAELs and LOAELSs for rats and mice (US EPA 2003).
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In a more recent developmental toxicity study on xylenes, Saillenfait et al. (2003) exposed
pregnant rats to o-, m-, or p-xylene or technical grade xylene at 0, 100, 500, 1 000 or 2 000 ppm on
gestation days 620 (6 hours per day). No significant changes were observed in the average
numbers of implantations and live fetuses, in the incidences of non-live implants and resorptions,
or in fetal sex ratio; and no malformations in pups were reported. There were, however, decreases
in maternal body weight gain at 1 000 ppm, decreases in fetal body weights at 500 or 1 000 ppm,
and some indications of delayed ossification or increased skeletal variations at 2 000 ppm. The
LOAEL for maternal toxicity based on decreased corrected body weight gain was 1 000 ppm for
all three isomers (NOAEL of 500 ppm). Fetal body weights were decreased at exposure
concentrations of 500 ppm and up for o-xylene and technical grade xylene (NOAELs of 100 ppm);
and at 1 000 ppm and up for p- and m-xylene (NOAELSs of 500 ppm).

5.2.4 Other effects

The US EPA (2003) described several subchronic and chronic gavage studies in rats and mice in
which complete histopathology was conducted. The only effects observed in a chronic study in rats
were decreased body weight and decreased survival in high dose males. Effects in subchronic
studies in rats were limited to decreased body weights as well as increased liver weight and
enzyme changes without histopathology (indicating an adaptive response), and increased kidney
weight and some nephropathy in one study. In mice, decreased body weight and transient signs of
nervous system depression were observed in a subchronic study, and hyperactivity was the only
effect observed in a chronic study. The US EPA (2003) concluded that the liver and kidneys are
not sensitive target tissues in animals.

No effects on body weight, organ weights, hematology, clinical chemistry or histology were
observed in rats or dogs exposed by inhalation to mixed xylenes at up to 810 ppm for 13 weeks
(Carpenter et al. 1975). Korsak et al. (1994) also noted no changes in body or organ weights or in
clinical biochemistry parameters in rats exposed to m-xylene at 50 or 100 ppm for 3 months.
However, in some laboratory animal studies, general toxicity such as body weight decreases and
adaptive liver changes have been observed following repeated exposure to xylene by inhalation. In
acute inhalation studies, respiratory irritation (indicated by a decreased respiration rate) in mice
and decreased lung microsomal enzyme activities in rats were observed. Lung inflammation was
also observed in a 6-week rat study and in a study on sensitized mice. Changes in kidney enzymes
have been observed in some inhalation repeat exposure studies. All of these effects occurred at test
concentrations higher than those at which the most sensitive endpoint (neurotoxicity) occurred.

After a 6-week exposure to 3 500 ppm o-xylene, male rats exhibited statistically significantly
decreased body weights and changes in the liver (including increased absolute and relative
weights, hypertrophy, decreased glycogen, and increased peroxisomes); the authors stated that
liver effects were adaptive rather than adverse (US EPA 2003). Decreased body weight gains were
also reported in male rats exposed for 6 or 12 months to 1 090 ppm o-xylene; and reversible liver
effects (increased relative weight, hypertrophy, and enzyme changes) were observed in rats
exposed to mixed xylenes for 6 months at 920 ppm but not 350 ppm (US EPA 2003). It was not
clear whether any parameters other than body weight and liver effects were examined in these
studies. In a more recent study of effects of xylene on the liver, Kum et al. (2007a) reported a
decrease in body weight and absolute liver weight in female rats exposed to 300 ppm technical
grade xylene, from GD 1 for 3 weeks, or from PND 1 for 6 weeks; inconsistent changes in liver
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enzymes were noted. Hepatic P450 enzyme activities were increased in rats following a 6-hour
exposure to 300 ppm m-xylene; activity returned to control values 5 days post-exposure (Foy and
Schatz 2004).

In contrast to the liver, microsomal enzyme activities were decreased in the nasal mucosa and
lungs of rats following acute exposure to xylene (Foy and Schatz 2004; ATSDR 2007). Acute
exposure (1-6 minutes) to concentrations of over 1 300 ppm xylene produced a 50% decrease in
respiratory rate in mice in several studies, indicating respiratory irritation (Carpenter et al. 1975;
ATSDR 2007). A significant increase in the number of apoptotic cells was observed in the lungs of
young (4-week-old) and adult (12-week-old) rats exposed to technical grade xylene for 6 weeks.
The authors suggested that the increase was due to inflammation (Sandikci et al. 2009). Increased
lung inflammation and increased airway hyperresponsiveness were also seen in mice that were
challenged intranasally with xylene following sensitization by intraperitoneal injection (Hong et al.
2019).

Increased renal enzyme activity and cytochrome P450 content were observed in some repeat
exposure studies (ATSDR 2007). In a study investigating kidney effects, statistically significant
increases in serum urea, and kidney glutathione and malondialdehyde were seen in rats following
exposure to 300 ppm technical grade xylene for 6 weeks (Kum et al. 2007b). No difference was
seen in kidney superoxide dismutase, catalase, glutathione peroxidase, or serum total protein,
albumin, or creatinine.

No effect on organ weights and no histopathological changes in the lungs or kidneys were
observed in several repeat exposure studies of xylene inhalation (Carpenter et al. 1975; Korsak
1994; ATSDR 2007).

5.2.5 Carcinogenicity

No carcinogenicity studies in animals exposed by inhalation to xylenes are available. The US EPA
(2003) noted that the available animal data are inconclusive as to the ability of xylenes to cause a
carcinogenic response. Similarly, [ARC (1999) stated that there is inadequate evidence in
experimental animals for the carcinogenicity of xylenes. IARC (1999) reviewed several oral
gavage studies and found that there was no increase in the incidence of tumours in either mice or
rats following administration of a technical grade xylene. No more recent studies were identified.

5.2.6 Genotoxicity

Overall, xylenes are not considered genotoxic. Xylenes are not mutagenic in bacterial test systems
or in cultured mammalian cells, and do not induce chromosomal aberrations or sister chromatid
exchanges in cultured mammalian cells (US EPA 2003). In vivo, xylenes did not induce
chromosomal aberrations or micronuclei in rodent bone marrow, nor did they induce sperm head
abnormalities in rats; however, technical grade xylenes were found to be weakly mutagenic in
Drosophila recessive lethal tests (US EPA 2003).

Some studies have shown DNA fragmentation in the skin of rats following dermal application of
m-xylene; however, this was likely related to cell death (ATSDR 2007). One more recent study
showed that DNA damage (single- and double-strand breaks) was induced by m-, o-, and p-xylene
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in cultured human lymphocytes, an effect that was mitigated when cells were treated with free
radical scavengers, suggesting that the xylene-induced damage could be due to free radical
generation (Chen et al. 2008).

5.3 Summary of Health Effects and Mode of Action
5.3.1 Summary of Health Effects

Single exposure studies in human volunteers and a case study of accidental high concentration
exposure reported eye, nose and throat irritation, as well as some CNS symptoms including
headaches, dizziness, and nausea. Mixed results were observed in tests of memory or reaction
times following acute exposure of healthy volunteers. Occupational studies showed similar effects
including irritation (eye irritation, sore throat) and CNS symptoms such as a floating sensation,
headache and confusion, as well as effects on some neurological endpoints including tests of
memory, colour vision, and the central auditory nervous system. These studies were limited by
poorly defined exposure concentrations and durations and co-exposure to multiple chemicals, as
well as by the timing of the symptom survey or testing, and in some cases, the subjective nature of
self-reporting of symptoms.

Results from studies in laboratory animals clearly show that the most sensitive effect of inhaled
xylene is neurological impairment. Repeated exposure of rats to concentrations of 100 ppm

(434 mg/m?) and up (generally 6 hours per day, 5 days per week, for 1-6 months) caused deficits
in tests of motor coordination, spontaneous movement, and learning. Single exposure studies in
rats and mice also showed deficits in neurotoxicity tests following as little as 30 minutes of
exposure at concentrations of 1 400 ppm (6 076 mg/m?) and up.

Developmental neurotoxicity was not consistently observed in studies of gestational exposure in
rats. In one study, minimal and reversible decreases in performance in a test of memory and
learning, slight non-significant decreases in mean birth weight and pup brain weight, and a non-
significant decrease in the number of pups able to complete the rotarod test for motor coordination
were observed, at the only test concentration of 500 ppm (2 170 mg/m?). In another study,
decreased rotarod test performance was observed at some time points only, in rat pups from dams
exposed to 200 ppm (868 mg/m?); this study had significant limitations.

In other studies of gestational exposure in rats, mice and rabbits, LOAELs were based on decreases
in maternal and fetal body weights. Increases in dead or resorbed fetuses or decreased litter size
were sometimes also observed at higher test concentrations. Fetal body weight decreases and some
indications of delayed ossification or increased skeletal variations were generally seen only at
concentrations above those that caused decreases in maternal weight gain. However, o-xylene
resulted in decreased fetal body weight at a lower concentration than the concentration that caused
maternal body weight decrease in two studies (fetal LOAELSs of 350 ppm and 500 ppm). All these
effects were seen only at concentrations above those at which neurobehavioural effects were seen
in adult rats.

No reproductive toxicity was observed in a one-generation study in rats, and in another rat study
no male fertility effects were seen up to the highest test concentrations. Studies of hearing loss
showed hearing deficits, increased auditory response thresholds, and hair cell loss in rats 3 to 13
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weeks old at a xylene concentration of 250 ppm (1 085 mg/m?) and above. Other effects in
laboratory animals, such as body weight decreases, adaptive liver changes, respiratory irritation,
and lung inflammation were seen in some studies, but only at concentrations above those at which
neurobehavioral effects occurred. While there are insufficient data to determine whether xylenes
could be carcinogenic, they are generally not considered mutagenic or genotoxic.

In general, there is no clear difference in toxicity among the three xylene isomers apart from the
greater potency of p-xylene in rat ototoxicity, as described below. Most of the studies on
neurotoxicity in rats were conducted using m-xylene; few studies were identified in which the
three isomers were tested individually. In one, rats were exposed to each xylene isomer for

6 hours; the number of rats that failed the rotarod test for motor coordination was greatest for o-
xylene and least for p-xylene. In another study, mice were exposed to a single isomer for

30 minutes. p-Xylene was the most potent isomer in the inverted screen test of motor performance
and o-xylene was most potent in the lever pressing test of operant behaviour; the differences were
small (US EPA 2003). Most developmental toxicity tests were done with mixed isomers, although
in two studies, o-xylene had a lower LOAEL for decreased fetal body weight compared to m- and
p-xylene. Overall, differences in potency are inconsistent and appear to be endpoint- and study-
specific.

5.3.2 Mode of Action

The irritant effects of xylene on the eyes, nose and throat, as well as the acute neurological effects,
are thought to be due to its solubility in lipids which enables it to interact directly with tissue
membranes, causing changes in membrane structure and geometry (de Groot 2017). In rats and
guinea pigs, the concentration of p-xylene in the brain dropped immediately following cessation of
exposure (Gagnaire et al. 2007b). In addition, the US EPA (2003) conducted PBPK modelling of
the data from the studies by Korsak et al (1994) and showed that the blood concentration of xylene
would be essentially zero at the time of neurotoxicity testing (24 hours post-exposure). This would
account for the reversibility of the acute effects following cessation of exposure. However,
prolonged or high concentration exposure may cause lasting central nervous system toxicity. This
could be due to a disturbance of proteins involved in normal functioning of the neuronal membrane
(US EPA 2003).

Effects of organic solvents on the nervous system appear to be due to interactions with specific
targets such as neurotransmitter receptors (de Groot 2017). Some studies have shown changes in
levels of various neurotransmitters and lipid composition in the brain following exposure to xylene
(US EPA 2003). Ito et al. (2002) saw changes in t-butylbicyclophosphorothionate (TBPS) binding
(ligand for Gamma-aminobutyric acid type A [GABAa] receptor) in rat cerebellum and proposed
that xylene could increase GABA release and/or enhance receptor function. As the GABAa
receptor is a possible target for xylene-induced nervous system toxicity, and as this receptor may
behave differently during brain development, exposure to xylene during the period of brain growth
could be critical (de Groot 2017).

Oxidative stress may also play a role in xylene toxicity. For example, Savolainen et al. (1979, cited
in US EPA 2003) showed an increase in microsomal superoxide dismutase activity in the rat brain.
However, studies on biomarkers of oxidative damage in humans have produced mixed results
(Bagryantseva et al. 2010; Moro et al. 2010; Yoon et al. 2010; Kim et al. 2011; Kwon et al. 2018).
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Some animal studies have shown that the irreversible xylene-induced hearing loss is related to hair
cell loss in the cochlea (Gagnaire et al. 2001; Maguin et al. 2006; Gagnaire et al. 2007a). However,
Wathier et al. (2019, 2016) observed a transient increase in the MER amplitude in the absence of
morphological changes in the cochlea. As the three isomers are similar in terms of lipophilicity but
have varying potency, auditory toxicity is likely not due to interaction with cell membranes, but
may be due to direct interaction of xylene with neurons (ATSDR 2007). p-Xylene is the most
potent isomer, suggesting that the presence of methyl groups at the m- or o- position provides
steric hindrance, preventing effects from these isomers. In humans, based on the results of
behavioural auditory processing and speech perception tests, as well as auditory brainstem
response, Fuente et al. (2013) proposed that xylene affects the central auditory nervous system and
that auditory toxicity is therefore at least partially related to neurotoxicity. Overall, the relationship
between neurotoxicity and auditory toxicity is unclear.

5.4 Susceptible Populations

Insufficient data are available to identify populations that may be more susceptible to the effects of
xylene inhalation. There are multiple factors that can contribute to the differences in sensitivity to
xylene between individuals, including age, body weight, sex, diet, and alcohol consumption,
exercise, and disease states (MacDonald et al. 2002; ATSDR 2007). As described in section 4.1,
polymorphisms of the primary xylene metabolizing enzyme (CYP2E1) have been identified;
however, based on the limited available data and on modelling results, these polymorphisms do not
seem to have an impact on variability in xylene metabolism (Ernstgérd et al. 2003; Valcke and
Krishnan 2011).

In general, children can receive a greater internal dose of many inhaled toxicants than adults at the
same exposure concentrations. In rats, the developing fetus does not appear to be more sensitive to
the effects of xylene than adults; however, studies in which newborn or young animals are exposed
to xylene have not been conducted. Despite the lower metabolic enzyme activity in newborns and
young children, modelling suggests there is no significant variability in the level of xylene
metabolism in children compared to adults (Pelekis et al. 2001; Valcke and Krishnan 2011; Valcke
and Haddad 2015).

6.0 DERIVATION OF SHORT- AND LONG-TERM
REFERENCE CONCENTRATIONS

6.1 Short-Term Reference Concentration

The most sensitive adverse endpoints for acute exposure to xylene are mild neurological and
irritative symptoms reported by human subjects in the study by Ernstgérd et al. (2002). The
LOAEL of 50 ppm (217 mg/m?) from this study is based on a slight increase in reporting of
subjective symptoms during the 2-hour exposure period (headache, dizziness, feeling of
intoxication, discomfort in throat and airways, and breathing difficulty) as well as a small but
significant decrease in FVC in women 3 hours after exposure. The study did not identify a NOAEL
as only one test concentration was used. Other studies in human volunteers only tested higher
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exposure concentrations, and also reported irritative and neurological effects. For example,
irritation to the nose, throat, and eyes, as well as mild nausea, headache, reversible effects on
balance and reaction times, and impaired performance on tests of memory and reaction times were
reported following exposures to concentrations of 100 to 400 ppm (434—1 736 mg/m*) (Nelson et
al. 1943; US EPA 2003). However, these effects were not observed in other studies at similar test
concentrations (i.e., 100 to 400 ppm) (Carpenter 1975; Hastings et al. 1984 cited in NRC 2010 and
CalEPA 1999; US EPA 2003).

The US EPA (2003) noted that “concentrations around 100-200 ppm (434-868 mg/m?) are close
to the threshold level for short-term reversible neurological and irritation effects from xylenes.”
The Ernstgard et al. (2002) study was not included in the US EPA assessment, and it was the only
study identified that used a test concentration lower than 100 ppm (434 mg/m?). It was also the
only study identified in which objective measures of respiratory system toxicity were examined in
human volunteers. The authors reported only a minimal effect in one objective parameter, in one
sex only, and at one time point only; the significance of this observation is unclear. The results of
the subjective questionnaires in Ernstgard et al. (2002) are consistent with other studies using
higher concentrations that showed some evidence of mild irritation and neurological symptoms
induced by acute xylene exposure. However, none of the available studies (including Ernstgérd et
al. 2002) provide evidence of dose-response, and there is uncertainty around the exact
concentrations at which these short-term effects occur. It should also be noted that the odour
threshold for xylene is well below the test concentrations in all volunteer studies; therefore, it is
likely that subjects were aware of the smell, which may have influenced their responses. Ernstgard
et al. (2002) had a larger number of volunteers of both sexes compared to most older studies which
only tested a small number of males; however, the volunteers were all of similar age and there was
likely some selection bias as the authors described difficulty recruiting subjects who met their
criteria.

In acute animal toxicity studies, the effects observed (respiratory irritation and neurotoxicity)
qualitatively support the human studies, but these studies were conducted using higher test
concentrations (i.e., LOELs greater than 1 000 ppm [4 340 mg/m?]). In repeat-dose animal studies,
a NOAEL of 50 ppm (217 mg/m?) for neurotoxicity was identified based on effects at 100 ppm
(434 mg/m?); lung inflammation was observed in one study at 300 ppm (1 300 mg/m?), but no
other clinical or histopathological effects on the respiratory system were observed in several
studies at concentrations ranging from 50 ppm to 810 ppm (217-3 515 mg/m?) (see section 5 for
details).

Considering the available data, the study by Ernstgérd et al. (2002) was selected as the key study
because it was a recent study with a larger number of volunteers of both sexes and a lower test
concentration than earlier human studies, objective endpoints were measured, and the effects
observed are supported by other human studies and animal data. Therefore, the 2-hour LOAEL of
50 ppm (217 mg/m?) for mild respiratory irritation, neurological symptoms, and a slightly
decreased FVC was selected as the critical point of departure for derivation of a short-term RfC.

No correction is needed for exposure duration (2 hours) in the key study because no time-response
relationship was demonstrated (some symptoms were significant after 1 hour and average
subjective ratings did not increase during the second hour of exposure). No interspecies
uncertainty factor is needed as the study involved human volunteers. The default intraspecies
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uncertainty factor of 10 was applied, as all the women and men tested were healthy and of similar
ages. An uncertainty factor of 3 rather than the default of 10 for the use of a LOAEL with minimal
effects was applied. Although a slight difference in one objective measure (decreased FVC) was
observed in women at a single time point, the significance of this observation is unclear.

Therefore, the short-term RfC is 7 200 ug/m> (1 700 ppb).

In general, there is no clear difference in toxicity among the three xylene isomers; although the
critical study was conducted using m-xylene, the p- and o-isomers are expected to behave
similarly. Therefore, the RfC would apply to all three xylene isomers in any combination.

6.2 Long-Term Reference Concentration

No human study was considered adequate as the basis for deriving a long-term RfC. Although
some agencies selected the occupational study by Uchida et al. (1993) as the key study, it had
numerous limitations including a lack of reporting on the duration of exposure, co-exposure to
other chemicals, no clear demonstration of relationships between response and dose or duration,
and the inherent bias presented by self-reporting of symptoms. More recent studies of occupational
exposure, such as Lee et al. (2005, 2013) and Fuente et al. (2013), and general population studies
such as Werder et al. (2019) and Norback et al. (2017), are similarly limited. However, these
studies lend support to the evidence that xylene is a neurotoxicant.

The most sensitive effect observed in experimental animals was a statistically significant decrease
in motor coordination in rats following 1 to 3 months of exposure to m-xylene at 100 ppm

(434 mg/m?) (6 hours per day, 5 days per week) (Korsak et al. 1994). In this study, there was also a
statistically significant increase in pain sensitivity at 50 ppm (217 mg/m?); however, this effect was
not concentration-dependent, and an opposing effect was observed in another study at 100 ppm
(Gralewicz and Wiaderna 2001). Therefore this endpoint is considered less reliable. Support for
neurotoxicity as the critical endpoint comes from Korsak et al. (1992), who also observed a
decrease in motor coordination in rats after 6 months of exposure to 100 ppm xylene; Gralewicz et
al. (1995) who found learning deficits in rats exposed to 100 ppm xylene for 3 months; and
Gralewicz and Wiaderna (2001) who found rats exposed to 100 ppm xylene for 4 weeks had
decreased locomotor responses in a fear-inducing environment. As 100 ppm was the only or lowest
test concentration in these studies, no NOAELs were determined. Although a lower NOAEL of

35 ppm (152 mg/m?®) for o-xylene was identified in a rat developmental toxicity study (based on
decreased fetal body weight at 350 ppm [1 520 mg/m’] Ungviry et al. 1980), it was not considered
suitable as the basis for deriving the long-term RfC because of its higher LOAEL and significant
study limitations (see section 5.2.3). Similarly, the higher NOAEL of 100 ppm for decreased fetal
body weight at 500 ppm (Saillenfait et al. 2003) was not selected. Therefore, Korsak et al. (1994)
was selected as the critical study. As insufficient data were available for benchmark concentration
modelling, the study NOAEL of 50 ppm (217 mg/m?) was selected as the point of departure for
deriving the long-term RfC.

The NOAEL of 50 ppm from Korsak et al. (1994) was adjusted from the animal study exposure (6

hours per day, 5 days per week) to continuous exposure (24 hours per day, 7 days per week),
resulting in an adjusted NOAEL of 9 ppm (39 mg/m?).
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The default uncertainty factor of 10 for intraspecies variation ([UF4], accounting for sensitivity in
the human population) was applied, because no xylene-specific information was available on
variation of pharmacokinetics or response in humans. In general, children have been shown to
receive a dose of many inhaled toxicants that is 2 to 3 times greater than that of adults at the same
exposure concentration (US EPA 2012); this variation is incorporated into the default UF;. Studies
exploring potential age-related kinetic differences in xylenes (Pelekis et al. 2001) or the CYP2E1
metabolic pathway (Valcke and Krishnan 2011) indicate that the pharmacokinetic component of
the default UFy, is sufficient to account for differences between children and adults. Although in
rats the developing fetus does not appear to be more sensitive to the effects of xylene than adults,
no studies have been conducted in which newborn or young animals are exposed to xylene. In
addition, multiple factors can contribute to the differences in sensitivity between individuals,
including age, sex, diet, exercise, and disease states (US EPA 2003; Adams et al. 2005).

Similarly, in the absence of chemical-specific data, the default uncertainty factor of 2.5 for
toxicodynamic differences between rats and humans was applied. In order to account for
toxicokinetic differences between rats and humans, the blood/gas partition coefficients (Hy/) were
compared. This approach is considered appropriate for VOCs with systemic effects (US EPA
2012). The US EPA (2003) used an (Hy/e)u of 26.4 for m-xylene in humans, which was taken from
Tardif et al. (1995, as cited in US EPA 2003), and an (Hv/g)a of 46.0 for m-xylene in rats, taken
from the same group (Tardif et al. 1993, as cited in US EPA 2003), in order to derive a rat: human
ratio of 1.7. In other studies that estimated the Hy/; in rats and humans, the rat value was
consistently greater than the value in humans (Adams et al. 2005; ATSDR 2007; McNally et al.
2012). In cases where the (Hu/g)a:(Ho/g)n is greater than 1, the US EPA (2012) recommends using
the more conservative default of 1. This approach is supported by analysis of PBPK models, which
predict human exposure concentrations that are very similar to the duration-adjusted rat NOAEL
(details in section 4.2). Accordingly, the default uncertainty factor of 1 for interspecies
toxicokinetic differences was applied.

Finally, a database uncertainty factor of 10 was applied, which includes consideration of the use of
a subchronic study as well as database deficiencies. Although the critical study was subchronic in
duration, no increase in frequency or severity of effects from 1 month to 3 months was observed in
the critical study (Korsak et al. 1994) or in a related 6-month study (Korsak et al. 1992). The
animal toxicity database identifies neurotoxicity as the most sensitive effect; however, the few
developmental neurotoxicity studies available have significant limitations. Although a LOAEL for
mild, reversible effects was identified in one study (Hass et al. 1995), no NOAEL was identified as
only one concentration was tested (500 ppm). Uncertainty therefore exists regarding the lowest
dose (or potentially sensitive age) at which learning or memory impairment would be observed,
and whether neuropathology is affected. No reproductive toxicity was observed in a one-
generation study; no two-generation studies are available.

A detailed discussion and justification of default uncertainty factors for the long-term RfC can be
found in Ritter et al. (2007).

The total uncertainty factor to be applied to the point of departure (duration adjusted NOAEL) is
250 (UFn = 10, UF, = 2.5, UFq = 10). Therefore, the long-term RfC is 150 ug/m* (36 ppb).
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In general, there is no clear difference in toxicity among the three xylene isomers; although the
critical and supporting studies on neurotoxicity in rats were conducted using m-xylene, the p- and
o-isomers are expected to behave similarly. Therefore, the RfC would apply to all three xylene
isomers in any combination. The RfC is expected to be protective of potential developmental
effects.

As support for this RfC based on the rat NOAEL, an RfC was also derived based on the LOAEL of
14 ppm (61 mg/m?) identified in the occupational study by Uchida et al. (1993). The LOAEL was
adjusted from occupational exposure (8 hours per day, 5 days per week) to continuous exposure
(24 hours per day, 7 days per week), and default uncertainty factors of 10 each for sensitive
individuals and use of a LOAEL were applied, to give a potential RfC of 150 ug/m>.

6.3 Exposure in Canadian Homes in Relation to Reference Concentration
and Determination of Recommended Exposure Limits

In recent years, Health Canada has conducted exposure studies in multiple Canadian cities
including Edmonton, Halifax, Windsor, Regina, Ottawa, Montreal, and a First Nations reserve in
Manitoba (Swan Lake) (Health Canada 2010a, 2010b, 2012, 2013; Mallach et al. 2017; Goldberg
et al. 2015; Weichenthal et al. 2013) (see section 3.2). These studies are considered to provide the
most recent and most representative data available for quantifying long-term levels of exposure in
Canadian homes. Other Canadian studies using different sampling and analysis methods support
these data (National Research Council Canada 2021; INSPQ 2021; Health Canada 2021b; Li et al.
2019). Preliminary data suggest that xylene levels may be higher in recently built homes (Health
Canada and National Research Council Canada 2019; Health Canada 2021b).

Short- and long-term RfCs are based on the characterization of the concentration-response
relationship and the application of uncertainty factors to account for variability and data gaps. The
context in which these RfCs are to be applied, technical feasibility, and the availability of risk
mitigation measures are not considered as part of their determination. However, these issues are
relevant to the determination of short- and long-term exposure limits.

In order to determine the recommended exposure limits, the short- and long-term RfCs are first
compared to available exposure data from Canadian homes. The feasibility of achieving the RfC
through the control of indoor sources is then evaluated. If the RfC is considered achievable, this
value is set as the recommended exposure limit. If not, a higher concentration may be selected,
while still targeting an exposure limit that is protective of health based on current evidence.

In the present assessment, the criteria guiding the determination of the value for both the
recommended short- and long-term exposure limits for xylene are:

e avalue that is potentially achievable in Canadian homes in the absence of significant
sources of indoor xylene; and

e avalue that is not associated with appreciable health effects, considering the derived
reference exposure levels and currently available evidence.
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6.3.1 Short-term reference concentration and recommended exposure limit

The literature database provided sufficient information on the effects in humans for the
development of a short-term RfC, which was determined to be 7 200 pg/m? for xylene. The range
of median indoor air xylene concentrations measured in Canadian homes in the Health Canada
residential indoor air exposure studies conducted in multiple cities was 2.1 to 11.1 ug/m?, with the
95th percentile ranging from 15.6 to 212.7 pg/m? (see Table 2) (Health Canada 2021b). The 24-
hour samples collected in these studies do not represent acute or peak exposures. Short-term
xylene peaks may occur with behaviours such as smoking or the use of products such as caulking,
coatings, or stains. Based on the 24-hour sampling data and the expected sources present, the
short-term RfC should be achievable in Canadian homes. Therefore, the recommended short-term
exposure limit for xylenes is 7 200 pg/m?, for all three isomers in any combination.

6.3.2 Long-term reference concentration and recommended exposure limit

From the literature database, a long-term RfC of 150 pg/m® was derived based on decreased motor
coordination. The Health Canada residential indoor air exposure studies conducted in several cities
using a passivated canister sampling method provide the best measure of chronic exposure in
Canadian homes. The median indoor air xylene concentrations measured in Canadian homes in
these Health Canada residential indoor air exposure studies for a 24-hour averaging period ranged
from 2.1 to 11.1 pg/m?, with the 95th percentile ranging from 15.6 to 212.7 pg/m? (see Table 2)
(Health Canada 2021b). Similar xylene concentrations were observed in other Canadian studies
using different sampling and analysis methods (see section 3.2). The data indicate that there may
be some Canadian homes in which the RfC is exceeded. However, the RfC was derived using the
most recent scientific information and is in line with the Health Canada IARL of 100 pg/m? and
reference values from other jurisdictions (see Appendix D). Important sources of xylenes in
Canadian homes include gas-powered items stored in the garage; building and renovation products
such as caulking, coatings, and stains; and smoking. Reduction of xylene levels in the home
through ventilation and source control is considered possible. Therefore, the recommended long-
term exposure limit for xylenes is 150 pg/m?, for all three isomers in any combination.
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7.0 GUIDELINES

7.1 Recommended Exposure Limits

Table 3. Recommended exposure limits for xylenes for indoor environments
Concentration
Exposure Limit Critical effect(s)
pg/m’ ppb
Short-term 7 200 1 700 Neurological symptoms (headache, fatigue); irritation
(1h) of eyes, nose and throat; respiratory effects
Long-term 150 36 Impaired motor coordination
(24 h)

The recommended exposure limits apply to all three xylene isomers in any combination.
It is recommended that the short-term exposure limit be compared to a 1-hour air sample.

When comparing a measured xylene concentration with the long-term exposure limit, the sampling
time should be at least 24 hours, under normal conditions. Moreover, averaging the results of
repeated samples taken at different times of the year will provide a more representative estimate of
long-term exposure.

7.2 Risk Management Recommendations

Some homes in Canada may have levels of xylene above the long-term reference exposure limit
derived for protection against impaired motor coordination. Exposure to xylene in indoor air
should be limited by ensuring adequate ventilation and controlling for indoor sources.

The presence of an attached garage and storage of cars, gas- operated tools, or gasoline in the
garage are associated with higher levels of xylene in the home. Some building products can emit
high levels of xylenes, and xylene levels in the home may increase during and after home
renovations. Homes where there is regular smoking also tend to have higher levels of xylenes.
Other consumer products including air fresheners may emit xylenes but the contribution of these
products to indoor xylene concentrations is unknown. Increased ventilation and use of an exhaust
fan in the garage have been shown to reduce indoor xylene concentrations.

Exposure to xylenes in indoor air can be reduced using the strategies outlined below. Furthermore,
many of these measures will also contribute to reducing the concentrations of other indoor air
contaminants, generally improving indoor air quality.

e Increase ventilation, especially when using renovation or building products such as
caulking, coatings and stains:

o By opening windows when possible (check the outdoor air quality conditions in
your region before opening windows: www.airhealth.ca).
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o By employing mechanical ventilation strategies.

o For more information, refer to the Factsheet.: Ventilation and the indoor
environment (Health Canada 2018).

If possible, do not store gasoline and other chemicals in the home or garage; if these
products need to be stored, they should be well sealed.

If you have an attached garage:
o Consider installing a garage exhaust fan.

o Make sure the interface between the attached garage and the home is properly
sealed.

o Avoid idling your car, snowblower, lawnmower, or any gas-powered equipment in
the garage.

Do not smoke inside the home.
Choose low-emission products when possible.

Limit use of scented products and air fresheners.
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APPENDIX A: LIST OF ACRONYMS AND ABBREVIATIONS

AEGL
ANSES

ATSDR
BE
BTEX
CalEPA
CDC
CHMS
CNS
DNA
EEG
FT

FVC
G/1

GD

GM
GSH
HEC
/O
IARC
IARL
INSPQ
LOAEL
MER
MDA
MHA
MRL
NAPS
NHANES
NLM
NOAEL
NPRI
NRC
OHC
PBPK
PND
Ppb
Ppm
RfC
RIAQG
RIVM
SD

Acute exposure guideline limit

Agence nationale de sécurité sanitaire de 'alimentation, de l'environnement
et du travail (France)

Agency for Toxic Substances and Disease Registry
Biomonitoring equivalent

Benzene, toluene, ethylbenzene, and xylenes
California Environmental Protection Agency
Centers for Disease Control and Prevention
Canadian Health Measures Survey

Central nervous system

Deoxyribonucleic acid
Electroencephalogram

Finger tapping speed test

Forced vital capacity

Garage to indoor

Gestational day

Geometric mean

Glutathione

Human equivalent concentration
Indoor/outdoor

International Agency for Research on Cancer
Indoor air reference level

Institut national de santé publique du Québec
Lowest observed adverse effect level

Middle ear reflex

Malondialdehyde

Methylhippuric acid

Minimal risk level

National Air Pollution Surveillance

National Health and Nutrition Examination Survey
National Library of Medicine

No observed adverse effects level

National Pollutant Release Inventory
National Research Council

Outer hair cell

Physiologically based pharmacokinetic
Postnatal day

Parts per billion

Parts per million

Reference concentration

Residential Indoor Air Quality Guidelines
National Institute for Public Health and the Environment (the Netherlands)
Symbol digit substitution test
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TCA
TWA
UF

UsS

US EPA
VCCEP
VOC

Tolerable concentration in air

Time weighted average

Uncertainty factor

United States

United States Environmental Protection Agency
Voluntary Children’s Chemical Evaluation Program
Volatile organic compound
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APPENDIX B: HUMAN EXPOSURE STUDIES

Table B1.

Study

Ernstgard et al.
2002

Carpenter et al.
1975

Nelson et al.
1943

Hastings et al.
1984 (cited in
NRC 2010;

CalEPA 1999)

Single exposure studies in human volunteers

Participants

56 healthy
volunteers (28
men, 28 women)

6 volunteers

10 volunteers
(sex not stated)

50 healthy male
volunteers

Exposure

50 ppm m-xylene for 2
hours (or clean air, or
150 ppm isopropanol -
each subject
experienced the 3
exposures with an
interval of 2 weeks in
between)

0, 110, 230, 460,
690 ppm mixed xylenes
for 15 minutes

mixed xylene for 3—5
minutes (concentrations
not specified)

mixed xylene for 30
minutes; 0, 100, 200,
400 ppm

Results

Compared to clean air: An
increase in subjective symptoms
(headache, dizziness, feeling of
intoxication) during xylene
exposure

Slight respiratory effects
(reduced FVC in women 3
hours after (but not immediately
after) exposure ended, increased
discomfort in throat and airways
in women during exposure (self-
reported), and breathing
difficulty during exposure in
both sexes (also self-reported)
At 230 ppm, 1 of the 6
volunteers felt dizzy during the
last 2 minutes of the 15 minute
exposure; none reported
dizziness at 110 ppm.

One volunteer reported mild
throat discomfort in the first
minute of exposure to 110 and
230 ppm.

Eye and nasal irritation reported
at 230 ppm and up (transient)
Eye, nose, and throat irritation
for the majority of volunteers at
200 ppm. Estimated that

100 ppm would be the highest
concentration to which the
majority of subjects could be
exposed for 8 hours without
irritation.

No reports of nose and throat
irritation. The percent of
subjects reporting eye irritation
was 56 for controls (clean air),
60 at 100 ppm, 70 at 200 ppm,
and 90 at 400 ppm.

NOAEL/LOAEL

LOAEL 50 ppm
(no NOAEL)

ATSDR used this as
the POD for its MRL

Not determined

Not determined

CalEPA (1999)
considered 100 ppm a
NOAEL.

NRC (2010)
considered 400 ppm a
LOAEL.
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Table B2.

Long-term exposure studies in humans

Participants

Exposure

RGN

NOAEL/LOAEL

Uchida et al.
1993

Lee et al. 2005

Lee et al. 2013

175 xylene-
exposed
workers (107
men, 68
women) for
whom the sum
of the three
xylene isomers
accounted for
70% or more of
the total solvent
exposure.
Controls were
241 non-
exposed
workers from
the same
factories or
from factories
in the same
region.

180 shipyard
painters
exposed to
mixed organic
solvents;
controls were
60 reference
workers without
organic solvent
exposure

63 shipyard
painters
exposed to
organic
solvents,
especially
xylene
Controls: 122
non-exposed

A single day
personal exposure
measurement;
exposure was
assumed to be the
same for the entire
7-year study
period. The mean
xylene
concentration
(TWA) was

14 ppm

(61 mg/m>).

Air sampling of
cumulative
exposure for 61 of
180 painters, 3
different days
each. Xylene had
the highest levels.
Cumulative
exposure index
calculated
(multiple
chemicals).
Xylene
concentration: the
geometric mean
(geometric
standard deviation)
was 22.70 ppm
(4.10 ppm); range
1.6-591.2 ppm
Xylene had the
highest
concentration in air
(mean
concentration

10 ppm =

46 mg/m?)

The urine
metabolite MHA

A health survey was done the day after
exposure was measured. The
prevalence of subjective symptoms
during the work shift and in the
previous 3 month period was
significantly higher in exposed
workers when compared with that of
non-exposed workers. When the
exposed individuals were subdivided
according to xylene concentration (1—
20 ppm or >21 ppm), eye irritation,
sore throat, and a floating sensation
followed a concentration related
increase for symptoms reported during
the work shift, whereas poor appetite
was the only concentration-dependent
symptom reported for the previous 3
months.

"Exposed" group (painters) had
significant difference in SD (symbol
digit substitution, tests incidental
memory) and FT (finger tapping
speed) of dominant hand, and FT of
non-dominant hand. (confounding
factors age and education considered).
No difference in any test observed
when actual exposure index was used
for comparison (duration of work x
total solvent exposure) but Increased
duration of exposure (based on survey,
<10 yr vs. >20 yr) showed difference
in SD (p<0.05) and FT of dominant
hand (p=0.052). Simple reaction time
was not impacted in any of the
analyses.

MHA concentration in urine was
significantly correlated with results on
the colour confusion index test.
Corrected for age and years of
education but not for other solvents.
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ATSDR (2007),
CalEPA (2000),
and the EU
(2005) considered
the GM TWA
concentration of
14 ppm

(61 mg/m>) to be
a LOAEL, and
used it as the
basis for their
exposure limits.

Not determined

Not determined
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Participants

Exposure

RGN

NOAEL/LOAEL

Fuente et al.
2013

Fuente et al.
2012

Werder et al.
2019

office workers
in the same
industry and
185 subjects
from the
general
population

30 medical
laboratory
workers

1 histology
laboratory
worker (case
study)

690 non-
occupationally
exposed adults
(USA)

was also measured
in exposed workers
and controls.

Xylene is expected
to be the primary
exposure due to its
use as a tissue
sample processing
agent.

Mean xylene
concentration was
36.5 mg/m’, range
8-217 mg/m3
(measured on a
single day)

Urine MHA was
measured after the
last work day of
the week.
Exposure duration
was estimated
based on workers’
description of their
work history.

The mean duration
of exposure was
11.8 years (range
2-29 years)
Estimated
exposure duration
20 years.

mean xylene
airborne
concentration was
60 mg/m?3

Xylene and other
chemicals were
measured in blood.
Blood xylene
concentrations
were 0.06, 0.13,
and 0.25 ng/mL at
the 25th, 50th, and
75th percentiles,
respectively.

The xylene-exposed participants Not determined
showed significantly worse results in
some tests including pure-tone
thresholds, pitch pattern sequence test,
dichotic digit test, speech recognition
in noise test, and auditory brainstem
response. An estimate of cumulative
dose was also done using the reported
exposure duration and the urine MHA
concentration; participants with higher
cumulative dose had poorer test results
than those with low cumulative dose.
The study authors suggest that xylene
is associated with adverse effects on
the central auditory nervous system
and sound detection abilities in
humans, and proposed that the effect
of xylene on the auditory system at
least partially relates to neurotoxicity
at the brainstem level.

Hearing loss was proposed to be due Not determined
to long-term occupational exposure to

xylene.

A survey was conducted on the Not determined
frequency of neurological symptoms
during the 30 days prior. For xylene,
most associations were confounded by
co-exposures. However, in models
restricted to non-smokers and adjusted
for confounders (including blood
concentrations of benzene, toluene,
and ethylbenzene), there was an
association between multiple CNS
symptoms and the second, third, and
fourth quartiles of blood xylene
concentration, as well as an exposure-
response trend. CNS symptoms
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Participants

Exposure

RGN

NOAEL/LOAEL

Norback et al.

2017

Cho et al.
2001

Desrosiers et
al. 2015

Elliott et al.
2006

Kwon et al.
2018

Yoon et al.
2010

462 students at
8 schools
(Malaysia)

1408
petrochemical
workers. 284

women exposed

to xylene and

other solvent(s).

968 controls
were workers
unexposed to
any solvent at
the same
company.

A population-

based sample of

2 861 mother-
infant pairs
from the US

General US
population

34 subjects

before and after

moving to a
new
rehabilitation
facility, where
they spent 8
hours a day or
more.

154 Koreans

Median xylene
concentration in air
for 1 week was

78 png/m’

Workers were
exposed to
multiple solvents;
none were exposed
to xylene alone

Occupational
exposure
determined by
interview/ job
description and
databases
Measured blood
concentration of
xylene
Measured urine
concentration of
xylene metabolites

Measured urine
concentration of
xylene metabolites

surveyed were dizziness, headache,
nausea, sweating, and palpitations.
Higher xylene levels were associated
with self-reported fatigue in the past 3
months (no adjustment for co-
exposure to other contaminants.) No
association was observed between
xylene concentration and reported
headache or mucosal symptoms.
Compared to unexposed group, the
exposed group had increased
prevalence of oligomenorrhea
(menstrual cycles exceeding 35 days,
determined by questionnaire)

Not determined

Not determined

A modest but imprecise increase in the = Not determined
odds of SGA among infants whose
mothers were exposed to aromatic
solvents. But all of the women
exposed to xylene were also exposed
to toluene.

No association with any of the
pulmonary function tests and xylene
blood concentration

No significant correlations were
observed between changes in urinary
levels of xylene metabolites and lung
function tests before and after the
move.

Not determined

Not determined

The levels of MHA were negatively Not determined
associated with FEV1 and FEV1/FVC.
No association between air xylene and

urine MHA was observed
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APPENDIX C: TOXICOLOGICAL STUDIES

Table C1.

Acute exposure studies in experimental animals

Species, Sex and

Number

Exposure

Results

NOAEL/LOAEL

Armenta-
Resendiz et al.
2019

Korsak et al.
1990 (cited in
US EPA 2003)

Wathier et al.
2019, 2016

Male Wistar rats,
10 per group

Male Wistar rats,
10 per group

Male Brown
Norway rat,
anesthetized and
tracheotomized,
n=3-5 per group

0, 500, 1 000,
2 000, 4 000, or
8 000 ppm m-

xylene for 30
minutes

Individual xylene
isomers at 3 000
ppm for 6 hours

Individual xylene
isomers at 3 000
ppm for 2 x 15
minutes, with 20

minutes in between

Tests conducted 3 minutes after
exposure was ended.

Results were not shown or
discussed for 500 or 1 000 ppm
groups.

At 2000 ppm, a clear and
significant concentration-
dependent decrease in latency
was observed in the passive
avoidance test. At 4 000 ppm
and up, there was a significant
increase in latency to paw-lick
in the hot plate test.

In all other tests (defensive
burying behaviour task, shock
threshold test, social interaction
and rotarod test), significant
changes only at 8 000 ppm
Rotarod test: number of failures
per number of tested animals
were 19/20 for o-xylene, 6/20
for m-xylene, and 1/20 for p-
xylene

transient increase in the middle
ear reflex (MER) amplitude
during and after exposure,
which was most pronounced for
p-xylene, and less but still
significant for m-xylene. No
difference was observed in
MER of animals exposed to o-
xylene, or in morphology of the
cochlea for any isomer

Not determined

LOEL 3 000 ppm
(lowest test
concentration)
No NOEL

Not determined
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Table C2.

Study

Korsak et al.
1994

Korsak et al.
1992

Gralewicz et al.

1995

Gralewicz and
Wiaderna 2001

Repeat exposure studies in experimental animals

Species, Sex and
Number

Male Wistar rat,
12 per exposed
group and 24
controls

Male Wistar rat,
12 per group

Male rat, 20 total

Male Wistar rat,
11 per group

Exposure

0, 50, or 100 ppm
m-xylene for 3
months (6 hours per
day, 5 days per
week)

0 or 100 ppm m-
xylene for 6 months
or 1 000 ppm for 3
months (6 hours per
day, 5 days per
week)

0, 100 or 1 000 ppm
m-xylene for 3
months (6 hours per
day, 5 days per
week)

0 or 100 ppm m-
xylene for 4 weeks
(6 hours per day, 5
days per week)

Results

Exposed rats showed decreased
performance in the rotarod test
for motor coordination: Failure
rate of 8% for the 50 ppm group
and 33% for the 100 ppm group,
compared to 0% for controls
(statistically significant for the
100 ppm group). The failure
rates were the same after 1, 2
and 3 months of exposure (test
was conducted 24 hours
following the last exposure)
Exposed rats also had a
statistically significant increase
in pain sensitivity in the hot
plate test.

The failure rate in the rotarod
test was approximately 35%
after the 6 month 100 ppm
exposure, and 60% after the 3
month 1 000 ppm exposure (0%
in controls, both exposed groups
were statistically different from
controls).

Significant decrease in
spontaneous movement in both
exposed groups compared to
controls

In a radial maze test conducted
70-83 days after the last
exposure, exposed rats did not
exhibit a shortening of the time
needed to complete a trial, or a
decrease in omission errors with
successive daily trials
Significant difference between
exposed and control rats in a
passive avoidance test
conducted 39-48 days after
cessation of exposure (the
difference was only in the last
of 6 trials), and in an active
avoidance test conducted 5051
days post-exposure (the
difference was only in the last
of 3 trials).

No difference in radial maze
performance when tested 14—18
days after the end of exposure.
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NOAEL/LOAEL

LOAEL
(neurotoxicity)
100 ppm
NOAEL 50 ppm

Selected as the
critical study for the
US EPA RfC
derivation

LOAEL
(neurotoxicity)

100 ppm (lowest test
concentration)

No NOAEL

LOAEL
(neurotoxicity)

100 ppm (lowest test
concentration)

No NOAEL

LOAEL
(neurotoxicity)

100 ppm (lowest test
concentration)

No NOAEL
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Study

Gagnaire et al.
2001

Gagnaire et al.
2007a

Maguin et al.
2006

Species, Sex and
Number

Male Sprague
Dawley rats, 16
per group

Male Sprague
Dawley rats, 14

per group

Male Long-
Evans rats, 8 per

group

Exposure

Individual xylene
isomers at 0, 450,
900 or 1 800 ppm
for 13 weeks (6
hr/day, 5
days/week)

0, 250, 500, 1 000

or 2 000 ppm mixed
xylenes for 13
weeks (6 hr per day,
6 days per week)
mixture A: 20% o-
xylene, 20% p-
xylene, 40% m-
xylene, and 20%
ethylbenzene.
mixture B: 30% o-
xylene, 10% p-
xylene, 50% m-
xylene, and 10%
ethylbenzene.

0 or 1 800 ppm o-,
p-, or m-xylene for
3 weeks (6 hr per
day, 5 days per
week)

| RE T

Significant reduction in
brainstem auditory-evoked
potential and cochlear hair cells
at every time point, including
after an 8 week recovery period
were observed in the group
exposed to 1 800 ppm p-xylene.
Moderate OHC loss was seen in
the 900 ppm p-xylene group,
without impact on auditory
thresholds. No effects were
observed with o- or m-xylene at
any concentration.

No shift in audiometric
thresholds was observed in the
controls and in the groups
exposed to 250 and 500 ppm.
Threshold shifts in groups
exposed to higher
concentrations were observed
and increased slightly
throughout the exposure. No
recovery was observed 8 weeks
after the end of exposure.

For mixture A, following an
8-week recovery period one
animal in the 250 ppm group
and one in the 500 ppm group
had significant OHC losses in
the organ of Corti. Animals in
the 1 000 ppm group had
significant OHC loss also, and
the 2 000 ppm group had almost
complete loss of OHC and some
loss of inner hair cells. Less
extensive damage for mixture B
groups.

4 weeks following exposure, a
permanent shift in auditory
threshold and severe outer hair
cell losses in the cochlea were
observed in the group exposed
to p-xylene, but not in controls
or animals exposed to o- or p-
xylene.
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NOAEL/LOAEL

LOAEL (hair cell
loss) 900 ppm
NOAEL 450 ppm

LOAEL (hair cell
loss) 250 ppm
(lowest test
concentration)

No NOAEL (hair cell
loss)

LOAEL (irreversible
hearing loss)

1 000 ppm

NOAEL (irreversible
hearing loss)

500 ppm

*Note that the test
material contained
ethylbenzene, which
is known to be
ototoxic

LOAEL (hearing
loss) 1 800 ppm
(lowest test
concentration)
No NOAEL
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Study

Nylén et al.
1989

Bio/dynamics
Inc. 1983 (as
cited in US
EPA 2003)

Hass and
Jacobsen 1993

Species, Sex and
Number

Male Sprague
Dawley rats, 72
total

Male and female
rats

72 pregnant
Wistar rats, 36
per group

Exposure

0 or 1 000 ppm
xylene (isomer/
composition not
stated) for 61 days
(18 hours per day, 7
days per week)

500 ppm technical
grade xylene in rats
exposed before
mating, during
gestation and
lactation

0 or 200 ppm
technical grade
xylene (composition
not provided), 6 hr
per day on gestation
days 620

| RE T

No change in percentage of
intact spermatozoa, percentage
of spermatozoa with normal
heads and tails, testis weight
(2 or 10 weeks after exposure
ended), plasma testosterone,
ventral prostate weight, and
noradrenaline concentration in
vas deferens (2 weeks after
exposure ended). Three exposed
rats exposed were reported to
have been fertile when tested
14 months after cessation of
exposure

No parental, reproductive, or
developmental toxicity

No maternal toxicity was
observed in the exposed dams.
In pups, increased incidence of
delayed ossification of os
maxillare in the skull. Higher
pup weight (significant in males
at birth, and in both males and
females at day 28 but not day
14). Exposed pups had
significantly earlier eye opening
and ear unfolding. Statistically
significantly decreased rotarod
performance was observed in
female pups on PND 22 and 23
(but not PND 24), and in male
pups on PND 23 (but not PND
22 or 24). No differences were
observed in the time of
development of the surface
righting reflex, cliff avoidance
reflex, or auditory startle reflex.
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NOAEL/LOAEL

NOAEL (testicular,
male fertility) 1000
ppm (highest test
concentration) (US
EPA 2003)

NOAEL (parental,
reproductive,
developmental)

500 ppm (highest test
concentration)

NOAEL (maternal
toxicity) 200 ppm
(highest test
concentration)

No LOAEL or
NOAEL for
developmental
toxicity was
identified (by the
study authors or the
US EPA) However,
RIVM (2001) derived
a tolerable
concentration in air
(TCA) based on a
LOAEL of 200 ppm
from this study
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Study

Hass et al.
1995; Hass et
al. 1997

Species, Sex and
Number

28 pregnant rats,
15 exposed and
13 controls

Exposure

0 or 500 ppm mixed
xylenes (19% o-
xylene, 45% m-
xylene, 20% p-
xylene, and 15%
ethylbenzene), 6 hr
per day on GD 7-20

| RE T

No effect on maternal clinical
signs, body weight gain, or food
consumption, gestation period,
number of pups per litter, and
sex distribution per litter.
Exposed litters had a slight
decrease in mean birth weight
(5%) and a trend toward lower
body weight postnatally (not
significant).

Significantly decreased absolute
brain weight of male and female
pups combined (PND 28).

In the rotarod test (age 24-26
days), the % of animals not able
to stay on the rod was higher in
exposed animals on all 3 test
days - greatest difference for
females on day 3 (not
statistically significant.)

No difference between control
and exposed pups in surface
righting reflex or auditory
startle; air righting was delayed
by one day in the exposed
group. No differences in an
open field test of activity (27—
34 days old).

In the Morris water maze test (3
months of age) - no difference
in time to find the platform
between control pups and
exposed pups that were housed
in an “enriched” environment
(i.e., with toys). However, in
exposed pups that had been in
standard housing, there was a
trend (non-statistically
significant) towards increased
time to find the platform during
the learning phase of the test. In
a test following relocation of the
platform, the difference in time
and increase in swimming
length were significant for
exposed females from standard
housing compared to controls.
No difference in swimming
speed. Significant differences at
ages 16 and 28 weeks but not at
age 55 weeks (reversible effect)
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NOAEL/LOAEL

NOAEL (maternal
toxicity) 500 ppm
(highest test
concentration)

LOAEL
(developmental
toxicity — reversible,

water maze) 500 ppm

(lowest test
concentration)
No NOAEL
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Study

Rosen et al.
1986

Saillenfait et al.
2003

Litton 1978 (as
cited in US
EPA 2003)

Hudak and
Ungvary 1978

Species, Sex and
Number

pregnant rats,
18-21 per group

Pregnant
Sprague Dawley
rats, groups of
20-26

Pregnant rats

Pregnant CFY
rats, 20 exposed
and 28 controls

Exposure

0, 800 or 1 600 ppm
p-xylene on GD 7—
16

0, 100, 500, 1 000

or 2 000 ppm o-, m-
, or X-xylene or
technical grade
xylene on GD 6-20
(6 hours per day)

400 ppm mixed
xylenes on GD 6—
15

230 ppm mixed
xylenes (10% o-
xylene, 50% m-
xylene, 20% p-
xylene, 20%
ethylbenzene) on
GD 9-14 (24 hours

per day)

| RE T

Decreased maternal body
weight gain at 1 600 ppm but
not 800 ppm, compared to
controls. No effect on litter size,
pup birthweight, pup weight on
PND 3, growth rate of the pups.
No differences were observed in
the acoustic startle response
(days 13, 17, 21 and 63) or the
figure-8 maze test (days 22 and
65)

Decreases in maternal body

weight gain at 1 000 ppm and
fetal body weights at 500 ppm
(o- or technical grade xylene) or
1 000 ppm (m-, p-xylene). No
significant changes in the
average numbers of
implantations and live fetuses,
in the incidences of non-live
implants and resorptions, or in
fetal sex ratio.

No malformations in pups, but
some indications of delayed
ossification or increased skeletal
variations at 2 000 ppm.

No maternal or developmental
toxicity

No maternal or developmental
toxicity
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NOAEL/LOAEL

LOAEL 1 600 ppm
(maternal)
NOAEL 800 ppm
(maternal)

NOAEL
(developmental)

1 600 ppm (highest
test concentration)

LOAEL (maternal)

1 000 ppm
NOAEL 500 ppm

LOAEL
(developmental)
500 ppm
NOAEL 100 ppm

NOAEL (maternal,
developmental)

400 ppm (highest test

concentration)
NOAEL (maternal,
developmental)

230 ppm (highest test

concentration) (US
EPA 2003)
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Study

Ungvary et
al.1980

Ungvary and
Tatrai 1985

Ungvary and
Tatrai 1985

Ungvary and
Téatrai 1985

Species, Sex and
Number

Pregnant CFY
rats, 60—70 per
group (60
controls in total)

Pregnant CFY
rats, 2023 per
group

Pregnant New
Zealand rabbits,
9-10 per group
(60 controls)

Pregnant CFLP
mice, 15-18 per
group (115
controls)

Exposure

0, 35, 350, or 700
ppm o-, m-, or p-
xylene 24hr/day
GD 7-14

(24 hr/day)

0, 60, 440, or

780 ppm mixed
xylenes
(composition not
specified) on GD 7—
15

(24 hr/day)

0, 115 or 230 ppm
mixed xylenes
(composition not
specified) or
individual isomers
on GD 7-20

(24 hr/day)

0, 115, or 230 ppm
mixed xylenes
(composition not
specified) or
individual isomers
on GD 6-15

(3x4 hr/day)

| RE T

Decreased maternal body
weight at 700 ppm o-xylene, p-
xylene, or m-xylene

700 ppm m-xylene - small but
statistically significant
decreased number of mean
implantations per dam (dams in
this group also died)

700 ppm p-xylene - marked
post-implantation loss and a
corresponding decreased mean
litter size

Mean fetal body weight
decreases at 350 and 700 ppm
o-xylene, 700 ppm m- or p-
xylene.

At 780 ppm, significantly
increased percentage of dead or
resorbed fetuses

At 230 ppm, severe maternal
toxicity and no live fetuses
No evidence of maternal or
developmental toxicity at 115

ppm

No evidence of maternal or
developmental toxicity

NOAEL/LOAEL

LOAEL (maternal)
700 ppm
NOAEL 350 ppm

LOAEL
(developmental)
350 ppm
NOAEL 35 ppm
(US EPA 2003)

LOAEL
(developmental)
780 ppm
NOAEL 440 ppm

LOAEL (maternal,
developmental)
230 ppm

NOAEL 115 ppm

NOAEL (maternal,
developmental)

230 ppm (highest test
concentration)
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APPENDIX D: OTHER GUIDELINES

D1. Short-Term Exposure Guidelines

In the Environment Canada and Health Canada’s Priority Substances List Assessment Report:
Xylene, no guideline for short-term exposure to xylene was derived (Environment Canada and
Health Canada 1993).

The CalEPA (1999) derived an acute (1 hour) reference exposure level of 22 mg/m? based on a
NOAEL of 100 ppm (430 mg/m?) for eye, nose, and throat irritation in volunteers exposed to
xylenes for 30 minutes (Nelson et al 1943; Hastings et al. 1984; Carpenter et al. 1975). The
NOAEL was adjusted for exposure duration (30 min to 1 hour), and an uncertainty factor of 10 for
intraspecies variability was applied.

The European Commission (2005) selected the same endpoint, duration adjustment, and
uncertainty factors as the CalEPA (1999) assessment, but because of a difference in rounding,
derived a short-term exposure limit of 20 mg/m?>.

The US NRC (2010) derived an acute exposure guideline limit (AEGL-1) of 130 ppm (560 mg/m?)
for non-disabling effects for timeframes of 10 minutes to 8 hours, based on eye irritation at 400
ppm in humans exposed to xylene for 30 minutes (Hastings et al. 1984). An uncertainty factor of 3
was applied to account for intraspecies variability.

ATSDR (2007) derived an acute (14 days or less) minimal risk level of 2 ppm (8.7 mg/m?), based
on a minimal LOAEL of 50 ppm for respiratory and neurological effects (irritation of eyes, nose
and throat; reduced FVC and difficulty breathing; nausea, headache, fatigue and dizziness), in a
study of 56 volunteers exposed to xylene for 2 hours (Ernstgard et al. 2002). Uncertainty factors of
3 for the use of a minimal LOAEL and 10 for intraspecies variation were applied, giving a total UF
of 30. ANSES (2020) has adopted the ATSDR MRL as its acute toxicological reference value.

Table D1. Other short-term exposure guidelines

Organization Exposure guideline Health effect

CalEPA (2000) 22 mg/m?3 Eye, nose, and throat irritation

EU (2005) 20 mg/m?3 Eye, nose, and throat irritation

US NRC (2010) 560 mg/m? Eye irritation

ATSDR (2007), ANSES (2020) 8.7 mg/m? (2 ppm) Neurological and respiratory effects

D2. Exposure Guidelines for Non-Neoplastic Chronic Effects

Previous assessments have developed proposed exposure limits for chronic or long-term xylene
exposure based on neurotoxicity symptoms (anxiety, forgetfulness, floating sensation) and
irritation of eyes, nose, and throat in occupationally exposed humans or on developmental toxicity
or neurotoxicity in rats.
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ATSDR (2007) derived a chronic minimal risk level of 220 ng/m?® based on the LOAEL of 14 ppm
(61 mg/m?) in occupationally exposed humans from Uchida et al (1993). Uncertainty factors of 10

for sensitive human populations, 10 for use of a LOAEL, and 3 for a lack of supporting studies on

chronic neurotoxicity were applied, giving a total UF of 300.

The European Commission (2005) derived a chronic exposure limit of 200 pg/m? based on the
LOAEL of 14 ppm (61 mg/m?) in occupationally exposed humans from Uchida et al. (1993). The
LOAEL was adjusted for exposure time (8-hour work shift) and uncertainty factors of 10 for
sensitive human populations and 10 for use of a LOAEL were applied, giving a total UF of 100.

The US EPA (2003) derived an inhalation RfC of 100 pg/m?, based on a NOAEL of 50 ppm

(217 mg/m®) from a 13-week rat study (Korsak et al. 1994). The NOAEL was adjusted for
continuous exposure (6 hours/24 hours and 5 days/7 days). Uncertainty factors of 3 for interspecies
differences, 10 for sensitive human populations, 3 to account for the use of a subchronic study, and
3 for database deficiencies were applied, giving a total UF of 300. ANSES (2020) has adopted the
US EPA RfC as its chronic toxicological reference value.

RIVM (2001) derived a tolerable concentration in air (TCA) of 870 pg/m?, based on a LOAEL of
200 ppm (870 mg/m?) in a rat developmental toxicity study (Hass and Jakobsen 1993). Uncertainty
factors of 10 for interspecies extrapolation, 10 for sensitive human populations, and 10 for the use
of a LOAEL were applied, giving a total UF of 1 000.

The CalEPA (2000) derived a chronic reference exposure level of 700 pg/m?, based on the
LOAEL of 14 ppm (61 mg/m?) in occupationally exposed humans from Uchida et al (1993),
adjusted for exposure time (8-hour work shift). Uncertainty factors of 10 for sensitive human
populations and 3 for use of a LOAEL were applied, giving a total UF of 30.

The Government of Canada (Health Canada 1996) derived a provisional tolerable concentration of
180 pug/m®, based on a LOEL of 58 ppm (250 mg/m?) from a rat developmental study (Ungvéry
and Tatrai 1985), which was adjusted for differences in inhalation volume and body weights
between rats and humans. Uncertainty factors of 10 for interspecies extrapolation, 10 for sensitive
human populations, and 10 for the use of a LOEL and study limitations were applied, giving a total
UF of 1 000.

Table D2. Other exposure guidelines for non-neoplastic chronic effects
Organization Exposure guideline Health effect
ATSDR 2007 220 pg/m? Neurotoxicity symptoms (anxiety,

forgetfulness, floating sensation) and
irritation of eyes, nose, and throat

European Commission 2005 200 pg/m’ Eye irritation, sore throat, floating
sensation, and poor appetite

US EPA 2003; ANSES 2020 100 pg/m’ Impaired motor coordination

RIVM 2001 870 ng/m’ Developmental neurotoxicity

CalEPA 2000 700 pg/m’ Neurotoxicity symptoms (anxiety,

forgetfulness, floating sensation) and
irritation of eyes, nose, and throat
Health Canada and Environment 180 pg/m’ Developmental toxicity
Canada 1993
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