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PREFACE

MMT, or methylcyclopentadienyl manganese tricarbonyl, is an organic compound which
has been used in Canada since 1976 to raise the octane rating of gasoline. In 1977 MMT was
banned for use in unleaded fuel in California because it was found to increase hydrocarbon
emissions and to block the type of cataytic convertor then in use for unleaded fuel, thus negating
the Cdlifornia program for dealing with the severe air quality problems of some California cities.
Under the Clean Air Act, this ban was extended to all unleaded fuel inthe U.S. in 1977. MMT
remainsin usein the U.S. in leaded gasoline.

In Canada, the phase-down and eventual phase-out in December 1990 of akyl lead
compounds as anti-knock agents and octane boosters, which began in the late 1970's, resulted in
increased reliance on MMT for raising octane in unleaded gasoline. MMT provides only alimited
amount of octane to Canadian gasoline: approximately 0.5 to 1 unit. Inthe U.S., octane needs
have been met by changes in refinery production to increase aromatic content and/or branched
chain hydrocarbon percentage, and aso by the use of oxygenated fuels (ethanol, methanol,
MTBE).

In 1978, in anticipation of the phasing out of lead additives in Canadian gasoline, the
Department of Health and Welfare provided areview of the possible human health implications
of the expected increase in the use of MMT, particularly with respect to effects on ambient air
quality dueto MMT-derived manganese (Health & Welfare Canada 1978). It concluded that
there was "no evidence at present [based on data available in 1978] to indicate that expected
ambient manganese concentrations would constitute a hazard to human health”. During the course
of their deliberations on lead additives and lead substitutes in gasoline, this question was re-
examined in 1985 by the Royd Commisson on Lead in the Environment. They arrived at asmilar
concluson (Roya Society of Canada 1986). Health and Welfare Canada also commissioned two
independent studies; one examined the updated toxicity database for MMT and manganese
(Midwest Research Institute 1987), and the other completed an exposure assessment, including
uptake of manganese, for various segments of the Canadian population (Hill 1988). The
conclusions of both agreed with the earlier reports.

Ethyl Corp., the principal North American manufacturer of MMT, first applied to the
U.S. EPA for a waiver of the prohibition on inclusion of new additives (including MMT) in
American unleaded gasolinein 1977. This gpplication, and a succeeding one in 1981 were refused
on the basisthat MMT increased hydrocarbon emissions and blocked catalytic convertors. A third
gpplication in 1991 was withdrawn due to atechnical dispute with EPA over test results, and was



resubmitted in July 1991. In January 1992, the EPA again ruled that MMT should not be allowed
in fuel as it had led to substantially increased hydrocarbon emissions in tests by Ford Motor
company over those seen in the extensive tests carried out by Ethyl Corp., and could lead to
catalyst failure after long use (over 50,000 miles) (U.S. EPA 1992).

In this decision there was amost no mention of possible adverse health effects resulting
from MMT use. However, there was an obvious concern among U.S. regulators over the issue
of possible hedth effects from manganese, ametd additive, that might prove analogous to the lead
experience. U.S. EPA public hearings heard extensive testimony on the health issues raised by
MMT in connection with the 1990 waiver application by Ethyl Corp.. The U.S. EPA sponsored
an international workshop in March 1991 to discuss research requirements for clearer delineation
and quantification of possible exposure and adverse health effects due to manganese from
automotive sources.

The primary health concern is not with MMT itself, but with the manganese oxides
produced upon combustion of the additive. The known neurotoxicity of manganese at high
(occupational) exposure levels has led to concern regarding its use as a gasoline additive,
particularly given the recent experience with another metal, lead, in asimilar capacity. The fear
has been that, if MMT was used in al gasoline, ambient air manganese levels would rise
aufficiently to cause centra nervous system toxicity with Parkinsonian-like symptoms, as had been
observed among workers exposed occupationally to manganese.

After the U.S. Court of Appeals accepted a petition for review of the 1992 denid
decision, and after submission by Ethyl Corp. of additiona extensive emission data to resolve
earlier questions and conflicts, the U.S. EPA agreed to reconsider the decision for denial of
MMT additives by November 1993. Based on these new data, in November 1993 the EPA
ultimately concluded that MMT did not contribute significantly to increases in hydrocarbon
emissions or fallure of catalysts after extended service based on available data. The only
guestion that remained was the issue of whether or not the use of MMT would present an
unacceptable health risk to Americans.

During this same time period, the U.S. EPA examined several new epidemiological studies
relevant to the establishment of an ambient level for manganese considered to have negligible
hedlth risk known as the Reference Concentration (RfC). A level of 1 pg Mn/m?® for the RfC had
been recommended in 1984 (U.S. EPA 1984), and of 0.4 pg Mn/m?in 1990 (IRIS 1993) when
Ethyl Corp.'s current application was first submitted. This latter value was based on an
epidemiology study of Belgian manganese factory workers (Roels et al. 1987a). The RfC was
subsequently lowered to 0.05 ug Mn/m?in November 1993, immediately before the final decision



on the waiver gpplication was to be rendered, based on a new study by Roels et al. (1992) as well
asthe 1987 study and two additional similar studiesin Sweden (Wennberg et al. 1991,1992) and
Montréal, Canada (Mergler et al. 1994).

As there had been only limited opportunity for public comment on the new Reference
Concentration as it was incorporated into EPA's reevaluation of the potential health risks
associated with MMT usage, EPA agreed to resubmission of the MMT application by Ethyl
Corp. and to re-review the basis for the new Reference Concentration taking into account
comments received from Ethyl Corp. and others, as well as some additional origina data from the
principal study. A fina decision was originally scheduled for May 30", 1994, and was
subsequently delayed to July 13", 1994 (U.S. EPA 1993). In order to carry out the exposure
portion of the risk assessment, the EPA undertook extensive investigations of possible exposure
to manganese in the greater Los Angeles area, using model ling techniques as well as some actual
measurements (Canadian ambient and personal exposure monitoring data were rejected for various
reasons). On July 13", 1994, the EPA announced that it would deny Ethyl Corp.'s
waiver application on the grounds that there remain unresolved concerns regarding the health
impact of manganese emissions produced by MMT use.

In light of the above, Health Canada undertook an independent risk assessment for the
Canadian situation, focusing on the new epidemiological studies and Canadian exposure data.



CHAPTERI. MMT AND MANGANESE IN CANADA

.1 MMT

Methylcyclopentadienyl manganese tricarbonyl (MMT CAS #12108-13-3) is an
organometallic compound in which a covalent bond is formed between the cyclopentadienyl group
and the manganese atom, and also between the three carbonyl groups and manganese. It hasthe
chemical formula C;H,MnO, and a molecular weight of 218.1, with manganese comprising
25.2 percent of its total weight. It isliquid at ambient temperatures, and has a moderately low
vapour pressure of 4.7 x 10?2 mm Hg @ 20°C. It has awater solubility of 70 mg/L @ 25°C and
is solublein hydrocarbon solvents (Health and Welfare Canada 1978; Dynamac 1983). The half-
life of MMT in the atmosphere is extremely short, approximately 15 seconds, with photolysis
leading to a mixture of manganese oxides (Ter Haar et al. 1975). This short half-life thus limits
the chances of ambient exposure (Cooper 1984; Abbott 1987).

MMT is used in Canada in low concentrations as an octane improver and anti-knock
agent in unleaded gasoline. The maximum concentration alowed is 18 mg Mn/l (Canadian
General Standards Board 1986). Actua concentrations used have been considerably lower,
ranging from 0 to 17.2 mg Mn/l for individual samples depending on the grade of gasoline, season,
and geographica area (CPPI 1994), and the national mean was approximately 9 mg Mn/l in 1993.
The data from a 1993 survey of manganese levelsin Canadian gasoline are presented in Fig 1. By
comparison, between 1981 and 1990, |eaded compounds were added to gasoline in concentrations
from 200 to 480 mg/L, over an order of magnitude above MMT (Environment Canada, in
Loranger & Zayed, 1994a8). Based on MMT sdles in Canada (Wilson 1994), total annual
manganese used in Canadian gasoline rose from 221 thousand kg in 1981 to 306 thousand kg in
1993. Again in comparison, total annual lead used in gasoline fell from 12 million kg in 1981 to
1.5 million kg in 1990 (11 months), the last year prior to the phase-out of leaded additives. MMT
has aso been used in very limited quantities worldwide as a smoke suppressant additive to fuel oils
(Cooper 1984; Dynamac 1983).

MMT itsdf is consdered to have a high systemic toxicity. It is also a confirmed genotoxic
agent, and has recently been shown to cause a marked dose-related increase in structura
chromosomal abberations, at MMT concentrations below those present in gasoline, in anin vitro
test on CHO cdlls (Blakey 1994), thus indicating that it is a potent in vitro clastogen. This same
laboratory is about to perform an in vivo micronucleus test to determine whether the clastogenicity
detected in vitro isaso expressed in vivo. If confirmed, this would indicate a more serious hazard
than the in vitro results have shown.



Ambient exposure of the general population to unburned MMT appears to be extremely
low. MMT was not detected in ambient air samples collected on the streets of Toronto in 1979,
but was detected in an underground parking garage at alevel of 0.1-0.3 ng/m® (detection limit
0.05 ng MMT/m?® (Coe et al. 1980). Additional opportunities for exposure of the general
public to MMT may arise during contact or through inhalation at self-service gasoline stations,
through the use of gasoline as a solvent and cleaner, or as a result of substance abuse (gasoline
sniffing). Unfortunately, there are no data available on the ambient levels of MMT at gasoline
retall outlets or more recent ambient air monitoring data. Ethyl Corp. has reported traces
(usudly <0.1%, maximum 0.5%) of MMT in gasoline exhaust, apparently from cars not
equipped with catalytic controls; emission control devices were reported to reduce this amount
to 0.01-0.02 percent (Dynamac 1983). Exposure via evaporative emissons is also calculated to be
low, dueto the relatively low vapour pressure of MMT (5.0 x 102 mm Hg at 20°C) and the small
amount used per litre (maximum alowable level of 18 mg Mn/l). The partial pressure of MMT
in gasoline was calculated to be about 1/30 that of tetraethyl lead (Faggan 1975, in Dynamac
1983), and is an overestimate as the concentration per litre on which it was based (0.125 g/gal or
0.033 g/l) isthree times the actual concentration used (Abbott 1987). Any MMT emissions that
do occur are subject to a very short half-life (15 seconds).

There is a possibility of occupational exposure to MMT during the production process
and during the blending and transferring of MMT. Since MMT is highly toxic, the
manufacturer has recommended stringent precautions during this procedure. Few incidents have
been reported of accidents; severa accidents evidently occurred in the U.S. Navy during mixing
of MMT with jet fud, when seamen spilled MMT on their hands (Dynamac 1983).
Occupationa exposure to unburned MMT from skin contact with gasoline has not been reported
as a problem, probably due to the small quantity per litre (approximately 40 mg/L of MMT).
An occupational inhalation exposure limit value for MMT as manganese of 200 pg/m? (time
weighted average) has been set by ACGIH (1993), with a skin notation, indicating that dermal
exposure should be limited. To date, al of the MMT sold in Canada is manufactured in the
U.S.: the majority of MMT is supplied by Ethyl Corp. from their plant in Orangeburg, South
Carolina, and a small amount has been supplied by Sea Lion from their plant in Texas. Thus,
occupational exposure within manufacturing facilities has not been an issue in Canada, although
it presumably could be in the future. MMT monitoring data collected at Ethyl Corp.'s
Orangeburg plant (provided by Pfeiffer, 1994) for areas with various MMT-related activities
indicate organic manganese concentrations below detection limit (0.05 mg/m?) for most samples
and arange of 0.05-0.120 mg/m® in samples above the detection limit. MMT produced by Ethyl
Corp. in South Carolina is blended with a solvent at an Ethyl Canada Inc. plant in Corunna,
Ontario prior to distribution to refineries. Limited persona and stationary air monitoring of



MMT levelsfor MMT blending unit operators from 1990-1993 found all levels to be below the
detection limit which itsalf was rdlatively high (0.1 mg/m?® as manganesein all but one sample and
0.2 mg/m® in one sample).

Due to a lack of potential for exposure, the risk to health from MMT was previously
consdered to be minimal. A very recent (as yet unpublished) investigation shows that MMT isa
potent clastogenic agent at concentrations below those present in Canadian gasoline, which
indicates that some caution is required in considering whether the addition of this genotoxic
compound to such awidespread consumer product isjustified. Although exposure of the general
public appears to be low, some potential exists for exposure through abuse (gasoline-sniffing)
or through use of gasoline as a solvent and cleaner. Improper use of a substance is difficult to
control; drastic action is seldom contemplated unless such use is extremely widespread or has
additional effects on the genera population or on the environment. Moreover, the toxicity of
the gasoline itself under these circumstances is higher than that of MMT.

Occupational exposure to carcinogenic, genotoxic or neurotoxic substances is common,
and control measures for limiting such exposures are normally effective at the level of the
workplace, rather than at the national level, or by banning the compound from commerce.

.2 Manganese

Manganese (Mn) is the twelfth most abundant element in the earth's crust, comprising
approximately 0.1%, and the fifth most abundant metal (ATSDR 1992; U.S. EPA 1984). Itis
widdy distributed in rocks, soil, food, water and living organisms (WHO 1981). Manganese
occurs naturally as a component of sulphide, oxide, carbonate and silicate minerals, and is most
common in the manganese ores pyrolusite (MnO,), rhodochrosite (MnNnCO;) and rhodanate
(manganese silicate) (ATSDR 1992; Jagques 1987; Stokes et al. 1988). Manganese does not
occur as a free metal, but rather it is found in nature in 11 oxidation states, the most important
of which are Mn**, Mn*, Mn*, and Mn". Mn ?#slts, eg. MnCl,, MNNO,, MnSO, and
Mn acetate, are mostly water soluble, with the exception of the phosphate and carbonate which
have ardatively low solubility. The Mn® ion is similar to magnesium, Mg?*, and can replace it in
some biological systems. The oxides, including Mn,O, and MnO, (manganese dioxide
or pyrolusite -Mn™) are insoluble in agueous solutions. The Mn* ion is relatively unstable in
the environment and hydrolyses easily in weak acid solutions to Mn?* and MnO, (Mn*)
(WHO 1981). In biologica systems, the Mn** ion acts interchangeably with Fe*® (Aschner &
Gannon 1994).



The principal product of combustion of MMT in gasoline is inorganic manganese, in the
form of airborne particles of trimanganic tetroxide, (Mn,O,), along with traces of manganese
sesquioxide (Mn,O;) (Ter Haar et al. 1975; Health and Welfare Canada 1978). It is a mixed
oxide, in which two manganese atoms exhibit the valence state of +3 and one exhibits the state of
+2. The particle szeisbetween 0.2 and 0.4 um, small enough to reach the lung alveoli and to be
absorbed easly. Mn,O, hasa molecular weight of 228.8, of which 72 percent is manganese. It is
insoluble in water or in biological fluids, but is soluble in hydrochloric acid. Mn,O, isaso a
naturally occurring minera known as hausmanite (the size of manganese particles of crustal origin
tend to be much larger than those produced anthropogenically).

The U.S. EPA conducted multiple emission tests on 12 vehicles using three drive cycles
(FTP, HWY and NY CC) in order to measure manganese emissions. The average amount of the
MM T-derived manganese emitted from the tail pipe ranged from 6.6-16.9% depending on the drive
cycle, with an average of 12.5% (Systems Application International 1991). The minimum and
maximum cycle means were 4.2% and 33.7%, respectively. In addition, Ethyl Corp. and
the Southwest Research Institute carried out an emission study entitled The Manganese Balance
Project (Ethyl Corp. 1991). Three 1991 Chevrolet S-10 pickup trucks were tested after
accumulation of 20000 miles on a base gasoline with MMT at alevel of 8 mg Mn/l. Anayses
showed that under these conditions 26-28% of the manganese consumed in the fuel was emitted
from the tailpipe, while the mgjority of the balance was found within the interna components
of the vehicle (approximately 40% in the tailpipe, muffler and catalytic converter; 12% in the
engine oil and filter; and 15% in the engine parts). Retrieval of a small total mass (17 grams)
of manganese from the internal components was difficult and a certain percentage remained
unaccounted for. A five vehicle, low mileage study by Ethyl using three drive cycles measured
manganese emission rates ranging from 4-19%, and a 4 vehicle (low to high mileage) study by
Ford (FTP drive cycle) measured manganese emission rates of 8-45% (U.S. EPA 1994). An
older study by Ter Haar et al. (1975) found that 20% of fuel manganese was emitted in the
exhaust of two vehicles (unequipped with catalytic converters). An additional study of non-
catalyst equipped vehicles report emission rates ranging from 11-40% (Moran 1975, as reported
in U.S. EPA 1994). Given the limited testing done to date, the lack of testing of on-road
vehicles, and the great variability in the data, it is not possible to determine a statistically valid
manganese emission factor for the current vehicle fleet. This document will assume that 40%
of manganese added to gasoline as MMT is emitted from the tailpipe. (Note that this emission
factor is not used in the exposure assessment.)

An ambient air quality guideline of 1 ug Mn/m® has been recommended for Europe
(WHO 1987). The U.S. EPA Reference Concentration of 0.4 ug Mn/m? established in 1990
was reduced to 0.05 pg Mn/m?in 1993: the recent EPA assessment of MMT proposes that the
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RfC be arange of 0.09-0.2 ug Mn/m?® (U.S. EPA 1994). The province of Ontario has a 24-hour
criterion for manganese of 2.5 pug/m?® in total suspended particulates based on human health
(OMEE 1993). An occupational TLV of 5 mg Mn/m® of manganese dust and inorganic
compounds is used by ACGIH (1993), athough anew value of 200 pg Mn/m? has been proposed.

1.3 Anthropogenic Sources of Manganesein Canada

Manganese ores are not mined in Canada but are imported for various industria purposes.
Anthropogenic manganese emissions in Canada are derived primarily from metallurgica
processing (such as manganese alloy production), and steel and iron manufacturing. However,
fuel combustion in both stationary and mobile sources aso results in the rel ease of manganese to
the atmosphere, the primary source of manganese from vehicular fuel combustion being MMT
(methylcyclopentadienyl manganese tricarbonyl).

The most recent comprehensive anthropogenic emissons inventory analysis for manganese
in Canada was compiled for 1984 (Jagues 1987). These data are presented in Table 1 for the
individual provinces and for the country as a whole. It is evident that national manganese
emissons are centred in Québec and Ontario, and result primarily from manganese-bearing alloy
production and primary iron and steel production in those provinces, respectively, and were
responsible for 47 and 28 percent of national manganese emissions, respectively. (It should be
noted that a large manganese aloy production plant in Beauharnois, Québec, 24 km SW of
Montréal, closed in May 1991.) Transportation related fuel combustion is a principal sourcein
the other provinces and territories, representing one third to al of the anthropogenic manganese
emissions in those regions. In his analysis, Jagues (1987) assumed a tailpipe emission rate of
100%: as discussed in the previous section, evidence from emission tests indicates that less than
40% of the manganese in fuel (manganese represents 25.2% of MMT by weight) is emitted from
the tailpipe.

Thisinventory has not yet been updated, however, data are available on changesin MMT
sales since that time from Ethyl Corp., who has been the sole or primary supplier of MMT in
Canadasince the early 1980's. Sales of manganese sold as MMT in Canada (by Ethyl Corp. aone)
from 1981 to 1993 are provided in Fig. 2. MMT/manganese sales at Ethyl Corp. have increased
by approximately 40% from 1984 to 1993, and by 93% from 1984 to 1989. Assuming atailpipe
emission factor of 40%, annua manganese emissions from the transportation sector have increased
from 88 tonnesin 1984 to 122 tonnesin 1993, with a peak of 168 tonnes in 1989 (note that these
estimates differ from Jaques (1987) because he assumed that 100% of manganese in gasoline was
emitted from the tailpipe). Given these figures and assuming (probably incorrectly) that emissions



from other sectors have remained constant, gasoline-powered motor vehicles represented 9%,
17% and 12% of anthropogenic manganese emissions in Canada in 1984, 1989 and 1993,
respectively. It should be noted that unlike point-source industrial emissions, motor vehicle
emissions are widely distributed in the environment, and thus may contribute more substantially
to the manganese exposure of the genera population than the emissions inventory data suggest.



CHAPTER Il. PHARMACOKINETICS OF MANGANESE

The metabolism of manganese is of unusual importance in the risk assessment for
manganese from MMT. Questions have arisen regarding differential metabolism and homeostasi's
of inhaed versus ingested manganese, possible differences in toxicity between the various forms
of manganese, and the effects of exposure on different subpopulations (the very young and the
elderly), which are best answered by the study of the metabolism of this element. Inhaation isthe
important route of exposure for consideration with respect to arisk assessment of the use of MMT
in fuel, and aso in cases of occupational exposure to manganese, while normaly the
gastrointestinal route is the major port of entry into the body for manganese.

1.1 Absorption
[1.1.1 Inhalation exposure

Net absorption after inhaation is a combination of deposition and uptake of deposited
particles. Absorption viainhadation is strongly dependent on the form and size of the manganese-
containing particulate matter. Deposition of all particulate matter in the lower respiratory tract
occurs only with particles <10 pm in mass median diameter. 1t has been assumed for the purposes
of this assessment that 60% of particulate mass for particles of diameter less than 10 um is
deposited in the pulmonary region of humans and is available for uptake. This is likely a
conservative estimate, as published data indicate that 60% deposition is a maximum value and
goplies to particles between 3 and 5 pm mass median aerodynamic diameter (MMAD), and that
depodgition is substantially lower for particles less than 3 pum and for particles 5-10 um (U.S. EPA
1982). Deposition drops to about 20% for particles 0.5-1 um in size, and increases up to a
maximum of 60% for particles of 0.1 pm (U.S. EPA 1984). A more recent review of this
information (Oberdorster et al. 1994) supportsthis conclusion. Particles 2-3 um or less are small
enough to be deposited in the lung aveoli where clearance mechanisms are dower than for
tracheobronchia clearance via ciliary action, and thence to the gastrointestinal tract after
swallowing. The particle size of Mn,O,, the maor oxide produced upon combustion of MMT,
isabout 0.1 to 0.4 um (Ter Haar et al. 1975), small enough to reach the lung alveoli easily, but
also small enough to experience considerable loss through reentrainment and immediate
exhalation (U.S. EPA 1984). There is very limited information on particulate deposition in
children, however, Xu and Y u (1986) modelled aveolar deposition of different particle sizes for
different ages and found that although alveolar deposition may be higher or lower in adults than
children, al PM,, size fractions have deposition below 60% in al age groups. It has also been



assumed that 100% of manganese deposited in the pulmonary region is absorbed into the
circulatory system and is available to induce toxic effects, as a conservative estimate, since data
indicate that uptake of deposited particles, although variable, can range up to 90 percent based on
retention data. The net absorption, including deposition and uptake has therefore conservatively
been assigned a value of 60 percent for this assessment.

[1.1.2. Gastrointestinal route

Because of the normal high amount of manganese in the diet, this constitutes the major
route of exposure for most people (Mena 1980). Absorption viathe GIT isnormally at least an
order of magnitude lower than via the inhalation route.

It is hypothesized that manganese homeostasisis regulated by manganese excretion viathe
intestina tract rather than absorption (Davidsson et al. 1991). However, the knowledge of
manganese absorption (as opposed to retention) is limited, and is complicated by relatively rapid
and efficient biliary remova (Sandstrom et al. 1990). In the normal (human) adult, absorption of
radiolabelled MnCl, via the oral route was about 3% of the ingested dose and remained constant
as intake increased (Mena 1980). Absorption from the gut also remained constant at 3% with
increased loads of Mn up to 5000 pg/m?® from occupational exposure of manganese miners.
Manganese absorption and retention from human milk, cows milk, and various formulas were
studied in 39 adults (Davidsson et al. 1989a). Absorption was 8.9 % from human milk, 2.4% from
cows milk, and 0.7% from soy formula. Protein composition, iron levels, and phytic acid (in the
soy formula) all influenced absorption. Absorption from milk and from a multi-vitamin solution
was 8.4 and 8.0 % in a human volunteer study (Sandstrom et al. 1987). In areview of the
literature, Hill (1988) derived a mean estimate of manganese absorption for adults of 5.5% based
onarange of 1-14.5%. Thisissimilar to the mean value proposed by ATSDR (1992) of 3-5%.
Although manganese absorption from a constant diet is fairly reproducible within an individua,
inter-individud variation can be substantia (Davidsson et al. 1989b; Davidsson et al. 1991), which
may be partialy responsible for the variability in published estimates. Results from additional
studiesinclude: 1.2-4.9% (Davidsson et al. 1991), 1.7-5.2% (Johnson et al. 1991) and 0.7-8.2%
(Davidsson et al. 1989a) for different dietary components; 6.05% (Davidsson et al. 1989b); and
2% from a mineral supplement taken with food and 9% from that supplement taken in afasting
state (Sandstrém et al. 1987). Absorption in laboratory animals is also of the order of a few
percent, similar to humans (Cahill et al. 1980; Van Barneveld & Van den Hamer 1984).

For the purposes of this assessment, a value of 5% has been selected as adult manganese
absorption from the gastrointestinal tract.



Low iron status results in increased absorption of manganese. Individuals with anaemia
absorbed about 7.5% , or twice as much manganese as normal individuals, along with greatly
increased absorption of iron (Menaet al. 1969; Mena 1980). In one study, one of 14 volunteers,
who was anaemic, had an absorption of 45%. (Sandstrom et al. 1987). This has aso been shown
inanimd studies. Iniron deficient rats, manganese binding to transferrin was increased by 100 %,
as was also the specific activity of labelled manganese in brain stem, basal ganglia and medulla
(Mena 1974). Iron and manganese in the diet interact, so that high levels of one depresses
absorption of the other (Hurley et al. 1983). High calcium levels aso reduce the absorption of
manganese in humans (Davidsson et al. 1989a) and rats (Van Barneveld & Van den Hamer 1984).
As with severa other metals, absorption of manganese from water may be increased over
absorption from food; the apparent absorption of manganese in mice following administration of
0.3 ug >*Mn in either food or drinking water was 1 percent from food compared to 5.3 percent
from water (Van Barneveld and Van den Hamer 1984).

Infants have a greatly increased absorption and retention capacity for ingested manganese
compared to adults. Mena (1980) quoted 15.7% and 8% as the 10-day total retention in
premature and normal full term infants respectively. In a manganese baance study (Zlotkin and
Buchanan 1986) on premature (N=11) and full-term infants (N=13) intravenously fed either a
manganese-deficient (0.8 pg/kg bw/day) or a manganese-supplemented (48 pg/kg bw/day)
solution, obligatory excretion was extremely low, less than 1 pg/day, in al four groups.
Manganese retention was 99% for the exposed group and was unaffected by gestationa age, birth
weight, or other factors. Mean plasma levels were the same at 640-42 ng/ml for both groups.
Three of 13 infantsin the unsupplemented group were in negative balance at -0.7 ug/kg bw/day.
Although there were no detectable differences in neurobehavioural function, the authors
recommended that parenteral manganese supplementation be carried out primarily for premature
infants, based on a 9 ug/kg bw/day accretion rate for fetuses in the third trimester, in order to
avoid a negative balance, and at the much lower rate of 1 ug/kg bw/day for full-term infants. The
mean retention of manganese in infants fed human milk or cows milk was reported to be 43% and
20% respectively (the age of the infants not given) (Doerner et al. 1987). Infants of other species
also demongtrate greater absorption and retention.  Infant rats had a four-fold increased entrance
of labelled manganese into the brain compared to adults (Mena 1974), and young rats al'so showed
a pronounced inverse effect of age on the whole-body retention of manganese, with 24-hour
retention 80% in rat pups less than 15 days old, and 40% in pups over 15 daysold. (Keen et al.
1986; Raghib et al. 1987). This higher retention appeared to be due to inefficient excretory
mechanisms rather than to increased absorption, based on results from an in vitro study on
membranes from the small intestine of 14-to 21-day old (weanling) rats (Bell et al. 1989).
Davidsson et al. (19894) have suggested that the high capacity for manganese absorption and
retention in young infants is a consequence of the scarcity of this essential element, and that this



is therefore a conservation mechanism to prevent deficiencies, which have been shown in animals
to result in disturbances of development (Hurley et al. 1983). Suggestions have also been made
that deficiencies in manganese during infancy have resulted in increased prevalence of seizuresin
humans (Tanaka 1982; Papavasiliou et al. 1979), but this does not agree biologically with the
virtually 100% retention of human infants, and the difficulty of establishing a deficient state, in
either adults or the young. In a later epidemiology study to further investigate a possible link
between saizures and body manganese levels, Dupont and Tanaka (1985) suggested that seizure
activity could be enhanced by low or borderline manganese status, combined with seizure-induced
alterations in permeability of the blood brain barrier, which allowed the excessive egress of
manganese from the neuron. In agroup of 197 convulsive children from a hospital clinic aged one
to 19 years, 14 percent had blood manganese levels two standard deviations below the mean of
120 control children.

For the purposes of this assessment, it has been assumed that infants absorb 100% of
manganese from the diet.

I1.2. Tissue Distribution and Retention of Manganese
[1.2.1 Inhalation exposure

Immediately following inhaation of 1,800 pug/m?® (=260 pg/kg bw/day) Mn,O, for 2 hours
by female mice, tissue distribution was highest in lungs, followed by liver, kidney and spleen
(Adkins et al. 1980). After 48 hours, lung tissue levels had fallen close to levels seen in the
controls, while kidney and spleen levels were till elevated 60% above controls. Pulmonary
deposition was linear with dose from 0 to 2900 pg/m? for the same exposure period. Liver tissue
levels were dlightly but not significantly elevated from the control level at 48 hours. Brain levels
were not measured in this study . Acute exposure of guinea pigs to considerably higher
concentrations of MnO, (22,000 pg/m?) for 24 hours resulted in lung retention of 27% after
24 hours (Bergstrom 1977). A one-hour nose-only inhalation exposure (Wieczorek and
Oberdorster 1989) of male rats to 2.9 and 129,000 pg/m* MnCl, (mean size 1.1 to 1.6 um)
resulted in the highest manganese levelsin the gastrointestinal tract (87% of the total absorbed for
the high dose and 62% for the low dose) immediately after exposure, followed by lung, liver, and
kidney, with extremdy low brain levels, 0.1 pg and 0.001 pg compared to 575 pg and 13.6 pg in
the gastrointestinal tract (GIT) for the high and low dose respectively. Deposition patterns were
smilar for both the high and the low dose. The relative uptake into the brain was independent of
inhaled concentration and did not exceed 1% of lung deposition. The large quantity and rapid
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gppearance of manganeseinthe GIT in this experiment suggest that the homeostatic mechanisms
which act through the Gl tract and liver to control manganese levels after oral intake, also remove
asignificant portion of absorbed manganese after inhalation intake.

Moore et al. (1975) exposed rats and hamsters to auto exhaust from an engine run on
gasoline containing MMT, with average Mn (presumably Mn,O,) measured at 117 pg/m?, for
56 days, 8 h/day. No significant differences were found in the Mn concentrations of various
tissues between controls and exposed groups of hamsters (no explanation of this finding was
attempted), but in rats, concentrations rose 60-75% in brain, lung and liver, and remained low in
kidney and heart (Moore et al. 1975). After subchronic inhalation exposure of rats and monkeys
to 12, 112 and 1150 pg/m*® Mn,O, (produced from combustion of MMT) continuously for
9 months, the highest tissue manganese levels were in the liver in both species, but were not
significantly elevated in the liver above controls for any exposure group (Ulrich et al. 1979).
Blood, kidney and lung levels were somewhat €l evated in the two higher dose groups in rats and
monkeys, which aso had elevated spleen levels. Tissue and blood manganese levelsin the highest
dose group were increased 34 to 125% above the control values and were generally comparable
between rats and monkeys. Exposure at the lowest dose, 12 pg/m?, had no effect on manganese
levelsin any tissue. Inrats, levels had returned to control values six months after the cessation
of exposure. Brain levels were not investigated in this study . In male mice subchronically
exposed to subletha doses of manganese dioxide, MnO,, (mean size 1.5 um) at 49,000 pg/m* for
3 to 12 weeks, followed by 85,000 pg/m?® for 20 weeks, uptake of manganese was highly
significant (p<0.001) in lung,kidney, cerebrum, brainstem, liver, and blood, as well as the
gastrointestinal tract and testes (p<0.01), immediately following the beginning of exposure
(Morganti et al. 1985). The increase was transient, however, and levels dropped comparable to
controls, in blood, lungs, cerebrum and brainstem as exposure continued beyond 24-28 weeks
(20 weeks for blood). Mn remained elevated in liver, even 2 weeks after cessation of exposure,
when all other tissue levels including cerebrum and brainstem, had reached control values. This
was suggestive of a prominent role for the liver in controlling body burden of inhalation-derived
aswell as GIT-derived manganese through biliary excretion.

Other routes of parenteral administration have aso been examined. Administration to
rats via subcutaneous injection of MnCl2 at 15 mg/kg bw/day for 15 days resulted in increases
in total manganese in all tissues (Sakurai et al. 1985). The increases were most marked in
pancreas, 2800 percent over control levels, and were also high in testis (1300%), hypophysis
(650%), thymus, adrenal ,and cerebrum (all 600%). Content in liver, thyroid and lung increased
relatively little over levelsin controls. Inthe controls, levels were highest in thyroid and liver, and
were due solely to uptake from standard laboratory chow and from drinking water. Gianutsos et
al. (1985) dso observed increased levels of manganese in the blood and in brain of mice following
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asingle subcutaneous injection of approximately 22 mg/kg bw of either MnCl, or Mn,O,. Blood
levels were 100 times control levels in one hour after the chloride, dropping to 7 times after
7 days, whereas with the oxide, the blood level doubled after two hours and remained high to the
end of the experiment at 7 days. Brain levelsincreased steadily to 7 days after administration of
both compounds, with more rapid accumulation from the chloride, but more than twice the
accumulation from the oxide at the end of 7 days. Iron deficiency increased the retention of
manganese in the brain stem, basal ganglia, and medulla of rats, by approximately twice (Mena
etal. 1974). In vitro, the Mn-binding capacity of plasma was increased significantly from 21 to
48 percent when iron was low.

[1.2.2 Gastrointestinal route

In human adults, whole body retention of an ordly ingested dose was reported to be 1.6%
after 10 days and 0.21 % after 50 days (Mena 1980). In the newborn, total body retention was
8%, while premature infants retained twice as much (the length of time was not given for the
infants). In rats, whole body retention of a single ingested dose at day 19 post-partum was 3%,
amilar to adult retention (Cahill et al. 1980). Twenty-four hours following the end of subchronic
(100 day) administration of four different manganese salts to six-week-old male mice at about
200 mg/kg bw/day, the manganese content in body tissues increased 1.4 to 3 times over that in
controls, varying only dightly between forms (Komura and Sakamoto 1991). Manganese content
was highest in liver, kidney and hair, followed (in order) by pancreas, bone, prostate, brain, spleen
and muscle. Manganese content in brain averaged 1.4 to 1.6 pg/g (tissue wet weight) for the four
forms, compared to 0.97 + 0.25 pg/g in control animals, and was significantly higher for the
acetate form only. In alonger (1 year) study using the same protocol, increases in manganese
content of the liver, kidney and spleen were not as marked (with few increases statistically
ggnificant), as in the shorter experiment, due to homeostasis, according to the authors (Komura
and Sekamoto 1992). The insoluble carbonate caused a significant elevation over the control level
inthe liver and spleen, and the oxide in the spleen only. The elevation by the oxide in the spleen
was sgnificantly higher than the other three forms. The manganese content in seven areas of the
brain varied dightly from control values between the various forms, whether soluble (MnCl,, Mn
acetate), insoluble (Mn carbonate, MnO,), tetravalent (the oxide) or divalent (the three remaining
forms), but no particular pattern was discernible with respect to the solubility or the valence state.
MnO, caused significant decreases over control levels of dopamine and norepinephrine in the
corpus gtriatum, hypothaamus and midbrain, which led the authors to conclude that this form was
more toxic than the other forms. However, these decreases were not correlated with any increases
in manganese levels in these tissues as might have been expected. In addition, dopamine levels
were doubled in the cerebral cortex, cerebellum and medulla oblongata while Mn levels were
unchanged or even increased in the cerebral cortex (Komura and Sakamoto 1992).
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1.3 Clearance of Manganese
11.3.1 Inhalation exposure

Highly variable clearance of manganese from the lung has been reported after inhalation
exposure. Overal lung clearance values ranged from <3.5 hours in female mice (Adkins et al.
1980) to >240 daysin mderats (Kaliomaki et al. 1986). Clearance haf-time (T,,,) in humans was
reported to be 68 days for MnO, particles of 0.9 pm mass median diameter (MMD) (Morrow et
al. 1967). Clearance was generaly reported as bi- or triphasic in animals, with initial fast and
later low components.

Lung clearance appears to be inversely dependent on concentration. Much faster clearance
(0.2dvs. 1.8d or 9-10 times) was observed (Wieczorek & Oberdorster 1989) in the first or rapid
phase of clearance in male rats given 129,000 pg/m3 soluble MnCl, than in the group given
2.9 ug/m3. Thelate phase clearance rates were more nearly equal with clearance half-times (T,,,)
of 10.5 and 12.7 days for the high and low concentrations respectively. (Particle sizeswere 1.6
and 1.1 pm mass median diameter (MMD), which may have aso influenced the half-time). Lung
clearance of MnCl, aerosol, MMD 1.1 and 1.8 pm, was triphasic in two macague monkeys
administered extremely low doses of 0.01 and 0.02 pg Mn (0.003 and 0.008 pg/kg bw)
intratracheally for 30 minutes (Newland et al. 1987). Disappearance half-times were 0.2-0.4 d, 12-
26 d, and 94-187 d for the 3 phases. This extremely slow clearance of low doses agrees well with
the observations by Wieczorek & Oberdorster (1989) of inverse T,,, for low concentrations.

Differing particle size may explain some of the differencesin clearance rates observed in
various studies, some of which used intermediate particle sizes between 1.1 and 1.9 um diameter.
Mn,O, resulting from auto combustion is noted to be of small particle size, 0.2-0.4 pm. Small
particle sizes are likely to clear more dowly than larger particle sizes, which are cleared by
mucociliary clearancelargely to the GIT. Bergstrom (1977) explained the difference between his
rapid 24-hour lung clearance half-time in guinea pigs of MnO, particles, all >0.8 pm and 87%
<3 pm, and the dow (T ,,, of 38 days) clearance observed by Morrow et al. (1967) in dogs, on the
basis of larger sze than the particle of 0.07 um count median diameter used in the dog study. The
short half-time of < 3.5 hours observed by Adkins et al. (1980) for female mice given a
Mn,O, aerosol of 1.4 um MMAD appears to be an anomaly. The experiments of Kalliomaki et
al. (1986) on lung clearance of manganese from metal fumes are of interest with respect to
possible differences dueto particle size. Lung clearance was extremely slow with T,,, of 107 days
overdl and 140 daysfor the dow phase, for inert gas-stainless sted fume, with the size not given,
but probably in the ultrafine range << 0.1 um. (This was fairly similar to clearance of iron and
chromiuminthe samefumeat aT,, of 240 days.) Ultrafine particles of other metals (eg. titanium
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and aluminum) have aso been observed to give extremely long clearance times due to
phagocytosis of particles by alveolar macrophages and translocation into the pulmonary tissue
(Ferin et al. 1991). Larger size manganese particles from two other types of metal fumes from
manual metal arc welding, aso investigated by Kalliomaki (Kaliomaki et al. 1986), gave lung
clearance T,,, of 0.5 an 5.0 days for fast and ow phases from mild steel fume, and 5.0 and
40 days from stainless steel fume, the latter said to be between 0.3 and 0.6 um, with some
aggregation into chains of several um in length (Kaliomaki et al. 1983).

The form (soluble or insoluble, oxide or other salt, Mn?*, Mn®, Mn*) in which the Mn
occurs also appeared to influence clearance in a study (Drown et al. 1986) in which MnCl,
(soluble salt) or Mn,O, (insoluble oxide) were both administered intratracheally at low dose. The
soluble MnCl,, was cleared four times faster during the first week after administration than Mn,O,,
but by the end of 15 days, no further lung clearance took place for either compound and lung
concentrations were the same. Mn uptake by al other tissues was aso more rapid with the MnCl,
form, and peak concentrations were reached earlier.

Trandocation of particulates deposited in the respiratory tract via ciliary action and
swallowing to the gastrointestinal tract is a major clearance mechanism for respiratory exposures
(ICRP 1966). Menaet al. (1969) demonstrated that humans inhaling a suspension of particulate
manganese oxide (*Mn,0,) transferred more than 60% to the gastrointestinal tract; thisis likely
true also for Mn,O, particles of equivalent size.. Pre-systemic clearance or the "first-pass effect"
is generally considered to account for part of the large difference in apparent toxicity between
ingested and inhded manganese. Iningestion, the liver acts to extract Mn rapidly from the blood,
followed by excretion into the bile and elimination via the faeces. MnCl, administered portally to
rats was only 65 to 70 percent of that available systemically (intravenously) (Thompson &
Klaassen 1982). A major portion of inhaled manganese also appears to be found in the liver
shortly after inhaation (Adkins et al. 1980; Wieczorek & Oberdorster 1989), indicating that
clearance viathe GIT isaso important in inhalation exposure, particularly for high doses. Drown
et al. (1986) found that atotal of approximately 60 and 73 percent of intratracheally administered
Mn,O, or MnCl, respectively was excreted via the GIT. The remaining 25 to 40 percent is,
however, very important with respect to potential brain toxicity.

Clearance from the brain, the critical target organ, appears to be extremely slow once
manganese has reached it. Menaet al. (1974) reported that the entrance of manganese into the
brain was a dow process in normal rats, reaching a maximum of 1 percent 30 days after ip.
injection, followed by dow clearance with a half-time of 150 days. Newland et al. (1987)
estimated clearance hdf-time for the brain to be 223-267 days for macaque monkeys given ultra-
low concentrations of MnCl, aerosol. Wieczorek & Oberdorster (1989) also found that although

14



maximum uptake by the rat brain was lessthan 1% of uptake from the lung for both high and low
concentrations, brain clearance was too slow to calculate after 120 days, clearance was even
slower after administration of low concentrations than for higher concentrations. After intra-
trached ingtillation of small amounts of MnCl, and Mn,O, in rats, maximal concentration were
attained a 1 day (MnCl,) and 3 days (Mn,O,) and a second peak was observed at two weeks for
both (Drown et al. 1986). The clearance haf-time appeared to be approximately 60-70 days, with
brain concentration returning to baseline by 90 days. This dow clearance for brain is seen when
Mn is administered via other routes also. For humans, Mena (1980) gives a clearance half-time
for the head of 54 daysin normal individuals, 37 days in manganese miners, and 62 daysin sick
Mn-exposed miners, after injection of radioactive **Mn. This suggested that slow clearance (for
genetic or other reasons) could be at least partly responsible for the variability in susceptibility to
the toxic effects of manganese noted in occupationd studies. Divaent manganese, which isfound
in brain mitochondria in extremely small amounts, has been shown to share the same entry
mechanism as calcium, but to lack the Na'-dependent efflux mechanism of calcium, and therefore
to exit extremdy dowly (Gavin et al. 1990), thus providing one mechanistic reason for ow brain
clearance.

[1.3.2. Gastrointestinal route

After ingesting manganese in the diet or in a multivitamin solution, whole-body clearance
in 14 volunteers was biphasic, with clearance half-times of 13 and 34 days for the fast and ow
components (Sandstrom et al. 1986). In two of these subjects later followed after intravenous
dosing, half-times were faster than average in one individual (8 and 15 days), and dower in the
other (23 and 65 days). The whole-body clearance for normal individuals, not occupationally
exposed, was reported to be about 10.5 days for oral exposure, compared to 37 days for exposure
via injection (Mena 1980). Dastur et al. (1971) reported that the elimination haf-time of
manganese was 95 days in monkeys, brain levels were still high after 9 months. In mice, the
whole-body clearance of radiolabelled manganese after administration of MnCl, at 20 to
2000 pg/L in drinking water for 26-30 days varied from 6 days for the low concentration of
20 pg/L to 1.0-1.5 daysfor the high concentration of 2000 pg/L (Suzuki 1974). Also in mice, the
half-time for the fast phase of dimination was less than 1 day following an oral dose of 0.3 ug Mn,
and was 8.4 days for the dow phase, at low doses, both parenterally and orally (Van Barneveld
and Van den Hamer 1984). After oral administration of 0.14 ug MnCl, to mice, clearance was
triphasic; 90% was logt within the first day in the excretory phase, and the half-times were 2.5 and
19 days for the other phases (Strause et al. 1985). In 24-day old rats (weanlings), the overall
clearance half-time for manganese sulphate administered in the diet was less than 19 hours, and
the manganese content of the GIT itself was < 0.1% of the administered dose after 16 hours
(Rehnberg et al. 1985). By contrast, the clearance haf-time in 10 day old infant rats was
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107 hours. Low iron status facilitated retention. Uptake by the brain of gavage-administered
MnCl, (75-150 mg.kg bw/day) in weanling (20 day old) rats peaked at 5 days, at one-third the
amount in 3 and 10 day old rats (Heilbronn et al. 1982). Clearance from the brain was complete
by 14 days, whereasin the infant rat brain, appreciable amounts remained, 1/4 to 1/3 the original
uptake, after more than seven weeks. Reported whole-body clearance times for rodents appear
to be faster than for humans or other primates, after oral intake. Therefore some caution is
required in extrapolating clearance results from non-primates to humans.

1.4 Inhalation versusIngestion Exposure

The route of exposure, viainhaation or viathe gastrointestinal tract, is of great importance
in considering the potential toxicity of manganese to humans with respect to its concentrationsin
the environment. Potentia differences in toxicity arise from differences in the metabolism and
handling of manganese after it enters the body either through the gastrointestina tract (GIT) or
through the lungs and also via other parenteral routes such as the intravenous and subcutaneous
routes. Under normal circumstances, virtually all manganese enters the body via the oral route.
Severa mechaniams act to ensure that toxic concentrations are not reached if oral intakeis high.
Absorption viathe GIT in humans is somewhat variable, but on average is around 3 to 5 percent
of intake, independent of increasing amounts. A maor homeostatic mechanism is provided by
biliary excretion via absorption and processing through the liver, with elimination in the faeces.
Based on the high concentrations concentrated in the liver after oral intake, the vast majority of
elimination takes place by this route, accounting for approximately 60-90% of uptake. Net
retention is therefore quite low, on the order of 1 to 2 percent after a few weeks, and possibly
much less than 1 percent over the long term, based on the extremely low body burden (0.17-
0.29 ug/g) found in adults after many years of high dietary intake in the order of several milligrams
per day (ICRP 1975; WHO 1981). At excessive concentrations, this mechanism becomes less
efficient, and increasing amounts of manganese may be released for systemic distribution to the
tissues. Toxic effects on the central nervous system have been observed in animal studies despite
administration via the ora route. It is assumed in this assessment that 70% of manganese
absorbed viathe GIT is removed through biliary excretion.

On the other hand, in the case of inhalation exposure, neither absorption control nor
elimination mechanisms are as effective in reducing the delivery of toxic concentrations to the
target tissues. Deposition and absorption are about an order of magnitude greater after inhalation
than after ora exposure. Deposition ranges from about 20 to 60 percent of the amount breathed
in, and uptake of the amount deposited averages 70 percent, but can be virtually 100 percent.
Intuitively, there seems to be a greater possibility for the direct transfer of manganese from the
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lungs to the circulatory system and thence to target tissues, after inhalation exposure than after
exposure viathe Gl tract, where chemicals are first routed through the portal vein and the liver
after absorption (presystemic clearance or the "first pass' effect). This effect is considered to
account for part of the large difference in apparent toxicity between inhaled and ingested
manganese. At the sametime, it is apparent from the data on tissue retention and clearance that
a significant portion of uptake viainhalation, perhaps 60 percent or more, depending on factors
such as particle size and intake concentration, goes immediately to the GIT for clearance. As
concentrations increase, this mechanism becomes less and less effective in preventing toxic
concentrations of manganese from reaching target tissues. It aso leaves a significant portion
(=40 % ?) of the deposited manganese for distribution directly to target tissues.

It is gpparent that the overdl clearance of manganese from the body is considerably slower
after inhalation exposure than after ord exposure, at least for rodents. This slow clearance opens
the possibility of accumulation of manganese in tissues under conditions of chronic exposure,
depending on the concentration. The rate of clearance of manganese differs in various tissues,
from afew hoursin blood to months or even yearsin the brain. Clearance from the lung itself to
tissues and the GIT, while variable due to considerations such as concentration, size and form of
particles, appears to be dower than gastrointesting clearance. Once manganese reaches the brain,
there gppearsto be little difference in clearance time after either intake route. Clearance from the
brain isextremely ow from either route. A more important determinant of clearance, asit was
of absorption, is the form in which the manganese was presented, for example, soluble or
insoluble, valence or oxidation state (Mn*,Mn*, Mn*), or size of particle.

Because of the combined effect of all the above factors, it is considered that exposure via
inhalation is more likely to lead to toxic concentrations in the target organ, the brain, than
exposure viathe ora route. However, it is difficult to quantify this difference. Crude calculations
estimating absorption and gastrointestinal clearance indicate that perhaps a maximum of 30 to
40 percent of intake viainhalation is available for systemic distribution under normal conditions
of exposure, while the corresponding figure for ingestion is 1 to 1.5 percent, or 20 to 40 times
lower. Other mechanisms such as slowed clearance and bioaccumulation would act to increase
this difference, as would high ambient concentrations.

1.5 Effectsof Age
As discussed in section 11.1.2, human infants are reported to have about twice as high
retention of manganese after 10 days as adults (Mena 1980). A more recent balance study on

hospitalized infants found that retention in newborns was virtually complete for both premature
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and full-term infants. (Zlotkin & Buchanan 1986). This has been well demonstrated in other
animd species. Pre-weanling rodents (less than 19 or 20 days old) have much higher absorption
and retention than older animals (Mena 1974; Cahill et al. 1980; Rehnberg et al. 1981; Keen et
al. 1986). Thisis due partly to longer retention in the gastrointestinal tract, thus allowing for
greater opportunity for gastrointestina uptake (Rehnberg et al. 1985), and partly to immaturity
of the liver and biliary excretion system in infants (Miller et al. 1975; Mena 1980; Bell et al. 1989).
These mechanisms will also to some extent affect clearance of inhaled manganese, since at least
half is cleared viathis pathway. For the purposes of this assessment, it will be assumed that biliary
excretion among infants is non-functional.

The blood-brain barrier (BBB) is aso undeveloped in the infant, alowing for relatively free
ingress of manganese into the brain during this time (to weaning in the rodent). Brain levels
attained after dosing with manganese were higher in the infant mouse dosed intraperitoneally at
postnatal daysO0, 7, or 14 than at day 42, after the devel opment of the blood-brain barrier (Vaois
& Webster 1989). Manganese in the brain was aso cleared much more slowly in the younger
animds, and retention at 114 days post-dosing, was 10 times the percentage of administered dose
for infant mice dosed at the three earlier agesthan for those dosed at  postnatal day 42, due to the
development of the blood brain barrier, which stopped egress of manganese after it had entered
the brains of the younger animals. These effects were independent of concentration, tested at
11 and 25,000 pg/kg body weight. Rehnberg et al (1981) also found that the clearance of
manganese from the rat brain was dower when Mn was administered beyond postnatal day 18-20.
Thisisthe age a which the blood-brain barrier appears to become active, and transferrin-positive
receptors are formed in the brain in rats (Connor & Fine 1987).

The elderly may be at increased risk from excessive exposure to manganese, due to
increased susceptibility of aging brain cellsto injury, added to the "norma™ slow loss of neurons
as neuron age increases. The dopamine pathways in the basal ganglia are thought to be highly
susceptible to age-related neuronal attrition, thus overcoming the considerable functional reserve
capacity and leading to long delayed effects (Spencer 1990; Grandjean 1991; Walker & Fishman
1991; WHO 1993a). In one of the few recorded human cases of manganese intoxication via
drinking water (Kawamura et al. 1941), the severity of the symptoms increased with increasing
age, while children were unaffected. Fornstedt et al (1990) found that aged guinea pigs (3 years
old) had higher levels (219-248%) of dopamine and dopa adducts from autoxidation of catechols
than 2 week or 2 month old animals. Thisindicated greater rate of dopamine autoxication in age
than in youth, and may be part of the mechanism underlying loss of dopaminergic neuronsin age,
since some guinone autoxidation products are cytotoxic. Other neurotoxins which also, like
manganese, act on the dopaminergic system have aso been shown to exert an age-dependent

18



toxicity on older animals, but not on very young animals. The neurotoxin MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine) produced reactive oxygen species and depletion of dopamine
in brain striatum of one year old mice, but not in 22 day old mice (David et al 1992). The
neurotoxin MDMA (3,4-methylenedi oxymethamphetamine) caused a drop of 60 to 70 percent in
serotonin levelsin the fronta cortex and hippocampus of 10, 40 and 70 day old rats, with recovery
to control values after 72 hours in 10 day old rats (infant), but not in 40 or 70 day old rats
(adolescent or adult) (Broening et al 1992).

1.6 Effect of Valence State of Manganese

Both the vaence gtate in which manganese enters the body and its solubility may influence
its eventual disposition. After administration by various routes, Mn?* is very rapidly cleared from
the blood and efficiently excreted in bile. Gibbons et al. (1976) found that Mn** had a Slower
elimination rate than Mn* in cows and pigs, it therefore could have a greater tendency to
accumulate in tissues. The oxidation state of manganese may therefore play a key role in
differentia distribution and accumulation in various tissues, particularly with reference to the brain.
Aschner & Aschner (1991) provide a working hypothesis for the differential distribution of the
different valence states of manganese: manganese, usually Mn?, is absorbed from the
gastrointestinal tract; in the plasma, a portion is bound to «,-macroglobulin, is transported to the
liver and is excreted viathe bile, while a small portion (particularly under conditions of overload)
is oxidized via ceruloplasmin to Mn*, which binds to transferrin in the plasma and is circul ated
to the tissues including the brain; Mn-transferrin then crosses the blood-brain barrier via an active
transfer mechanism, releasing manganese. Inhaled Mn®* would bypass the first steps and be
directly bound to transferrin.

Although the metabolism of individua manganese compounds administered by the
inhalation route has been examined in several studies, only one study, (Drown et al. 1986) has
directly compared manganese disposition after administration of two forms, as has been donein
several studies of manganese ingestion. Drown et al. (1986) administered Mn,O, and MnCl,
intratrachedly to mice once only, at alow dose of 200 pg/kg bw. The chloride was cleared from
lung four times faster than the oxide, and was mobilized to other tissues faster. Uptake to the
brain was rapid, peaking at one day for the soluble chloride and 3 days for the insoluble oxide,
with a second peak at 14 days for both. Clearance half-time from the brain appeared to be about
60 to 75 daysfor the chloride and oxide respectively, with tissue levels still appreciable, but near
background, after 90 days. In a study comparing four forms of manganese (chloride, acetate,
carbonate (all Mn*) and oxide (Mn™)) administered in the diet to mice at approximately
200 mg/kg bw/day for 100 days, the manganese content in body tissues increased by 1.5-3 times
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for al four forms of manganese, varying only dightly between forms, with the only discernable
pattern being that manganese content in all tissues was lowest after MnO, administration and
tended to be highest after administration of the acetate. Food intake was similar for the four
forms; body weight gain was similar to controls for manganese carbonate and oxide (insoluble
salts), but was reduced for the chloride and acetate (soluble salts). In tests of spontaneous motor
activity, the MnCO, group showed significantly less activity than controls, and some dlight
reduction was also seen for the manganese acetate group Both Mn?*), while activity was normal
for the chloride (Mn*") and oxide groups (Mn*) (Komura & Sakamoto 1991). In a second
chronic study for 12 months with the same protocol, the effect of various manganese salts on
manganese content of liver, kidney and spleen was not as clear asin the 3-month study, possibly
because of manganese homeostasis. 1n blood no differences were seen from controls in manganese
levels for all forms except MnCl, which caused a six-fold increase. In urine, there was a dlight
non-significant rise in manganese for the manganese acetate and carbonate groups, a six to seven-
fold increase for the MnCl,, group, and a 10-fold increase for the MnO, group. In seven areas of
the brain, the manganese content was variable among forms, manganese content was generally
unchanged from controlsin corpus striatum, hippocampus, medulla oblongata, and hypothalamus.
In the midbrain, manganese tended to decrease, while in the cerebellum, manganese increased, in
both cases statigticaly significantly for the MnCl,, group. Manganese content in the cerebral cortex
increased significantly after administration of the insoluble compounds MnCO, (Mn?*) and MnO,
(Mn*), and was a'so somewhat elevated after manganese chloride and acetate administration. The
dopamine and norepinephrine levels of the MnO, group (Mn*) decreased significantly in the
corpus striatum and hypothalamus compared with levels in the divalent manganese compound
groups or the control. The authors therefore considered that the more highly oxidized compound
was more toxic than the three divalent compounds, athough they noted that manganese levelsin
the brain were not related to catechol amine levels. Spontaneous motor activity was dightly
depressed in the MnO, group (Mn*") throughout the experiment, and also in the manganese
carbonate group (Mn?). Growth was equally depressed in all groups compared to controls
(Komura& Sakamoto 1992). Thusin this series of experiments, in which Mn was administered
in the 2+ and 4+ valence state (but not the 3+ state, which may well act more like the more highly
oxidized ion), the Mn* ion (from MnO,) was inconsistently associated with more deposition in
body or brain tissues, or with greater general toxicity.

In arepeat of this experiment (Komura & Sakamoto 1993), gel chromatography studies
reved ed that more manganese was bound to a higher molecular weight protein (30-80 Kda) in the
cytosol of the corpus striatum (49% for MnCl,, 43% for manganese acetate, 33% for MnO, and
29% for MnCQO;) than in the control group (20%). The authors suggested that this evidence
supported the hypothesis that some manganese had been oxidized to Mn** and was bound to
transferrin (m.w. = 75 Kda), the mgor manganese-binding ligand in plasma (Davidsson et al.
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1989b). The percent of manganese in thelow m.w. fraction (<10 Kda) was lower for MnO, (9%)
than for the three remaining divaent manganese compounds (36-42%), thus indicating significant
differences in binding characteristics between MnO, (Mn*") and the Mn?* compounds for low
molecular weight globulins. For the higher-weight proteins believed to be implicated in Mn
transfer to the brain, binding took place at 29 to 49 percent, again with the insoluble compounds
MnO, (Mn*) and MnCO, (Mn?*) lower than the two other more soluble manganese salts, both
divalent (Komura & Sakamoto 1993). This does not support the hypothesis that a highly oxidized
gate will invariably be 100% bound to transferrin for entry into the brain, although these authors
did not test any Mn** compound.

Manganese is found in body tissues, including the brain, in both the divalent (Mn*? and
trivalent (Mn*®) state (Aschner & Aschner 1991). These authors have reviewed various
hypotheses of Mn-induced cellular neurotoxicity, including the following, al except the last
relating to the divalent form: mimicry of calcium, Ca?*,with substitution reactions or entry through
Ca**-specific channels in membranes; interference with calcium homeostasis; oxidation or
autoxidation of dopamine, producing cytotoxic quinones; enhancement of the formation of
reactive species, eg. superoxide, and hydroxyl radicals; Mn?*-induced production of 6-OH-
dopamine and other toxic quinones and catecholamines (which in turn decrease thiols and attack
dopamine); decreased catalase, GSH, and GSH peroxidase levels; and direct toxicity of high
vaency species, in particular the trivdent form. The latter, including the oxidation of divaent Mn
in the brain to the trivalent form has been postul ated as a major mechanism for the neurotoxicity
of manganese (Archibald & Tyree 1987). These authors succeeded in showing that Mn**, but not
Mn?*, oxidized DOPA (the precursor to dopamine), dopamine, norepinephrine and epinephrine
to quinones, and that the Mn** itself was reduced to Mn(OH),. All of these compounds have
adjacent OH sites, probably the site of action of Mn*". Other catechol amines without adjacent
OH- sitesincluding tyrosine, the precursor of DOPA and dopamine, were unaffected. Mn?" was
found to form Mn* and Mn* spontaneoudly at the alkaline pH levels found in the brain. This
reaction was thought to be the explanation for the autoxidation of dopamine by Mn** observed by
others. Mn*, as MnO,, was aso tested, and found to produce a small amount of oxidized
dopamine immediately, but the reaction ceased after a few minutes, due to the coating of the
MnO, particle with unreactive Mn®* precipitate also formed from the MnO.,,.

Archibald & Tyree (1987) outlined four mechanisms for Mn®* to be present in the brain:
the first was direct uptake of Mn** from inhalation exposure to the oxides Mn,O, or Mn,O; (this
is the magjor consideration with combustion products from MMT); the second was spontaneous
formation of Mn(OH),, followed by a Mn**-pyrophosphate chelate, which they showed to be
extremely reactive in oxidation of catecholamines; the third and fourth involved oxidation of Mn?*
to Mn** by peroxidases, eg monoamine oxidase, or by reactive oxygen, O,, both known to be
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found in high concentrations in the substantia nigra. It is concluded from the foregoing that both
divalent and trivalent manganese can exert toxicity once they have gained entry to the brain. The
divdent form may be toxic in its own right, or may be converted with ease to the trivalent form,
which is capable of destruction of the neurotransmitter dopamine.

The other important consideration with regard to effect of valence state is the transport
of manganese across the blood-brain barrier, which acts as a major regulator of Mn toxicity to the
CNS (Aschner & Aschner 1991). Two mechanisms are involved in the transport of Mn across the
blood-brain barrier. The first involves transport of Mn®* across membranes by a saturable
mechanism, which is therefore limited in capacity (Aschner & Gannon 1994). The second involves
transport of trivalent manganese by an active transport mechanism bound to the high molecular
weight protein transferrin, which also binds trivalent iron (Archibald & Tyree 1987; Aschner &
Gannon 1994). Manganese is bound to plasma transferrin exclusively as Mn®* (Aisen et al. 1969;
Davidsson et al. 1989a; Aschner & Aschner 1991). Combustion-derived Mn** in the circulation
isimmediately available for binding and subsequent transfer, while some of the Mn?* in the plasma
isoxidized to the trivalent state by oxidizing agents in the plasma such as ceruloplasmin (Gibbons
et al. 1976). Thisconverson in plasma appeared to be time dependent, and took place relatively
dowly over a period of up to five days, after which brain concentrations attained levels 13 times
higher than basdine levels (Aschner & Gannon 1994). Transferrin binds to a specific cell surface
receptor on CNS capillaries, and the complex is then internalized (Aschner & Aschner 1991).
Transferrin has also been shown to enter brain endothelial calls by receptor-mediated endocytosis
(Fshman et al 1985). While the major function of transferrin is the transport of iron, it has been
calculated that only 30 percent of the transferrin binding sites would be occupied by Fe** at normal
plasma concentrations, leaving ample opportunity for the binding of Mn**, which has a similar
ionic radius and chelating behaviour to Fe** (Aschner & Aschner 1991). It is of interest that Mn
accumulating areas in the brain, the ventral pallidum, globus pallidus, thaamic nuclei, and
substantia nigra, are also Fe-accumulating areas, and are efferent to areas of high transferrin
receptor density (Hill et al 1985; Aschner & Aschner 1991). Mn-transferrin thus provides a likely
hypothesis for transport of trivalent Mn into the brain and delivery to the sites known to be
damaged by manganese. Divalent manganese, after transformation to the trivalent form, isaso
transported by this mechanism.
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1.7 Essentiality of Manganese

Manganese is considered to be an essential trace element, and occurs in the cells of all
organisms. It is ubiquitous in the body at low concentrations (<200 ppm); tissue concentrations
and body content are relatively constant throughout life due to efficient homeostatic control
(Aggett and Barclay 1991; WHO 1981). Manganese belongs to the cationic group of essential
elements, with zinc, iron, and copper; homeostasis in these elements is effected principally by the
gastrointestingl tract and liver. Homeostasis can be overcome by intake of high quantities, by any
route including the oral route. Because several protective mechanisms such as control of
absorption, biliary excretion, and presystemic clearance act via the GIT, inhalation exposure is
more likely than oral exposure to bypass these mechanisms and to result in toxicity.

Manganese is a component of several metalloenzymes, these include pyruvate carboxylase
and mitochondria superoxide dismutase (SOD), which functions in mitochondrial oxygen radical
metabolism (Aschner & Aschner 1991). Eighty percent of brain manganese is found in the enzyme
glutamine synthetase, which inactivates the excitory amino acid glutamate to glutamine (Wedler
et al 1984). Manganese dso activates a number of enzymes, particularly the glycosyltransferases
involved in synthesis of polysaccharides and glycoproteins (Shaw 1980; Szwanek et al. 1987).
Manganese (Mn #") and other essential elements were found to prevent death in lethally irradiated
mice, and to aid in recovery after administration of non-lethal doses (Sorenson 1992).
Metallothionein synthesis was increased 6-fold compared to non-treated mice. SOD-mimetic
activity, facilitation of de novo synthesis of manganese-dependent SOD, or synthesis of other
manganese dependent enzymes was thought to be responsible for this protective action, due to
scavenging action on oxygen radicals formed during radiation (Sorenson 1992).

The features of manganese deficiency in experimental animals, namely impaired growth,
skeletal abnormalities, depressed reproductive function and ataxia in the newborn, seem to be
amilar indl anima species sudied (Shaw 1980). Skeletal abnormalities in the fetus are thought
to be due principaly to defective mucopolysaccharide synthesis affecting chondrogenesis.
Manganese deficiency in rats induces profound ataxia in the young (Hurley 1968 in Shaw 1980).
This is due to disturbed ossification of the otic capsule; provison of manganese on day 14 of
pregnancy prevented the defect. This defect can also be genetically determined, and is similarly
prevented by administration of manganese (Shaw 1980).

The only reported case of Mn deficiency in humans wasin ayoung man inadvertently given

amanganese-free diet in astudy; symptoms included mild dermatitis, dight reddening of hair, and
depressed vitamin K-dependent clotting factors, unresponsive to vitamin K (Shaw 1980). The
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natural abundance of manganesein the diet is one explanation for the lack of demonstrated human
deficiencies, and it appears also that manganese is essential for humansin smaller amounts than
for other mammals.

In order to prevent deficiency syndromes, manganese has been recommended for addition
to parenteral nutrition fluids (iv administration), particularly for long-term patients, by the
American Medical Association at rates of 0.002 to 0.011 mg/kg bw/day for adults, and 0.002 to
0.01 mg/kg bw/day for paediatric use (Szwanek 1987). Recent observations of manganese
deposition in the globus pallidus and basal ganglia of the brain, and accompanying early signs of
possible Mn toxicity in nine patients after long-term parentera nutrition (Mirowitz et al. 1991),
indicate that these guidelines should be re-examined and possibly lowered.
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CHAPTER I1l. HUMAN HEALTH EFFECTS OF MANGANESE

[11.1 Toxicity of Manganese

Exposure to excess manganese has been observed to affect various organ systems,
including the respiratory, cardiac, reproductive, and central nervous systems (U.S. EPA 1984).
The centra nervous system appears to be the critical target organ, with adverse effects observed
at lower concentrations than for most other systems, including the reproductive system (Gennart
et al. 1992). Whilethe lungs may also be a critical target organ for those occupationally exposed
to manganese dust, this review will be confined to effects on the central nervous system, which
are considered to be potentially more serious than those on the lung, and also more likely to be
expressed at lower exposure levels.

The effects of excess manganese on the central nervous system (CNS) have been well
documented and reviewed (Mena 1974, 1980; WHO 1981; Barbeau 1984; U.S. EPA 1984; Seth
and Chandra 1988). Excess manganese provokes CNS symptomology similar in some respects
to the symptoms of Parkinson's disease. Poisoning has been classified as mild, moderate or severe.
In the early stages, victims of manganese poisoning show neuropsychiatric symptoms including
psychomotor excitement, irritability, lack of concentration, memory deficits, insomnia, anorexia,
fatigue, sdlivation, speech disturbances, hyposexudlity, and compulsve behaviour such asirrationa
laughter, crying, etc. A psychotic period lasting for one to three months, characterized by
halucinations, delusions and compulsions has occurred in some, but not all, cases of manganese
poisoning among miners, but does not appear to happen in cases of industrial manganese
poisoning. This has been cdled manganism or "manganic madness' (Mena 1974). Damageis said
to be reversible after the first stage of manganese poisoning if the exposure is terminated (WHO
1981; Abbott 1987). Near the end of this period neurological symptoms characteristic of
extrapyramida involvement and disturbances in the basal ganglia occur. These include loss of
facia expression (masklike facies), rigidity, bradykinesia (slowness of movement), clumsiness of
movement (including an inability to perform repeated movements), impairment of postural reflexes
(including retropulsion and walking in the form "pied de coc" with small steps on the toes),
gpeech impairment, tremors, dystoniaand muscular hypertonia (Barbeau 1984; Shukla & Singhal
1984; Seth & Chandra1988). There is a marked interindividual variation in susceptibility to the
effects of manganese, with some reports of effects after only afew months of exposure and other
after many years. Also, many minerswith high tissue levels of manganese do not have the disease
while others with apparently normal levels may be affected (Mena 1974; WHO 1981). Obvious
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signs of manganese poisoning are not usualy seen until some time after exposure to 5 or more
mg/m® Mnin air, but afew subtle signs of manganese toxicity have been observed at considerably
lower levels (0.3 to 2.0 mg/m®) (WHO 1981, 1987; Abbott 1987).

Although the vast majority of cases of manganese poisoning have occurred as a result of
exposure to airborne manganese, poisoning is not confined to exposure viainhalation. Animal
gudiesin which large doses were administered in the diet also have demonstrated neurotoxicity.
This has only been shown in humansin two studies (Kawamura et al. 1941; Kondakis et al. 1989),
in which high manganese intake occurred via drinking water (possibly due to a higher absorption
of manganese from water than food). In one case report (Ejimaet al. 1992), parenteral nutrition
with excess manganese supplementation (approximately 31 pg/kg bw/d) over 23 months also led
to symptoms of manganism/Parkinsonism which were partialy reversible after administration of
L-DOPA, with manganese deposits evident in the globus palidus, as shown by MRI. High-density
MRI images, traceable to manganese deposits, were also found in the globus pallidus and basd
gangliaof thebrainin aseries of 9 patients (7 femades, 2 males) without renal or liver dysfunction,
who had been recelving parentera nutrition supplemented with manganese for an average of
5.3 years (range 5 to 11 y) (Mirowitz et al. 1991). A control group of 25 patients not on
parenteral nutrition showed no such deposits. Adverse effects, including memory loss, fatigue,
weakness, dowing of response time, and inbalance (reported aso in several larger epidemiologica
studies on manganese-exposed workers) were reported by five of the nine patients (mean duration
of exposure 6.1y) in a questionnaire, while responses were negative in 4 patients with a lower
average exposure of 4.2 y. The authors suggested that the [American Medical Association]
guidelines for dosage of manganese should be re-evaluated.

[11.2 Epidemiology

Several epidemiology studies on workers occupationally exposed to considerably lower
levels of airborne manganese than miners and others considered above have been completed within
the past severd years, and are considered here for possible derivation of an ambient objective for
airborne manganese.

A cross-sectional study (with certain elements of a cohort study) was carried out by Roels
et al. (1992) on 92 Belgian workers in a battery factory with exposure to MnO, (Mn*) and
matched to a control group of 101 workers from a nearby polymer processing plant. Individual
exposures were measured with personal monitors and work histories were used to provide
integrated cumulative exposures for each worker. The geometric mean (the distribution was log-
norma) for "respirable” dust (particles of 5um mass median diameter, with a collector cut-off of
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7um, as defined by the British Medical Research Council curve) was 215 pg/m?®, and was
948 pg/m? for total manganese dust (particles up to 35-45 um). Respiratory symptoms, medical

histories and neuropsychological complaints and tests were assessed. These data were collected
by sdlf-administered questionnaires, spirometric measurements of lung function, clinical measure-
ments (including serum calcium, iron, and the hormones FSH, LH and prolactin, manganese in
blood and urine), and by administration of four neurofunctional tests. Other than elevated
manganese in urine and blood of exposed workers, none of the clinical or lung function tests were
significantly different between manganese exposed workers and controls, and no significant
differences were detected in general health complaints (tiredness, weakness etc.). Subtle
preclinica signs of neurological dysfunction were detected in three of the four neurofunctional
tests administered (no differences were observed in audioverbal short-term memory scores). In
three tests of eye-hand coordination (EHC), visua reaction time (VRT) and hand steadiness
(HST), manganese-exposed workers were considered abnormal when their test results exceeded
the 95th percentile of resultsin the control group. Eye-hand coordination was significantly worse
in 21 /92 Mn-exposed workers (23%) compared to 5/101 (5%) in the non-exposed group. The
manganese workers also performed the hand steadiness test and the visual reaction time less
satisfactorily than the control workers (12/92 versus 4/101 for hand steadiness, p=0.032, and
7/92 versus 1/101 for visua reaction time, p=0.001 for the last subtest at 6-8 minutes).

Increases in the prevalence of abnormal results were not related to duration of exposure
(the average time worked was 5.3 years, or 4.0 years geometric mean) or to current exposure
(geometric mean) of 215 pg/m3 respirable manganese dust (PM_;) and 948 pg/m3 total
manganese dust (PM_;). Lack of association with increasing duration of exposure could also be
explained by the somewhat limited range of exposure (0.2 to 17.7 years) and by the limited age
range of the workers, which reduces the likelihood of a significant duration effect, in view of
evidence that older persons are more sensitive than younger persons (see previous discussion).

The prevaence of abnormal results was, however, significantly related to the cumulative
measure of exposure (Lifetime Integrated Respiratory Dust or LIRD) which took into account the
current average daily concentration and the job history of each employee. The geometric mean
LIRD exposure was 793 pg/m>-years, which is approximately equivalent to 150 pg/m? (for an 8-h
exposure), when adjusted to a Time Weighted Average basis. (This is the value that was used to
represent a LOAEL by the U.S. EPA (IRIS 1993) to derive their Reference Concentration (RfC).)

Some evidence of a dose-response was seen when the cohort was divided into three groups
on the basis of cumulative exposure (LIRD) of <600, 600-1200, and >1200 pg/m3-years. Poorer
performance in al three tests was significantly increased in the highest exposure group, and a
dose-response trend was evident for hand steadiness (4, 6.5, 12, and 19.4% abnormal responses
in the control and three exposure groups respectively), but was less evident for eye-hand
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co-ordination (5, 21, 27, and 22% abnorma responses). Too few responses (7/92) were recorded
to give much confidence in dose-response information for visua reaction time. Since significantly
poorer performance in the eye-hand co-ordination tests was seen in all three subgroups, a no-
observed adverse-effect level (NOAEL) could not be distinguished on the basis of this analysis
(Roels et al. 1992).

At the request of the U.S. EPA and others, who hoped to make better use of additional
data to give improved dose-response information and to provide an improved approximation of
the NOAEL, Dr. Roels made public his data (Roels 1993; see Appendix) for al 92 individud
workers, on prevalence of responses, current exposure to respiratory dust, number of years
worked, and long-term cumulative exposure (LIRD). [The EPA and commentators undertook
aseries of reanayses of these data using various statistical methods, during and after the comment
period on the new Reference Concentration which had been established on the basis of this study]

A reanalysis of the results, using the above data and the usual threshold approach as
currently applied for guideline- and objective-setting, was also undertaken for this assessment, for
the same reasons as above. The exposed population was divided into quartiles of 23 members
each; this had the advantage of avoiding the possibility of preselecting the exposure values to
demondtrate an effect, but the disadvantage of smal numbersin each study group. This technique
resulted in demonstration of an improved dose-response for hand steadiness; however, a dose-
response for eye-hand coordination was till little evident due to anomalously low responses to
the testsin the third quartile of medium-high exposed workers. Results (Table 2) for al three tests
were similar to controls in the first quartile, in which the mean (arithmetic average) cumulative
respirable manganese dust (LIRD) was 264 pg/m3-year (range 40-516 pg/m3-year). The
prevaence of abnormal eye-hand coordination was sgnificantly (p<0.001) increased in the second
quartile (647 pg/m3-year; range 516-859 pg/m?3-year), and in the fourth (highest) quartile.
Significantly poorer performance in hand steadiness was observed in the third and fourth quartiles,
and in visual reaction time only in the highest quartile. The No-Observed-Adverse-Effect Level
(NOAEL) was considered to be represented by the mean of 264 pg/m?3-year for the first quartile,
and the LOAEL by 647 ug/m*year, the (arithmetic) average cumulative respirable manganese dust
exposures for the two quartiles, based on decrements in eye-hand coordination in the second
quartile.

Whilethis analysis did result in some improvement in dose-response information and the
possibility of acloser approach to atrue NOAEL, it should be pointed out that the power of this
anaysis to detect a Type Il error (accepting the null hypothesis when it isfalse) is low, due to
small sample sizes.
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The Roels et al. (1992) study itself was in many respects very well carried out. The
exposure assessment, often the weakest point in occupationa epidemiology studies of this type,
appeared to be as well done and thorough as was possible, with individual persona sampling of
current exposures and consideration of previous job histories and duration. Respirable particulate
matter (PM,, BMRC defined - see Fig. 10), a more relevant measure with respect to lung
penetration and possible health effects than total suspended particulates (TSP or PM,.), was
measured in addition to TSP. Most important confounding factors (socioeconomic status,
hobbies, smoking, personal habits, etc.) were given consideration, and accounted for either in
selection of subjects and controls or through analysis of questionnaire responses. Previous
occupationa history with possible exposure to other metal neurotoxins (lead, mercury, cadmium)
was assessed by questionnaire and aso by blood and urine sampling, and those with such a history
excluded. Educationd level was dlightly higher in the control group. This could have influenced
the results because better scores are expected for the higher educated control group, thus
increasing the difference between control and exposed group scores. Such an effect has been
shown for at least one of the administered tests (smple visua reaction time) in a vaidation study
(Fittro et al. 1992).

A potentially magor weakness is the choice of a control group in another nearby factory
(although there were 1100 workers in the battery plant). The tests were carried out in both
factories, according to the published paper, and were therefore of necessity carried out unblinded
for both the investigators and the subjects, who would have been aware of their status. The
neurological tests which were given here are much more sensitive than clinical tests, not only to
detection of subtle deficits in function (the aim), but aso to the attitudes of the administrators of
the test and of the persons being tested. Albers (1990) discusses the sensitivity of quantitative
sensory and motor testing to "insidious’ confounders of motivational factors and the attitudes of
those being tested. The unblinded status is therefore a potentially important source of error. On
the other hand, the lack of reported neuropsychological symptoms in the exposed group suggests
that in fact this type of bias was not a major factor.

A previous cross-sectiona study by the same research group (Roels et al. 1987a,b) of
141 manganese-exposed workersin amanganese sdt and oxide plant. Exposure was to a mixture
of oxidesincluding Mn,O,, and manganese was present in the Mn*, Mn** and Mn* valence states.
Manganese exposed workers performed more poorly, as judged by test results exceeding the 5th
or 95th percentile of those in controls, in comparison to 104 control chemical plant workersin the
same three tests mentioned above, (p=0.025, 0.001 to 0.05, and 0.01 for visua reaction time, eye-
hand co-ordination and hand steadiness respectively) and in afourth test on audio-verba short-
term memory (p= n.s. to 0.01 in various subtests). It is noted that measure-ments of reaction time
and scores for the audioverbal short-term memory test for the manganese group were well within
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the standard deviation for the control group (results for co-ordination and hand steadiness were
presented graphically). The incidence of respiratory ailments, particularly acute bronchitis, was
increased in the manganese group, as well as increases in some haematological and clinical
chemistry values, athough spirometric lung function was not altered. Four of 25 subjective
symptoms (fatigue, tinnitus, irritability, and trembling of fingers) were significantly increased in
the manganese group compared to controls, and atrend toward increases in most other symptoms
was also evident. No statistically significant association was found be-tween prevaence of
abnormal responses (as defined above) and duration of manganese exposure (average 7.1 years,
range >1to 19 years). The authors suggested severa reasonsfor lack of association with duration
of employment: duration did not represent a good estimate of total dose; individual susceptibility
was more important; or selection bias (ill workers leaving employment) reduced the number of
employee with long service. The latter was suggested by the positive results observed by Siegl
and Bergert (1982) in German workers exposed for up to 30 years (mean 16 y) to dightly higher
levels of Mn (1100-4000 pg/m®) (workers were also older in the German study; mean age was
40.1 £11.2 years, which could aso have influenced the findings)

The geometric mean total manganese dust for exposed workers was 940 pg/m?, virtualy
the same asin the later study, (range 70 to 8610 pug/m?), but manganese in blood was 68% higher,
indicating higher exposure and/or uptake (Roels et al. 1987b). The authors later calculated that
the cumulative total average manganese dust exposure was 6700 pg/m3-year, almost twice as high
as the comparable measure of 3500 pg/m? in the 1992 study, which could possibly have explained,
at least in part, the more pronounced effects noted in this earlier 1987 study. Another explanation
could have been the presence of more soluble manganese sdlts, including sulphate and nitrate,
which may have led to increased uptake over the uptake of manganese oxide. [The geometric
mean of 949 ug/m? was considered as a LOAEL by the U.S. EPA, and became the basis for the
former Reference Concentration of 0.4 ug/m®. No individual exposure measure-ments were
made in this study. Total Mn dust, which includes larger sized particles not considered relevant
to lung absorption and potential toxicity, was the only measure given. The authors noted some
uncertainty regarding past exposure of the workers, because no monitoring had been done in the
past, and considered that it was probably lower than current levels because of exponential
increasesin production since 1965. Dr. Roels later informed the U.S. EPA that he now thought
that this supposition had been incorrect, based on additional information since 1987 (U.S. EPA
1994).

Control of confounding by previous exposure to other neurotoxic metals was done asin
the 1992 study, through monitoring and response to a questionnaire on work history. It was
necessary to choose the control group from a different factory than the manganese factory, but
subjects lived in the same area and were exposed to the same environmental conditions. In this
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case, care was taken to conduct the study with investigators blinded as to status of those being
tested. Testswere carried out at the same location for both subjects and controls, and at the same
time each week. A questionnaire on smoking and drinking habits, age, weight, and height,
education, socio-economic status, and occupational and health history, enabled these potential
confounders to be accounted for. Manganese-exposed workers were significantly younger (mean
age 34 y; range 19-59 y) than control workers (mean age 38 y; virtually same range, 19-58 y).
Thiswould have had the effect of reducing the differences in scores between exposed and controls,
i.e, biasing toward the null hypothesis, since increasing age is known to be correlated to lower
scores. This increases the confidence that any differences observed are real. Although the
proportion of current smokers was higher in Mn-exposed workers than in controls (67% vs. 48%),
the number of current and ex-smokers combined was not significantly different.

The psychomotor tests administered were standardized tests (Roels et al. 1982, 1985), and
were selected to provide a more sensitive indicator of subtle neurofunctiona deficits than the
standard clinica tests. The same criticism regarding motivational bias on such tests, made for the
later Roels et al. 1992 study could be applicable to these results.

A cross-sectional (ecological) study has been carried out on a small group (30 men) of
Swedish workers, the 15 men from each factory consdered to be the most exposed to manganese,
in two steel mills for at least one year. The comparison group was 60 controls in another
(manganese-free) sedl mill and amechanical industry (Iregren et al. 1990; Wennberg et al. 1991,
1992). The mean number of years worked was 9.9 (median 2.6 years) and ranged from a
minimum of 1 year to 35 years. The reference group had worked for amean of 13.4 years. The
mean ages were 46.4 and 44.8 for the manganese and reference groups, respectively. Exposure
was different in the two manganese-emitting foundries, with means of 180 and 410 pg/m?® (overall
range 30-1620 pg/m?) for total manganese dust (=PM,s). The overall mean was 250 pg/m?® and
the median was 140 pg/m?® (Iregren et al. 1990) based on area sampling. There were no individual
measurements. Respirable manganese dust (not further defined) was estimated to be 20-80% of
total manganese dust (approximately 28 and 112 pg/m? based on historical measurements from
the 1970s. Conditions were essentially unchanged in the two factories over the past two decades
(Wennberg et al. 1991, 1992).

Reaults of a 110-question general medical, occupational and social history questionnaire
reveded that the controls had been more exposed to organic solvents than the manganese-exposed
cases, but that other factors including smoking habits were similar. Results of a 38-item
neuropsychologica questionnaire showed higher frequencies reported for tiredness and reduced
libido in the manganese exposed group (p<0.01). There was aso adlight trend (not statistically
sgnificant at the 95% level) towards increased respiratory and neuropsychological problems. Four
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neurophysiological tests were administered; no statistically significant differences were observed
in eectroencephal ograms, event-related auditory evoked potentials, brain-stem auditory evoked
potentias or diadochokinesometry (which tests ability for rapidly alternating hand and forearm
movement), although poorer performance by the manganese group in all four tests was claimed
by the authors. For diadochokinesometry, significance was borderline at p= 0.08-0.12 (Wennberg
et al. 1991), and was statistically significant at p= 0.02 in the later paper (Wennberg et al. 1992).

A test battery from the Swedish Performance Evauation System, administered by
computer, and two manual tests, one for hand dexterity and the other for finger dexterity, were
also administered. Poorer performances were noted in the manganese-exposed workers for tests
of smple reaction time (p<0.001), for finger tapping time (p<0.05), and for digit span (p value not
given, but only dightly above 0.05). Differencesin finger tapping in the non-dominant hand,
tapping endurance, additions reaction time, and verba abilities disappeared after secondary
matching, which was found to be necessary for genera cognitive abilities, which were higher in
one group of controls. There were no differencesin hand or finger dexterity, colour word reaction
time, or symbol digits (Iregren et al. 1990).

In an attempt to test dose-effect relationships, no significant correlations were found
between poorer performance effects and total (current) manganese dust measurements or duration
of employment. However correlations were reported (Wennberg et al. 1991, 1992) between the
estimated level of "respirable” manganese dust (value not given) and simple reaction time
variability (R=0.47, 9%) as well as digit span (R=0.62, 2%). However, the authors themselves
point out that the number of subjectsistoo small to exclude effects on the outcome from one or
two extreme values. Other reasons given for the lack of correlation were small sample size and
large differencesin susceptibility to effects of manganese exposure. An additional reason may be
that few workers had along duration of service; while the mean was 9 years, the median was only
2.6 years, indicating that only a few workers had many years of service This could be a
manifestation of selection bias.

This study did not appear to be as well-conducted as the two Roels et al. studies on
Belgian manganese workers. As noted above, the numbers of subjects and referents (only 30 after
rematching for cognitive abilities) were small for statistical purposes. The workers were chosen
to be the most exposed, but no individual measurements were made, and no closer estimate than
the current mean and range of exposures from area monitors was made. In addition, little was
reported of respirable levels (also not defined as to size) other than the not very helpful
observation that they had been 20 to 80 percent of TSP in the past. Thisis unfortunate, since a
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correlation was reported between respirable manganese and several of the neuropsychological
tests, and aso, since smaller ("respirable”) particles are more relevant from the point of view of
lung uptake and possible resulting toxicity.

The reference group was selected from two different factories, apparently in different
geographic locations from the manganese foundries. This could introduce possible differencesin
environmenta conditions, athough matching was said to have controlled for this, and Iregren et
al. (1990) noted that two-way analysis of variance testing did not reveal any differences due to
this. In addition, under these circumstances, blinding is not possible for the investigators or the
subjects, leaving open the possibility of the "insidious' confounding effect of motivation and
attitude discussed above in relation to this type of test in the Roels studies. In the origina
matching of controls, only age, geographical area and type of work were considered. No
consideration was given to socio-economic status, education, or persona habits (smoking,
drinking) that could have influenced the comparability of the groups. A secondary matching had
to be made to account for greater cognitive ability in the referent group. Matching on education
may have avoided this. Neither previous medical histories nor previous work histories and the
possibility of exposures (past or present) to other neurotoxicants were considered.

A probable strength of this study is the use of computerized tests for neuropsychological
functions (the Swedish Performance Evaluation System or SPES). These types of tests are
consdered to be lessinfluenced by motivational factors and by the investigators than manual tests
or questionnaire responses. More detail could have been provided on how well validated these
testsare. The resultsfrom this portion of the study are consistent with the findings from the 1987
Roels study, with poorer performance on simple reaction time and memory (digit span) tests.
Motor performance tests gave dight differences between this study and the Rodls studies, which
found adverse effects on eye-hand co-ordination not seen here.

In a recent matched-pair cross-sectional study (Mergler et al. 1994) carried out at a
ferromanganese and silicomanganese smelter near Montréal, Quebec, 74 workers were paired with
74 referents from the surrounding area who worked at blue-collar jobs unrelated to manganese
exposure, or to other chemical industries and processes. Matching was performed for age
(£ 3years), educationd level, number of children, and areaof resdence. The mean age of workers
was 43.4 y, and of referents 43.2 years. Mean length of residency was 35 and 33 years
respectively. The mean number of years worked in the manganese facility was 16.7, and 95% had
worked there more than 10 years..

The average (geometric mean) total manganese dust was 225 pg/m?®, and "respirable"
manganese dust, equivalent to PM,,, was reported to be 35 pg/m?, based on 38 samples from
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13 representative areasin the plant. Individua personad sampling results were aso taken (Baldwin
et al. 1991), but were not presented in this analysis [published in Baldwin et a 1993, but not
available for this document]. The authors noted that these measurements were likely an
underrepresentation of exposure in the recent past, since the smelter was in the process of closing
operations and not all jobs were being performed at the time of the survey, one month before
closure. Comparison of total manganese measurements of an average group of 14 workers from
the furnace area producing silicomanganese (current average exposure 225 pg/m?®) with results
from 1989 measurements, also at the time of silicomanganese production, indicated that workers
were exposed to twice as much manganese in the past, during production of silicomanganese.
Most of the plant's output in the past was, however, ferromanganese; levels of total manganese
in 1988 during its production were four times current levels, at an average of 900 pg/m?® (Baldwin
et al. 1991). [Dr. Mergler later estimated, in her peer review of the EPA Reference Concentration
for manganese, that the geometric mean exposure to respirable manganese particles (PM ) in her
study was 110 pg/m?, three times higher than the originally reported value (in comments received
from one peer reviewer, October 1994)]

The arithmetic and geometric means of manganese in blood were 1.12 and 1.03 pg/dl
respectively for workers, and 0.72 and 0.68 pg/dl respectively for controls; interpair differences
were highly significant (p=0.0001). Thiswasin the same range as values found in the two Belgian
studies (Roels et al. 1987a,b, 1992). No differences were observed in urinary manganese, with
0.73 (g.m.) pg/g cresatinine for manganese workers and 0.62 pg/g for referents. No explanation
was given for the relatively high urinary manganese found in this referent population compared
to the range of 0.09-0.17 pg/g observed in referent populations in other studies (Roels et al.
1987ab, 1992; Buchet et al. 1993). Both groups lived in the neighbourhood of the smelter, and
possibly the high general atmospheric manganese pollution contributed to the high urinary levels
of the control population.

In the self-administered questionnaire, few significant differences were observed in
sociodemographic characteristics (athough more water and less coffee were drunk by the
manganese workers), or reported family medica history, but most symptoms considered as
pertaining to the central and autonomic nervous system, such as fatigue, nervousness, memory
loss, sweating without physical cause, were reported significantly more often by manganese-
exposed workers (p<0.001 to p=0.05 for 19 of 23 symptoms). These results were much more
marked than in the Belgian studies or the Swedish study (Wennberg et al. 1991), and accord well
with what is known of early stages of manganese intoxication. They could be explained by the
greater age of this workforce compared to the younger workers in both Roels studies, by the much
longer time worked in the smelter (95% longer than 10 years), and by the stability of residence in
the environs (many workersfor most or al their lives). They could also be explained as bias due
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to knowledge on the part of the manganese workers who were well aware of their status and of
the possible adverse effects of manganese dust exposure. The authors discussed this possibility,
and pointed to the fact that only mild symptoms were increased, whereas more serious symptoms
would have been reported if the workers were malingering. Severa of the 14 neuromotor and
muscul oskel etdl -related symptoms (backache, joint pains, tiredness in the legs) were reported more
frequently by manganese workers, but some of these could have been related to the physical
exertion required of the job, as the pairs did not seem to be well matched in this regard.
Manganese workers reported significantly more difficulty in articulating words than referents
(p<0.01). Two sensory symptoms, hearing loss and tinnitus, were reported more often by
manganese-exposed workers, but these were explained as due to noise damage in the facility rather
than manganese exposure.

A wide range of neuropsychological tests, both examiner-administered and computerized
(Swedish Performance Evaluation System- SPES) were employed to assess nervous system
function. Overdl, the manganese workers performed more poorly than the referents on these tests
(p<0.001). A sgnificantly worse score was noted for the 51-item Motor Scale of the Luria
Nebraska Neuropsychologica Battery; thiswas due principally to reduced scores for thumb-finger
sequentid touch, aternating clench and extension, aternating hand tapping and sequential
mouth/tongue movements. Hand steadiness and tremor, as assessed by the Ninehole Steadiness
test, was significantly worse in manganese-exposed workers (p<0.01 for dominant hand). This
result agrees well with results of a smilar test in the Roels studies. Differences were not
statisticaly significant for manual or computer-administered tests in simple reaction times,
fingertapping speed, two motor dexterity tests (Helsinki/ WHO test and Purdue Pegboard test) and
grip strength (dynamometer test) The lack of response in the smple reaction time test is surprising
inview of the postive results obtained by Roels for a similar test. However, a slowing was noted
by the 5™ minute of this test, as seen also in the Roels test results. Sensory function test results
were smilar for both groups, except for increased olfactory acuity in manganese-exposed workers.
Speech and cognitive flexibility were measured with various tests; no overall differences were
noted for speech (4 tests) while results were significantly better for referents in two of four tests
of cognitive flexibility, i.e., the Stroop Colour-Word test and the errors in the Trailmaking B test.
No differences were seen in the delayed word recall test, in contrast to the lowered performance
for manganese workers noted by Roels in his audio-visual short-term memory test (Roels et al.
1992). The average of 110 pg/m*® (adjusted from 35 pg/m? based on newer information)
respirable dust (PM ) for the single dose group in this study can be taken to represent a LOAEL.

This sudy presented data from the widest range of tests and questions of any of the four
studies, including tests from the Swedish study as well as a number of additional tests. The

duration of exposure was aso the longest of any of the recent epidemiological studies. The
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matched-pair design ensured comparability between the exposed and non-exposed groups,
particularly with reference to the possibility of confounding by other loca environmental
pollutants. The mgor problem with regard to its use in quantitative assessment is lack of reliable
and individual exposure data. In addition, the precise physical and chemica nature of the
manganese to which the workers were exposed was not given, athough this criticism can be
applied to all the studies to some degree.

Although there were some differences in types of tests administered and outcomes
examined in the various studies, some consistency between the studies is evident with respect to
neurophysiologica tests showing poorer performance in tasks requiring hand steadiness (all four
studies), reaction time, speed and co-ordination, or rapidly aternating hand and arm movements
in the Swedish study (Iregren et al 1990; Wennberg et al. 1991) and the Montréal study (Mergler
et al 1994). The results thus suggest the first signs of impairment of motor function, consistent
also with observations in miners and other manganese workers clinically diagnosed with
manganism, and consistent also with damage to the central nervous extrapyramidal motor system
noted to result from damage by excess manganese (Barbeau 1984). Reported symptoms, while
subject to bias, did appear to correlate to some extent with the degree of exposure and impairment
noted in the neurophysiological tests. In the critical study by Roelset al. (1992), no significant
differences were noted between the two groups with respect to symptoms such as tiredness, loss
of libido, irritability, or memory loss, whereas in the previous study by the same group (Roels et
al. 1987ab), four of 25 symptoms, including fatigue, trembling fingers and increased irritability,
were ggnificantly increased; this group had shown more pronounced decrements on all four of the
neurophysiologica tests, and their calculated cumulative exposure to total Mn dust was twice as
high as the later cohort of workers. In the Swedish cohort (Wennberg et al. 1991, 1992),
symptoms of fatigue and reduced libido were significant, while al others were not; many of the
results in the neurophysiological tests were of borderline significance, and exposure status was
difficult to determine. Inthe Mergler et al. (1994) study on Montréal ferromanganese workers,
19 of 23 symptoms, including fatigue, loss of libido, nervousness, and difficulty articulating words,
were reported significantly more often in exposed than in unexposed workers in matched-pair
comparisons (recall bias due to concerns about possible health effects from working at the smelter
was a possibility in this study, but see previous comments). This was aso the cohort with the
longest exposure to manganese, by a good margin. Since more neurophysiological tests were
administered, alarger number of positive results were found in this study than in the other studies,
but results for some tests were borderline. The original exposure assessment was known to be an
underestimate, and has now been corrected for respirable manganese to three times the original.
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A quantitative comparison of manganese exposure of the workers in the four studiesis
impossible because each of the studies employed different measurements, however a semi-
quantitative comparison can be made. In the critical study, several measures were given; for the
entire Roels et al. (1992) cohort, ameasure of cumulative integrated respirable Mn dust equivalent
to PM,, was 793 pg/m?3-years, calculated to be 150 pg/m? for an annual 8-h shift exposure, and
represents a LOAEL for the study. This may be compared to the 110 pug/m*® PM,, from the
Mergler et al. (1994) study, and to the average annua vaue of 70 pug/m?® respirable dust estimated
from information in Wennberg et al. (1991). No such estimate was possible for the earlier Roels
et al. (1987) study, since respirable manganese dust was not measured or estimated from total dust
measurements.

Both duration of exposure and the average age of the exposed populations were increased
in the Swedish and Montréal studies over the two Roels studies; average ages were 46 and
43 years respectively (31 and 34 yearsin the Rodls studies), and average duration of exposure was
9.4 and 16.7 years respectively, versus 2.6 (first quartile), 5.3 ( overall Roels et al. 1992) and
7.1 years (Roels et al. 1987a,b). Although duration of exposure per se was shown not to be
associated with decrements in function, it is connected with increased cumulative exposure, which
was shown to be important in the dose-response analysis undertaken on the Roels et al study
(1992) (see Tablell). The Montréd workers, who appeared to be the most affected by exposure
to manganese, were also a decade older than the Belgian workers in the Roels studies, and 95%
had worked there more than 10 years. The older Swedish cohort sheds no light on this aspect,
since it was small, and its exposure was not well characterized.
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CHAPTER IV. POTENTIAL AND ESTIMATED MANGANESE EXPOSURE

The exposure of Canadians to manganese will be examined in this chapter from various
perspectives. Firstly, temporal, seasonal and geographic trends in ambient monitoring data of
respirable manganese will be consdered, and comparisons will be made to patterns of MMT usage
in Canadian cities. Secondly, a more detailed examination of inhalation exposure to manganese
in target cities, including exposure estimates for the upper percentiles of the population, will be
carried out and an attempt will be made to trandate these into estimates of persona exposure.
Asafind stage, a multi-media exposure assessment for Canadians of various age groups will be
conducted to estimate the fractional contribution of inhalation to total manganese exposure in
Canada.

V.1 Inhalation of Manganese
IV.1.1 Ambient Levels of Respirable Manganese and Relationship to MMT Use

Traditionally, monitoring networks have measured concentrations of total suspended
particulates (TSP) in the atmosphere and metal levels associated with those particulates. In order
to assess a more hiologicaly relevant particulate measure, agencies have begun monitoring
particulate matter of aerodynamic diameter less than 10 um (PM ,,), and, in some instances, less
than 2.5 pm (PM , 5), as well as various elements associated with those respirable particles. The
National Air Pollution Surveillance (NAPS) program run by Environment Canada began
monitoring respirable particulates in 1984, and now includes 29 sample sites (Dann 1994a).
Dichotomous samplers, which divide PM,, into the fraction above and below 2.5 pum (the coarse
and fine fraction, respectively) are used, as well as size selective inlet (SSI) Hi-Vol samplers.
Manganese is measured at a detection level of 0.002 ng/m®. The Ontario Ministry of the
Environment and Energy also maintains an air monitoring network, which currently includes
99 gtes (OMEE 1993). Since 1990, the network has included some PM ,, samplers, the number
of which was augmented from 5 to 23 by 1992. These samplers are SSI Hi-Vol samplers, and
severa associated el ements are analyzed for, including manganese.

Thetrendsin respirable (PM,, and PM,, ) manganese levels in nine Canadian urban centres
between 1986 and 1992 as measured by the NAPS program are displayed in Figs. 3and 4. In
most cases, ambient levels of manganese have remained constant, and in some instances levels
have declined a small amount. The most notable change isin Montréal, which is apparently due
to the closure of aferro- and silicomanganese plant in Beauharnois, Québec (25 km southwest of

38



Montréal) early in 1991. The arithmetic mean as well as the standard deviation have decreased
substantialy, both for PM,, manganese and PM, . manganese. Dann (1994b) estimates that the
median PM,, manganese for dl rlevant NAPS sites has decreased significantly at arate of 3% per
year (P<0.001) between 1986 and 1992. The mean level of PM,, manganese for al samples
(1986-1993) is 0.025 + 0.023 ug/m?* (Dann 1994a). Thiswould likely be reduced in recent years
(1991-1992) due to the substantial reduction in manganese levelsin Montréal as a result of the
plant closure mentioned above. The monitorsin these cities are at el evations between 2 and 17 m
above street level.

In order to examine the most recent monitoring data, ambient concentrations of PM
manganese measured in 1992 for various Canadian locations are provided in Fig. 5, both as
arithmetic and as geometric means (Dann 1994b; OMEE 1993). Although the focus of this
exposure assessment will be on arithmetic mean manganese levels, the comparison of geometric
and arithmetic means provides an indication of the frequency of very high exposures. The
difference between the arithmetic and geometric means is most pronounced in Hamilton and Sault
Ste. Marie, both of which have large stedl industries, indicating the occurrence of occasiona, very
high manganese levels from point sources in those cities.

The lowest value of PM,, manganese was measured in Kegjimkujic (0.002 pg/m?®), a
national park in Nova Scotia which can be assumed to represent a background rural level. Low
levels of ambient manganese of 0.011-0.013 pg/m? were measured in small cities including
St.John, Ottawa and Halifax; moderate levels of 0.015-0.019 pg/m? are reported for Winnipeg,
Victoriaand Calgary; and Vancouver, Toronto, Montréal, Edmonton and Windsor reported higher
levels of 0.020-0.025 ug/m®. These data suggest that in cities without major industrial sources of
manganese, PM,, manganese is associated with urbanization/city size. The highest concentrations
of manganese (0.030-0.158 pg/m?® were measured in cities with large manganese emitting
industries only, with extremely high levels measured by monitors immediately adjacent to the
industrial manganese sources (0.100-0.158 pg/m?®). For cities in the NAPS database, PM,,
manganese represents 40-60% of PM ;, manganese.

Given that ambient respirable manganese levels have remained constant or decreased in
Canadian cities between 1986 and 1992, one can examine the concomitant changesin MMT usage
as an octane-enhancer in Canadian gasoline. The late 1980's was a critical period in that MMT
sdesin Canada changed substantialy due to the phase-out of leaded gasoline. Specifically, while
between 1986 and 1993 national MMT sales by Ethyl Corp. showed a net increase of only 10%,
from 1986 to 1989 sales increased 52% and from 1989 to 1993 sales decreased 27% (Wilson,
1999) (Fig. 2). In spite of these shifts, thereis no parallel change in respirable ambient manganese
in Canadian urban centres, not even in the fine particulate fraction (Figs.3 and 4). (Vehicular

39



manganese emissions are of mass median aerodynamic diameter (MMAD) less than 1 um, with
an average value of 0.4 um (Ter Haar et al. 1975), and are thus expected to contribute more
substantially to PM, ).

To examine thismore closely, one can examine the consumption of MMT in gasoline for
a smaller geographical area based on two existing data sets. The Alberta Research Council has
conducted annua surveys of the manganese content of all unleaded gasoline grades in the eastern
and western regions of the country from 1987-1993 (Alberta Research Council 1987a-1993a,
1988b-1993h). These data are generdly based on alimited sample Size and may not be statistically
representative of the gasoline sold in each region. In addition, the corresponding annual sales of
each grade of gasoline for individual provinces are compiled by Statistics Canada (1987-1994).
Estimates of manganese sold annually as MMT in gasoline in Québec and Ontario between 1987
and 1993 are presented in Fig 6. (It should be noted that for premium gasoline sales, leaded and
unleaded fuel sales cannot be differentiated, and no data are available on the manganese
concentration in leaded fuel. From 1987-1990 (when leaded fuel was banned), premium
accounted for 15-31% of total fuel sales and regular unleaded accounted for 11-34% of total
regular fud sales, thus premium leaded fud likely did not account for more than 10% of total fuel
sales). Due to a lack of similar data for individual cities, it is assumed that these trends are
representative of the urban centres in those provinces. Thus, taking into account gasoline usage,
one sees an increase and subsequent decreasein MMT use, similar to the pattern in MMT sales
for Canada as reported by Ethyl Corp. (Fig. 2). The declinein MMT usage since 1989 is due to
reductions in the manganese content of fuel, as unleaded fuel consumption has increased or
remained constant. These changes are not reflected in changes in PM,, and PM, . manganese
levelsin Quebec and Ontario cities, suggesting that MMT combustion is not amajor contributor
to those ambient measures.

Manganese concentrations in 1993 Canadian gasoline (regular, medium and premium
blends) from across the country (CPPI 1994) are provided in Fig. 1. Separate analyses were
performed on summer and winter gasolines. There is no consistent seasonal pattern in terms of
gasoline manganese levels: in the western region, the medium and supreme blends have lower
concentrations in the summer than in the winter; in Ontario and Québec manganese levels tend to
be higher in the summer than in the winter; and in Atlantic Canada regular and medium blends
have lower concentrations in the summer and the premium blend has more manganese in the
summer. For al regions and grades combined, the average winter and summer concentrations are
8.7 mg Mn/l and 9.1 mg Mn/l, respectively (CPPI 1994). The maximum allowable concentration
of MMT in Canadian gasolineis 18 mg Mn/l| (CGSB 1986).
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Thereisasdggnificant seasond difference (P<0.05) for PM, . manganese levels for all NAPS
stes between 1986 and 1993 (Dann, 1994b): winter concentrations (median 0.012 pg/m?) were
greater than summer concentrations (median=0.010 pg/m?®). Considering individual urban centres
(Fig. 7), the data from all cities except Windsor and one monitor in Toronto indicate equivalent
or higher PM, ; manganese levelsin winter than in summer. Once again, these differences can be
compared to seasona MMT usage patterns for individua provinces (as mentioned above, the
necessary data are not available for individua cities). Data of monthly provincia sales of
premium, regular and mid-grade gasoline from 1988-1993 are avail able (Statistics Canada 1987-
1993), as well as the summer and winter manganese content of al grades of gasoline for the
eastern and western regions of the country from the Alberta Research Council surveys (1987a,b-
1993a,b). Combining these data, estimates of manganese sold (and presumably used) in summer
(defined as June-August) and winter (defined as December-February) in different regions of the
country are presented in Figs. 8 and 9. In Quebec, Ontario, Alberta and British Columbia, more
manganese has been sold consistently in gasoline in summer than in winter between 1988 and
1993, due in part to higher manganese levels in some summer fuels and due to increased fuel
usage. Thisiscontrary to the air monitoring data and does not support the hypothesis that MMT
contributes substantialy to fine particulate manganese or to the seasona variation in fine
particulate manganese. The strong seasonal pattern in ambient manganese levels may be driven
by meteorological factors such as atmospheric wash-out or humidity.

None of these trends support the U.S. EPA conclusion for the L.A. Basin based on Lyons
et al. (1993) that 75% of ambient PM, . manganese is derived from vehicles (U.S. EPA 1994).
It is possible that other factors are masking the effect of MMT use, eg. a shift in vehicle miles
travelled from urban centres out to rural areas. Data on annual total vehicle miles travelled for
large Canadian cities are not generally available. Limited annual data on daily traffic counts for
gpecific intersections (eg. location of ambient monitors) are available, but these counts are often
conducted on asingle day per year, and the substantia changesin fuel manganese content in recent
years would complicate any trends. Thus, it does not seem practical to pursue this issue any
further.

1V.1.2 Personal Exposureto Manganese

Ambient monitoring data may not always reflect the actua exposure of individuas living
inagiven area, because typical human activity patterns result in time spent in microenvironments
with higher or lower concentrations of a pollutant and for which we have no monitoring data.
Most importantly, it has been estimated that Canadians spend on average 90% of their time
indoors, and indoor concentrations of some pollutants can be much higher or much lower than
ambient levels. Other microenvironments of importance include, for example, in a vehicle, an
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urban canyon and an underground parking garage. Hence, a measure of personal exposure to a
compound is preferable to ambient data, and that estimate should be statistically representative of
the population of interest throughout the time period of interest. Several studies in recent years
have assessed personal inhalation exposure of groups of individuals to manganese, and these are
reviewed here. It should be noted that in most of these studies only a small sample size of
individuals and a narrow temporal window were monitored.

The 24-hour average persona exposure of Toronto office workers (selected in a
nonstatistically representative manner but intended to be indicative of genera population
exposure) and cab drivers (selected as a high-exposure sub-population) to manganese was
assesed by Lynam et al. (1994) in February 1991. Manganese was measured in total suspended
particulates rather than in arespirable form. Mean 24-hour exposure for office workers and cab
drivers was 0.013 + 0.009 pg Mn/m?® and 0.035 + 0.010 pg Mn/m?, respectively. Based on
ambient monitoring data available for Toronto for February 1991 (Radell 1994), the arithmetic
mean level of manganese in TSP measured at five sites was 0.042 pg/m3. These levels are
comparable to the 24-hour personal exposure of taxi drivers, and are considerably higher (three
fold) than the persona exposure of office workers, possibly indicating the importance of low
indoor manganese levelsto total human exposure. This suggests that personal exposure to PM,,
manganese would also be lower than levels measured by ambient monitors, for the general
Canadian population.

Subsequently, Zayed et al. (1994a) assessed at-work and off-work manganese exposure
of two potentially at-risk groups in Montréal: taxi drivers and garage mechanics. Data were
collected in June 1992 and again, manganese in total suspended particulates was reported. Mean
manganese concentrations in the workplace of taxi drivers and mechanics were 0.024 pg Mn/m?
and 0.250 pug Mn/m?, respectively, both of which were significantly higher than the off-work levels
of 0.007 pg/m?® and 0.011 pg/m?® measured for the two groups, respectively. 24-hour average
exposures for a seven day week are estimated at 0.012 pg Mn/m?* and 0.085 g Mn/m? for taxi
drivers and garage mechanics, respectively (assuming 10 m¥day air intake at work (ICRP 1975)
and a 5-day work week). It was noted by the authors that the garage mechanics, al ten of whom
worked in the same garage, did not always vent the vehicle exhaust to the outdoors as is
appropriate. Thisissupported by the fact that the manganese level in the garage when the doors
were closed was double the level when the doors were open (0.31 pg/m?® vs. 0.152 pg/m?®). TSP
manganese concentrationsin Montréa in June, 1992 were measured by the Communauté urbaine
de Montréal (Gagnon 1994) at 10 sites: the mean value for the city was 0.04 pg/m®. Thisis
substantialy higher than the 24-hour exposure of taxi drivers estimated by Zayed et al. (19944),
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but less than that of the garage mechanics. 24-hour average exposure for the garage mechanics
is estimated to be 0.054 pg Mn/m? based on at-work exposure of 0.15 pg/m?* as was measured
under adequate ventilation conditions, which is still somewhat higher than the ambient level.

Zayed et al. (1994b) recently (January 1994) assessed the personal manganese exposure
of office workers and taxi driversin Toronto and Montréal including both total and respirable cut-
off points of manganese, the latter intended to be directly comparable to the sampling methods
used by Roels et al. (1992) which measures a fraction somewhat smaller than PM,, (Fig. 10).
24-hour average exposures of office workersin Toronto and Montréal to respirable manganese
were 0.010 + 0.008 pg Mn/m?® and 0.002 + 0.001 pg Mn/m 2respectively. Similar exposure
measures for cab drivers in Toronto and Montréal were 0.014 + 0.008 pg Mn/m? and 0.006 +
0.006 pug Mn/m?, respectively. Thus, vehicle-related activities appear to contribute to manganese
inhalation exposure in our cities. For office workers, respirable manganese was 90% and 65% of
TSP manganese in Toronto and Montréd, respectively. Among cab drivers, respirable manganese
represented 54% and 78% of total manganese exposure in those cities. Unfortunately, only limited
ambient monitoring data are available for that period for comparison: in Montréal PM ,, manganese
(at asingle monitor) was <0.010 pg/m?® (Gagnon 1994). As mentioned above, respirable in the
Zayed et al. (1994b) study is defined at a somewhat lower value than PM,,, but the personal
exposure in Montréal is comparable to the ambient PM , vaue.

Manganese in total suspended particulates was measured both indoors and outdoors of
volunteer's homes and offices during summer 1991 and winter 1992 as part of the Windsor Air
Qudity Study (Bell et al. 1994). Arithmetic mean indoor concentrations of 0.005 pg Mn/m? and
0.007 pug Mn/m? were measured in homes and offices, respectively. The concomitant mean
outdoor concentration was 0.018 pug Mn/m?. Given the time reported spent at home, in the office
and outdoors (including commuting) of participants (14.5 hours, 6.6 hours, and 2.9 hours,
respectively) the mean 24-hour exposure level was 0.007 ug Mn/m?2. During the summer months,
indoor levels ranged from 0.004-0.012 g Mn/m?® and outdoor levels from 0.016-0.038 ug Mn/m?®
for different areas of Windsor. These data underline the fact that indoor TSP manganese
concentrations are lower than outdoor levels, and thus possibly explain why average personal
exposure measures appear to be less than ambient monitoring levels.

Egyed and Chan (1994) measured respirable manganese as PM., in vehicles during rush-
hour in Toronto in February and March, 1994. The mean level of manganese in al vehicles was
0.045 pg/m® + 0.017 pg/m®.  This likely indicates elevated levels of manganese exposure
associated with high traffic in an urban area. No comparable ambient monitoring data are yet
avallablefor that time. Loranger et al. (19944) report significantly (P<0.05) higher levels of TSP
manganese in high traffic areas compared to low traffic areas in Montréal. As part of the Outdoor
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Air Quality in Toronto study, the Toronto Department of Public Health (1993) measured TSP
manganese for a two day period in both March and June, 1990 at nose-level (1.5 m) at three
Toronto Sites characterized by low, medium and high traffic volumes. The respective manganese
measures at these sites were 0.028 pg/m?, 0.044 pg/m? and 0.053 pg/m?, clearly indicating an
increasing trend with increasing traffic volume.

The most comprehensive persona exposure monitoring data available for manganese is
provided by the Particle Total Exposure Assessment Methodology (PTEAM) Study conducted
by Clayton et al. (1993). 178 participants, statistically selected to represent 139 000 residents of
Riversde, California were assessed for personal inhalation exposure (PEM) to PM,, manganese
from7 AM to7 PM, and 7 PM to 7 AM. All data were collected over atwo month period in the
fal of 1990, and thus may not be representative of year-round exposure. All individuals were non-
smokers over the age of ten years. Arithmetic mean personal exposures of 0.069 = 0.065 ug
Mn/m?® and 0.024 + 0.017 pg Mn/m? were reported for the daytime and nighttime, respectively.
Indoor and outdoor stationary monitors collected data of PM,, manganese simultaneously to the
persona exposure monitoring, and the corresponding daytime and nighttime means from the
outdoor samples were 0.051 and 0.037 ug Mn/m?3, and from the indoor samples were 0.038 and
0.022 pg/m? (Pellizzari et al. 1993). The outdoor and indoor monitors (but not the personal
exposure monitors) also measured PM, . manganese: daytime and nighttime average PM, .
manganese concentrations were 0.012 and 0.010 pg/m?3, respectively, for outdoor samples, and
0.010 and 0.008 pg/m?, respectively, for indoor samples.

Published data from the PTEAM study all address nighttime and daytime exposures
separately: for comparison to Canadian ambient monitoring data, 24-hour averages are more
appropriate. To thisend, the original data were obtained from the PTEAM project lead, Lance
Wallace (1994). Based on these data, the 24-hour PEM arithmetic mean is 0.045 ug Mn/m? and
the outdoor arithmetic mean isaso 0.045 pg Mn/m?3, and thus the ratio of PEM:outdoor ambient
valuesis 1.0. For the PEM data, the 90" and 99" percentiles of 24-hour exposure were 0.082 and
0.212 pg/m®: based on outdoor monitoring data, the 90" and 99™ percentiles of 24-hour exposure
were 0.068 and 0.129 pg/m?®.

Severd conclusons can be drawn from the data. Personal exposure is underestimated by
outdoor stationary monitoring devices during the daytime hours during which an individual may
have many microenvironment-related activities. Thereverseistrue a night, during which personal
exposureis lower than ambient measures. 1f one considers mean 24-hour population exposure to
PM ,, manganese, estimates based on persona exposure monitoring (PEM) are equal to those from
stationary monitors, and the 90" and 99" percentiles of the PEM data are 1.8 and 4.7 times higher
than the arithmetic mean from the outdoor stationary monitors, respectively (Table 3). Theratio
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of manganese exposure as measured by PEM to that measured by stationary ambient monitors for
various population percentiles from the PTEAM study are shown in Fig. 11: it isevident that for
the 75™ percentile and less, ambient monitors overestimate personal exposure while for the upper
25% of the population the reverseistrue. Thissuggests that a segment of the population receives
high exposure to particulates at some point during their day (eg. standing at a bus stop,
vacuuming), which is not reflected in the data measured by stationary ambient monitoring devices
at the individual's home. It is not clear whether or not persona exposure would be better
characterized by an ambient monitor in adowntown location. In addition, PM,, manganese levels
measured by stationary monitors inside a house are consistently lower than concentrations
measured by stationary samplers outsde ahousefor all percentiles of exposure for both PM,, and
PM, .

The data per se cannot be assumed to be representative of Canadian exposure, as the
outdoor PM,, value (0.045 pg/mq) is approximately twice the level measured in recent yearsin
magor Canadian cities without manganese emitting industries. Compared to the personal exposure
respirable manganese data collected in Canada (Zayed et al. 1994b), the 24-hour mean personal
exposures are 4 to 20 times higher in Riverside. 1n addition, manganese sources and particle size
digtribution may be very different in Canadian urban centres, as MMT isin limited use in the U.S.
(in leaded fuel only), and thus industrial and/or crustal sources are possibly more important in
Riversde. Inther MMT exposure assessment, the U.S. EPA (1994) based estimates of personal
manganese exposure on the assumption that 75% of ambient PM, ; manganese is derived form
MMT combustion. Given the lack of correlation between MMT usage and ambient PM,, ¢
manganese levels in Canadian cities (see section 1V.1.1), this assumption does not appear to be
valid in Canadian cities. In addition, the population distribution of exposure may be different
depending on the manganese sources and human time activity patterns, the latter of which may be
quite different for the Canadian situation.

In summary, the use of personal exposure data is preferable to ambient monitoring data
if the PEM dataare avalid representation of exposure for the population of interest. The results
of the studies reviewed above are displayed in Fig. 12. The Canadian persona exposure
monitoring studies may not be robust in terms of sample size, time frame, or statistical
representativeness, yet the repeated measures of relatively low exposure to manganese in our
largest cities lend weight to the findings. The results suggest that 24-hour personal exposure to
manganese in Canadian cities is overestimated by ambient monitoring data for the genera
population, and aso for a presumably highly exposed sub-population, i.e. taxi drivers. Garage
mechanics are the only group studied which showed personal exposure above average ambient
levels, asituation that was substantidly ameliorated when the garages were adequately ventilated.
Personal exposure for the upper quartile of the population may be higher than outdoor ambient
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manganese as measured immediately outside the home: whether or not the upper percentiles of
persona manganese exposure are underestimated by ambient monitoring data collected in a high
traffic area of a downtown core remains to be determined. Respirable manganese in the indoor
environment is generally less than the level outdoors

IV.1.3 Canadian Inhalation Exposureto Manganese

Although MM T-derived manganese emissions are within the fine particul ate fraction, PM
rather than PM,, ; manganese was chosen as the relevant parameter for this exposure assessment
asthe pulmonary region is exposed to particles up to 10 um in diameter (EPA 1982). In addition,
in section Chapter V of this document, a reference level (C,,) of manganese will be derived based
on the epidemiologica study of Roels et al. (1992). In that study, respirable dust/particul ate was
defined according to the method of the British Medical Research Council (BMRC): 0% penetra-
tion to the alveolar region for particles > 7.1 pm in diameter, and increasing penetration for
smaller particles with up to 100% penetration for particles < 0.5 um (Fig. 10) (ACGIH 1971).
As ambient monitoring devices do not measure the BMRC-defined respirable fraction and asit is
not possible to translate PM,, data to a value equivalent to the BMRC measure, PM,, data will
be usad in this exposure assessment. Thisis a conservative estimate of exposure, asthe BMRC-
defined particul ate measure and the Health Canada derived C,, are afraction of PM,,. Only PM,,
manganese will be discussed in the following sections.

This exposure assessment has been conducted for two sets of air data. Firstly, as
mentioned above, the most recent available data (1992) from outdoor stationary ambient monitors
have been used, and the primary estimates of exposure have been based on these data. Secondly,
an attempt has been made to trand ate these values to population estimates of persona exposure
based on the findings of the PTEAM study, inspite of the above-mentioned uncertainties in
extrapolating the results from Riverside, Californiato Canadian urban areas. The PTEAM results
have been used because of the large sample size, the resulting population distribution of exposure,
and the concomitant collection of PM,, manganese by stationary samplers outside an individual's
home and by personal exposure monitoring. Based on the 24-hour PTEAM data, the ratios of
24-hour PEM PM,, manganese measures for different percentiles of the population to the
arithmetic mean value measured by stationary outdoor monitors are provided in Table 3. From
these data, the ratios of the arithmetic mean, 90" and 99" percentiles of the PEM data to the
outdoor arithmetic mean (1.0, 1.8 and 4.7, respectively) have been extracted. These ratios have
been used to convert the annual ambient PM,, manganese means for Canadian cities to estimates
of the mean, 90" percentile and 99" percentile of personal exposure for populations in those
Canadian urban centres.
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Because the available data indicate that indoor air levels of manganese are less than
outdoor levels (see section 1V.1.2) and because respirable manganese levels in Canadian indoor
environments are poorly characterized, this exposure assessment will assume 24 hour exposure
to outdoor ambient levels. The estimates of personal exposure should incorporate differences
from ambient exposure due to personal activities. Although it would be preferable to distinguish
between daytime and nighttime ventilation rates and exposure, the Canadian ambient monitoring
data for respirable manganese are collected as a 24-hour average only. Data from the monitor
recording the highest levels of respirable manganese in a given city have been used, in order to
characterize exposure of individuals living in the more highly polluted areas. Thus, the following
exposure assessment is based on severa conservative assumptions.

In the following exposure assessment, unless otherwise stated, the use of mean refersto
the arithmetic mean.

IV.1.3.1 Sdlection of Canadian Cities

In order to examine manganese inhalation exposure for the general Canadian population,
several urban areas were selected. These were of three types: i) a smal city with moderate
vehicular traffic and no mgor industrial manganese sources; ii) alarge city with high vehicular
traffic and no mgjor industrial manganese sources; and iii) a city with identifiable manganese-
emitting industries.

The most recent (1992) annua PM ,, manganese data collected by the Environment Canada
NAPS network and the Ontario Ministry of the Environment and Energy network have been used.
Data from 1992 were selected because they are the most recent available, because the manganese
levels in Montréal prior to 1991 were influenced by emissions from a nearby industry in
Beauharnois, and because the OM OEE monitoring network has been monitoring PM,, manganese
since 1990 only, and the number of monitoring stations increased drastically from 5 to 23 from
1990 to 1992.

The annua (1992) mean PM ,, manganese data for Saint John (New Brunswick), Walpole
Idand (Ontario), Halifax (Nova Scotia) and Ottawa (Ontario) were the lowest in the NAPS
database (0.011-0.013 pg Mn/m?). Saint John (NAPS station #40203 @ 0.011 pg Mn/m? and
@ 5m elevation above street level) was selected as the type one city. Montréal, Toronto and
Vancouver had relaively high levels of PM,, manganese (0.015-0.025 ug Mn/m?), and Montréal
was selected as the type two city as the annual mean (NAPS station #50109 @ Duncan/Décarie
@ 4m devation) was the highest (0.025 pg Mn/m?). Although sampling in agiven city is limited
and therefore even the highest monitored levels may underestimate the worst case scenario, the
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highest measured values were used in order to be conservative in our exposure estimates. The
NAPS station in Montréal used for the assessment is located close to the intersection of the
Décarie Expressway and the Métropolitain Autoroute, a highly trafficked location and thus
considered appropriate as aworst case areafor Montréal.

Finally, two cities with large manganese emitting industries and high levels of ambient
manganese were selected: Hamilton and Sault Ste. Marie, Ontario. PM,, manganese data for 1992
were available for these cities from the Ontario Ministry of the Environment and Energy. Data
for the monitoring stations with the highest manganese measures were selected as the most
conservative estimate of exposure available: Hamilton (OMOEE station # 29313 @ Gertrude/
Depew @ 4m) had an annual mean of 0.100 pg Mn/m?; and Sault Ste. Marie (OMOEE station
# 71342 @ Bonney St. @ 2m) had an annual mean of 0.158 pg Mn/m?®. Although these sites are
located closeto industria centres, they are adjacent to residential areas. The purpose of including
industrial towns is to examine the most severe Canadian ambient exposure to manganese (abeit
unrelated to MMT use), and to determine whether or not there is a health risk.

IV.1.3.2 Manganese Exposure Based on Ambient Monitoring Data

Ambient levels of PM,, manganese (1992) for the four targeted urban areas are presented
in Table 4, along with the 90" and 99" percentiles of values measured at those sites. These
percentiles represent temporal extremes (the percentage of times per year that concentrations
above agiven level have been measured at that site) and not spatial variation (i.e. the percentage
of areas or population with concentrations above a given level). However, for lack of better data,
it will be assumed that these percentil es approximate the percentage of the population exposed to
those concentrations of PM,, manganese. It isclear that the concentrations in the two industrial
cities are much higher than those in non-industrial urban centres, and that the ratios of the 90" and
99™ percentiles to the mean are also much higher in the industrial areas. This suggests that
infrequent but very high concentrations occur in association with industrial manganese emissions,
and less so in urban areas without manganese-emitting industries.

The mean levels of ambient manganese in St. John and Montréal are 0.011 pg/m® and
0.025 pg/m?®, the 90™ percentiles are 0.021 pg/m?® and 0.034 pg/m?, and the 99™ percentiles are
0.024 pg/m? and 0.041 pg/m?3, respectively. Conversely, the mean ambient concentration in
Hamilton and Sault Ste. Marie are 0.100 and 0.158 pg/m?, while the 90" percentiles are 2-3 times
higher and the 99" percentiles are 4-5 times higher.

Asdiscussed in section 11.1.1, it has been assumed for this assessment that 60% of PM,,
manganese is deposited in the lung and that 100% of this is available for uptake into the
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circulatory system. Inhalation exposure to manganese for different age groups in the population
based on ambient monitoring data is presented in Table 5. Manganese uptake in St. John and
Montréal, including the upper percentiles, is less than 0.6 pg/day or 0.011 pg/kg bw/day for all
age groups, with average uptake ranging from 0.002-0.007 pg/kg bw/day. For the 90™ and
99" percentiles of exposure uptake ranges from 0.004-0.009 pg/kg bw/day and 0.004-0.011 pg/kg
bw/day, respectively. Average manganese inhaation uptake is markedly higher in Hamilton and
Sault Ste. Marie at 0.017-0.042 pg/kg bw/day, and the 99™ percentile of exposure is up to
0.22 pg/kg bw/day. On abody weight basis, uptake peaksin the 5-11 year age category, but does
not vary greatly between age groups.

1V.1.3.3 Manganese Exposure Based on Estimates of Personal Exposure

The Canadian ambient mean PM,, manganese data have been converted to estimates of
population personal exposure based on extrapolations from the PTEAM study. Asdescribed in
section 1V.1.3, the ratios of the 24-hour arithmetic mean, 90" and 99" population percentiles of
the PEM data to the ambient mean were 1.0, 1.8 and 4.7, respectively. Assuming a similar
distribution around the Canadian means, these ratios have been used to estimate the mean, 90" and
99" percentiles of persona exposure in Canadian cities from the Canadian ambient means provided
in Table 4. Again, there is considerable uncertainty in this extrapolation to any Canadian city,
however, these estimates provide an indication of potentially high exposures in the upper
percentiles of the population living in the vicinity of the ambient monitors. The estimates are
presented in Table 6, in which mean exposures are obvioudly identical to those based on the
ambient monitoring data. Considering St.John and Montréal, the 90™ percentiles of exposure are
0.020 pg/m?® and 0.046 pg/m?®, respectively, and the corresponding 99" percentiles are 0.052 pug/m?
and 0.118 pg/m®. The exposure of the 98™ percentile in Montréal is 0.080 pg Mn/m?® and the
elevated estimate for the 99" percentile is due to two individuals personal exposure in Riverside,
Cdifornia. The 90" percentiles of exposure in Hamilton and Sault Ste. Marie are 0.183 pug/m?® and
0.289 pg/m?, respectively, and the 99" percentiles range from approximately 0.45-0.75 pg/m?®.

Considering manganese uptake (Tables 5 and 7), estimates based on personal exposure
data indicate that although the population means are the same as those based on ambient
monitoring data, the 99" percentiles of personal exposure in St. John and Montréal are much
higher than those based on ambient levels. The 90™ percentiles based on ambient data and PEM
estimates are similar in St. John, but the latter are approximately 30% higher in Montréal.
However, the 90" and 99" percentiles of personal exposure in Hamilton and Sault Ste. Marie are
lower than those based on ambient monitors, with the exception of the 99" percentile in Hamilton,
which is 30% greater for personal exposure.
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Considering inhaation uptake for different age categories, the 90" percentilesin St. John
and Montréal range from 0.003-0.012 pg/kg bw/day, and a maximum value of 0.032 ug/kg
bw/day is estimated for the 99" percentile. For theindustrid cities, the 90" percentile of inhalation
uptake ranges from 0.031-0.077 pg/kg bw/day, while the 99" percentile is as high as 0.2 pg/kg
bw/day among 5-11 year olds in Sault Ste. Marie. Asin the estimates based on ambient data,
manganese inhalation uptake peaks among 5-11 year olds.

V.2 Ingestion of Manganese
IV.2.1 Dietary Manganese

The primary source of manganese exposure is generally attributed to oral exposure due to
the natural content of manganese in the diet (Mena 1981). Estimates of mean dietary intake of
manganese reported worldwide are presented in Table 8. The U.S. Food and Nutrition Board
recommends an adult daily intake of 2.5 - 5.0 mg Mn/day (NRC 1989). The Canadian studies
listed in Table 8 indicate that adult manganese intakes from ingestion are in fact in that range.

Because of the lack of arecent and comprehensive survey of Canadian dietary manganese,
estimates of the daily manganese oral intakes of Canadians were calculated for this exposure
assessment based on existing data on food consumption and manganese levels in foods.
Specifically, Canadian daily consumption of individua food groups were based on CEPA estimates
for different age categories (Health Canada 1994), and the manganese content of individual
foodstuffs was obtained from the Canadian Nutrient File, which is maintained by the Bureau of
Nutritional Sciences of the Foods Directorate of Health Canada. Data in the Canadian Nutrient
File are based on available Canadian data as well as on data published in the U.S. Department of
Agriculture Handbook # 8, 1979 - 1993 (Bralé, 1994). In cases where several values were
provided for subgroups of the food group (eg. salt water fish species, ready-to-serve soups), a
composite mean of the available datawas cdculated. Unfortunately, data were lacking for several
of the cereal and grain products, noted in previous studies as one of the mgjor sources of dietary
manganese (Méranger and Smith, 1972; Lewis and Buss, 1988). In those cases, data from the
U.S. Tota Diet Study (Pennington and Y oung, 1990) were used as a surrogate.

For infants aged O to 6 months, four different approaches were taken. As mentioned
above, estimates of manganese consumption based on the Canadian Nutrient File data were made.
In addition, estimates of manganese intake were made for infants who consume exclusively breast
milk, milk-based formulas or soya-based formulas. In all three cases, it was assumed that infants
consume 0.75 kg/day (Health Canada, 1994). Mean concentrations of manganese in Canadian
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milk-based and soy-based ready-to-use formulas were 0.010 mg/100g and 0.063 mg/100 g,
respectively (Dabeka and McKenzie, 1992). The manganese content of human milk is
substantially lower: an American study reported a value of 0.002 mg/100g (Vaughan et al. 1979).

The manganese content of different food groups, consumption patterns, and the
contribution of each foodgroup to total dietary intake of manganese are provided in Table 9.
Principa sources of dietary manganese include cereal and grain products, derived predominantly
from breads and wheat flour (38.1 - 53.8 %), and tea (22.0% for adults). Other sources include
vegetables (such as peas and potatoes), fruits and wine, while dairy products, meat products and
fish/shellfish combined contribute less than 4% of daily manganese for any age group.

Estimates of total dietary intakes of manganese for all age categories, including four
estimates for infants, are provided in Table 10. In the case of infants, daily manganese intake
varies greatly with diet (0.015 - 0.66 mg/day), with breast-fed infants consuming the least
manganese and those fed "adult" foods consuming the most. Vuori (1979) found similarly low
levels (0.003 - 0.004 mg/day) of daily manganese intake among breast-fed infants one to three
monthsold in Finland. Previous Canadian estimates of infant dietary manganese (Kirkpatrick et
al. 1980) ranged from 0.47 to 1.04 mg/day depending on the age of the children (0 - 6 months),
which are at or above the estimates presented here. This may be due to societal changes in infant
diets.

The intake estimate for children 7 months to 4 years old (1.7 mg/day) is similar to that
reported by Gibson et al. (1985b) for 22 month old Canadian children (1.5 mg/day). Estimates
of dietary manganese are generally higher than those reported for the U.S. (Pennington et al.
1989) and lower than those reported for Australia (Fardy et al. 1992) (Table 8). The estimate of
adult intake (3.53 mg/day) is similar to those previoudly reported for the Canadian population
(Drolet and Zayed, 1994; Gibson and Scythes, 1982; Gibson et al. 1985a; Kirkpatrick and Coffin,
1977, Méranger and Smith, 1972) and falls midway in the range of the U.S. recommendation of
25-5.0mg/day (NRC, 1989). Inastudy of manganese retention in adult males, Freeland-Graves
et al. (1988) estimated a dietary intake of 3.5 mg/day to be necessary in order to maintain a
positive manganese balance.

IV.2.2 Manganesein Drinking Water

Comprehensive surveys of Canadian drinking water quality have not measured manganese.
A drinking water guideline of < 50 pg Mn/l as an aesthetic objective is recommended by Health
Canada (1993), and a hedlth-based guideline of 500 pg Mn/I has been recommended by WHO

(1993b). Severa provincia and municipal governments have monitored manganese levels in
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drinking water. In general, the concentration of manganese in surface watersis lower than that
in groundwater, due to the more acidic and reducing conditions in subsurface waters which
facilitate the dissolution of manganese oxides (U.S. EPA 1984).

Data on manganese levelsin drinking water have been obtained for Montréal (Environment
Québec), St. John (New Brunswick Department of Health and Community Services), Hamilton
and Sault Ste. Marie (Ontario Ministry of the Environment and Energy). The city of St. John
relies on both surface and groundwater, and annual mean manganese levels (1990) reported for
central locations range from <5-19 ug Mn/l (Ecobichon and Allen 1990). Mean levels of
manganese in the drinking water of municipalities on the isand of Montréal measured between
1977 and 1993, range from <10-64 ug Mn/l, except for asingle samplein Lachine in 1983 that
measured 470 pg Mn/l. These municipdities rely exclusively on surface water sources. It should
be noted that most of the Montréal samples were collected prior to 1985, after which time Québec
Environment limited their monitoring to substances covered by the Reglement Sur L'Eau Potable
(M.E.F., 1993).

The city of Hamilton aso relies on surface water as a drinking water source, and a
maximum level of 4 ug Mn/l was measured between 1988 and 1993 in distributed and flowing
tapwater (mean = 1.8 ug Mn/l). Conversely, Sault Ste. Marie makes use of both surface water
and groundwater from four municipal wells, and somewhat higher levels were detected for the
same time period (1988-1993): a maximum level of 19 pg Mn/l was measured in distributed and
flowing tapwater, and the mean level was 7.8 ug Mn/I (OME 1990b,c, 1991a,b, 1992b,c; OMEE,
1994a,b).

Thus, for al four cities of interest in this exposure assessment, the concentrations of
manganese in drinking water are generally below the aesthetic guideline of 50 pg Mn/l, and, with
one exception, are well below 100 pg Mn/l. According to ATSDR (1991), national U.S. surveys
of drinking water manganese have reported that 95% of samplesin 100 American urban centres
contain less than 100 ug Mn/l. Therefore, for the purposes of this exposure assessment, a
conservative assumption of a maximum concentration of 100 pg Mn/l in drinking water has been
made for al four locations.

1V.2.3 Soil Manganese

Manganese is very abundant in the Earth's crust, and occurs at relatively high and variable
concentrations in Canadian soils. In areview of the literature, McKeague et al. (1979) reported
Canadian soil manganese concentrations ranging from 54 to 5740 pg/g. The authors completed

acomprehensive survey of background manganese levels in soils from five major geological areas
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of Canada, and reported a national mean concentration of 520 pg/g (range 69-4295 ug/g). The
means for the five regions ranged from 378-787 ug/g (McK eague and Wolynetz, 1980). Studies
of urban soils have reported similar levels for total soil manganese: 281-467 pg/g for Montréal
soils, the higher values associated with sandy rather than organic soils (Brault et al. 1994);
522 pg/g in Montréal soils with either high or low exposure to manganese derived from MMT
(Forget et al. 1994); and 474-685 Lg/g for street dust samples in Halifax (Fergusson and Ryan
1984). Vermette et al. (1987) reported a much higher mean concentration of 2519 yg Mn/gin
street sediments from Hamilton, a city with large manganese-emitting industries. A spatial
distribution of soil manganese in the Hamilton area indicated the highest levels nearest to the
industrial centres.

Because of the minima sample sizes in the Montréal and Halifax studies, and because the
levels are similar to the Canadian national average concentration reported by McKeague and
Wolynetz (1980), a soil level of 520 ug Mn/g has been selected for cities with no manganese-
emitting industries (Montréal and St. John) for the purposes of this assessment. As mentioned
above, Forget et al. (1994) found no evidence of enhanced total manganese levelsin soils exposed
to vehicular traffic, a finding they attribute to the negligible amount of soil deposition of
manganese compared to the natural manganese content of the soil. It is assumed that the soil
manganese leve in cities with large manganese-emitting industries (Hamilton and Sault Ste. Marie)
is equivalent to 2500 pg Mn/g (Vermette et al. 1987).

IV.2.4 Total Manganese I ngestion and Uptake

As explained in section 11.1.2, the following assumptions of manganese uptake from the
gastrointestind tract have been made: among adults, manganese uptake from the gastrointestinal
tract is 5% and 70% of thisis removed through biliary excretion, resulting in an uptake equal to
1.5% of intake; for infants, uptake is equal to intake (100% absorption and 0% removal); and for
lack of better data, intermediate absorption of 10% has been assumed for children 7 months-
4 years of age, with 70% removal, resulting in uptake equal to 3% of intake.

Estimates of manganese intake from all ingestion sources are presented in Table 11.
Values for residents of Hamilton and Sault Ste. Marie are greater than those for residents of
St. John and Montréal due to the higher soil manganese levels assumed to occur in towns with
industrial sources of manganese. Estimates of total manganese intake range form 0.033 mg/day
to 3.73 mg/day depending on age groups and location. For most age groups, manganese from
food sources represents the bulk of ingested manganese with the exception of breast-fed infants
for whom soil manganese is an important source. This estimate is based on a relatively high
assumed of soil intake for children 0-6 months old, which are, to alarge extent, immobile.
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Estimates of manganese uptake viaingestion are aso presented in Table 11. It is evident
that manganese uptake is generally less than 4.7 pg/kg bw/day, except among non-breast-fed
infants due to high levels of dietary manganese and the assumption of complete uptake from the
gastrointestinal tract.

V.3 Multi-Media Exposur e to Manganese
1V.3.1 The General Canadian Population

Total estimated manganese uptake for al age groups and from al media (air, food,
drinking water and soil) is presented in Table 12. Total manganese uptake of infants is highly
dependent on dietary sources. non breast-fed infants take in much larger amounts of manganese
on a body weight basis than do breast-fed infants or any other age group. Thisisdue in part to
the complete absorption and inactive biliary excretion assumed for 0-6 month olds.

Fractiona uptake of manganese attributable to each mediais presented in Table 13. Only
breast-fed infants are listed in the table as they have the lowest dietary manganese intake of the
four infant diets examined and thus the contribution of air would be maximized. For individuals
living in cities with no major manganese-emitting industries, inhalation exposure represents a
maximum of 1.1% of daily manganese uptake, and that figure is for the 99" percentile of exposure.
Conversdly, in Hamilton and Sault Ste. Marie, ambient PM ,, manganese contributed up to 4% to
average manganese exposure, and up to 18% for the 99™ percentile of exposure in the population.
Thus, indl four cities, for all age groups and for all segments of the population, ambient air does
not represent a major source of manganese exposure.

Among breast-fed infants, food and soil are the primary routes of exposure with soil being
predominant among the industrid towns. The relatively low contribution from food is associated
with the low manganese content of breast-milk, and infants fed formula or "adult" foods would
have a substantialy higher percentage of intake derived from the diet. The contribution from soil
ishigh for this age category, and is of particular concern in Hamilton and Sault Ste. Marie dueto
elevated soil levels. It should be noted that the assumed soil consumption rate for infants of
35 mg/day (Health Canada 1994) is high given the relative immobility of this age category. Soil
manganese concentrationsin St.John and Montréal are based on the natural national average soil
concentration (see section 1V.2.3) and thus do not reflect manganese that is entirely derived from
MMT.



For al other age categories, food represents the principal route of manganese exposure,
i.e. 89-96% of average total exposure, and a minimum of 77% for small subsections of the
population. Drinking water represents 3-4% of total exposure, which is likely an overestimate due
to the documented low levels of manganese in the drinking water of these four cities compared
to the assumed value of 100 pg M/l (see section 1V.2.2). However, this has little effect on the
overdl assessment of exposure. Soil represents amaximum of only 3% of exposure for individuals
over 7 months of age.

Thus, from a multi-media perspective, inhadation exposure represents a very small fraction
of total manganese exposure in large Canadian cities with MMT in gasoline and with no major
manganese-emitting industries. Similar results were reported by Loranger and Zayed (1994b) for
amulti-media exposure assessment of asmal number of garage mechanics and blue collar workers
in Montréd. In cities with manganese-emitting industries, it is estimated that inhal ation exposure
may approach 20% of total exposure for small components of the population.

1V.3.2 Populations With High Exposureto Manganese

The above exposure assessment was derived for the general Canadian population,
however, it is aso of interest to examine individuals or sub-populations with potentialy high
exposure to manganese. In particular, it is insightful to consider the relative contribution of
inhalation to tota manganese exposure among "hypothetica™ workers exposed to air levels similar
to those experienced by the battery-plant workers assessed by Roels et al. (1992). These data are
presented in Table 14. For each sub-population, the contribution from air, food, drinking water
and soil to total manganese exposure are considered.

The inhalation exposures of office workers and taxi drivers are based on 24-hour personal
monitoring of the BMRC-defined respirable fraction (see section 1V.1.2) by Zayed et al. (1994b).
Less than 1% of total manganese exposure is derived from air which agrees with estimates for
adults in St. John and Montréal provided in Table 12. For the remaining occupational groups,
24-hour exposure has been caculated based on an 8-hour work day and off-work exposure equal
to ambient manganese in Montréal, i.e. 0.025 pg/m®. The egtimate for garage workers
overestimates the contribution of air as a source of manganese exposure since as the at-work
messure is for manganese in TSP rather than in PM,,. In spite of this, it is evident that inhalation
exposure represents only 2% of total exposure.

The remaining five categories of workers are based on four categories of at-work
manganese exposure experienced by different participants in the Roels et al. (1992) study.

Specifically, the 92 participants were divided into four quartiles with ascending mean exposures
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of 101.5 pg Mn/m?, 196.1 ug Mr/m?, 216.4 pg Mn/m?, and 292.3 ug Mn/m? (see section V.1 for
derivation of these numbers). The average exposure of the whole group was 201.6 pg Mn/m?,
Off-work exposure was assumed to be equal to ambient PM,, manganese levelsin Montréal and
manganese ingestion was set equal to average adult Canadian exposure to manganese through
food, water and soil. It is clear that for al four groups of participants, inhalation exposure to
manganese represents 86-95% of total manganese exposure (92% for the group as awhole), and
thus far outweighs exposure viaingestion in terms of importance. As agroup, the battery plant
workers are inhding 12 times more manganese than they are obtaining through dietary sources on
adaily basis. Thisis contrary to what is seen for the general population or for sub-populations
exposed to higher than normal levels of vehicular exhaust for whom inhalation exposure is
approximately 100 times less than ingestion.
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CHAPTER V. ASSESSMENT OF RISK

V.1 Derivation of Reference Values

The initid step in evaluation of the toxicity of environmenta contaminantsis usually an
assessment of their potential for carcinogenicity. In this case, however, the risk assessment has
been limited to non-carcinogenic effects, particularly toxic effects on the central nervous system.
Results from genotoxicity testing of various manganese salts have been inconclusive; some
mutagenicity has been noted in yeasts and certain bacterial strains, and clastogenicity has been
noted in severa assays (WHO 1981; U.S. EPA 1984; Magos 1991; NTP 1993). Observations
over the past century of miners and industrial workers exposed to high levels of manganese-
containing dustsin ar have not revealed any increased incidence of cancer at levels clearly capable
of inducing CNStoxicity. Neurotoxicity is therefore a more appropriate and sensitive endpoint
than carcinogenicity.

Of the four epidemiologicd studies considered in detail, the Roels et al. (1992) study was
consdered to be the most suitable for derivation of an inhalation-specific Tolerable Daily Intake
(TDI) since it is the only one of the four in which individual exposures and dose-response
information were available. The remaining three studies essentially have only one dose group,
however they are useful in providing supporting evidence for the principle study.

All of the available studies have the disadvantage that they are occupational in nature, and
are applicable to young (Roels et al. 1987a,b, 1992) or middle-aged (Wennberg et al. 1992;
Mergler et al. 1994) white healthy adult males. Their applicability to the genera population
including women, infants, the elderly, and those made more susceptible by reason of other
illnesses, diet, or genetics, can be achieved only by use of uncertainty factors which take these
factors into account.

Based on the selected key study (Roels et al. 1992) in which increased prevaence of
abnormal results for eye-hand co-ordination was observed in workers exposed to manganese
(1992), an inhalation-specific Tolerable Daily Intake (TDI) can be calculated, as follows:

Sepl

The No-Obsarved-Adverse-Effect Level (NOAEL) in this study was 264 pg/m3-year (arithmetic
average daily exposure x average no. years exposed for each worker) measured as respirable
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manganese (gpproximately PM, ). Thisis equivaent to 102 pig/m?* average exposure per working
day (264 pg/m3-years + 2.6 years), after taking into account that workers in this quartile were
exposed for an average of 2.6 years.

Sep 2
Inhaation TDI

=102 pg/m? x 10 m¥day x 5 days = 0.035 pg/kg bw/day
300 x 70kg x 7 days

where:

-10 m?¥/day isthe quantity of air breathed in an 8-hour work shift, and air breathed during
the remainder of the 24 hours is assumed to have negligible manganese concentrations,
-5/7 is an adjustment to account for 5 day exposure per 7 day week.
-70 kg is assumed body weight of the adult males in the critical study
-300 is a composite uncertainty factor:

x10 for human variability.

x10 for less than lifetime exposure.

x10°%° (=3) for other limitations in the database.

Human variability: The principa and supporting studies dealt with young healthy males, the least
susceptible group in the population. Infants may be at increased risk because of higher uptake and
retention of manganese, and immaturity of the blood-brain barrier; the elderly may be more
susceptible to damage to critical areas of the brain (see Section 11.5). The average age of workers
inthe 4 studieswas 31.3, 34.3, 43.4 and 46.4 years in the Roels et al. (1992), Roels et al. (1987),
Wennberg et al. (1991) and Mergler et al. (1994) studies, respectively, and there appeared to be
a slight trend to manifestations of toxicity at lower doses as average age in the four studies
increased, athough interpretation was complicated by differing measures of exposure. In the
critical study, the average age of the workers in the fourth, and most affected quartile, was
35.5 years (range 24.6 to 49.6 y), four years older than the overall average age of 31.3 years, but
interpretation in this case is complicated by the much higher concomitant exposure levels
(292 pg/m? average per shift, or three times the level experienced by the first quartile)

Subchronic exposure period: In the Roels et al. study (1992), average exposure was only
2.6 yearsin quartile 1, risng to 8.9 yearsin the fourth quartile, with the overall average 5.3 years,
and duration covaried with extent of exposure by the design of thisanalysis. Average exposure
durationwas 7.1 and 16.7 yearsin the Roels et al. (1987) and Wennberg et al. (1991,1992) and
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Mergler et al (1994) studies and there appeared to be atrend towards higher toxicity at alower
dose with increasing duration of exposure, athough anaysis is complicated by different
measurements employed among the studies. (The average duration of exposure in the Wennberg
study was 9.9 years but the median was 2.6 years, indicating a strongly skewed distribution with
half the workers exposed for arelatively short time). A 10 times uncertainty factor may be too
conservative, in view of the lack of direct association between duration of exposure and adverse
performance outcomes in the critical study and in the preceding study by the same group (Roels
et al. 1987ab; 1992). The U.S. EPA (1994) did not assign an uncertainty factor for duration for
this reason.

Limitations in the database: More detailed information is required on the pharmacokinetics of
inhaled manganese of the small particle size resulting from automotive combustion, and on
toxicokinetics of Mn,0, as compared to other valence forms, in particular its disposition in the
brain after inhalation exposure. There was some limited evidence that Mn,0, is not appreciably
more toxic than MnCl, or MnO,, but more work is required. The small size of the quartilesin this
andyssof the Rodset d. dataresultsin some degree of uncertainty regarding the NOAEL taken
from the exposure of the first quartile.

Examination of the individual data supports the hypothesis that a threshold for the
appearance of adverse effects is somewhere between 500 and 600 pg/m3-year LIRD, or around
150 pg/m?® average for an 8-h shift. Grouping of data to give averages always results in loss of
precision in the estimation of either LOAELS or NOAELS. This becomes more marked as the
groups become large; if the entire cohort is used to give a LOAEL of 793 ug/m?, the true LOAEL
will be below this value, since it isthe average value. The U.S. EPA, in its 1994 assessment for
MMT, explored several other options to arrive at an estimation of the equivalent of a NOAEL.
The most promising of these was the Benchmark Dose Lower Limit (BMDL) method, in which
the lower confidenceinterva for the dose resulting in a5 percent increase in responses (considered
the background level, or close to this) is calculated; uncertainty factors are then applied asisthe
case for the NOAEL or LOAEL approach. Using a quantal linear, Weibull restricted or log-
logistic mode to fit the Roels data, the BMDL s values for eye-hand co-ordination were 225, 225
and 173 pg/m3-years for the three Roels groupings, and 386, 386, and 324 ug/m®-years for the
individual data. The value of 264 pg/m3-years (=102 pg/m? for an 8-h shift), estimated from
the first quartile in this analysis, is in the middle of this range, lending some confidence to these
conclusions, despite the small size of the group and the resulting lack of statistical power.
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This derived inhalation-specific TDI of 0.035 pg/kg bw/day is the equivalent of a
tolerable daily uptake of 0.021 pg/kg bw/day, assuming a maximum deposition of 60% of fine
particulates in the lungs and 100% absorption after deposition (see previous discussion,
Section 11.1.1).

The 24-hour annual mean air concentration represented by this inhalation TDI is
considered to present a negligible risk of adverse neurotoxic effects to all segments of the
population, and can be used as a reference point when examining concentrations to which people
are exposed. this concentration, C;,, is equivaent to the U.S. EPA Reference Concentration
(RfC), abetter term than the "safe" concentration, since the term "reference” is neutral, and does

not imply any absolute safety. (There is no officia term in Canada) The C,, is calculated as
follows:

C,, = 0.035 pg/kg bw/day x 70 = 0.11 pg/m?
23 m*/day

where 0.035 pg/kg bw/day isthe TDI,
70 kg is the assumed standard adult body weight, and

23 m¥day isthe quantity of air breathed daily (Hedlth Canada 1994; ICRP Reference Man,
ICRP 1976).

Anambient air value, rdated to the TDI, can also be directly calculated from the NOAEL
of 264 pg/m3-year measured as respirable manganese (approximately PM; ). Thisis equivalent
to 102 pg/m? average current daily exposure, after taking into account that workers in this quartile
were exposed for an average of 2.6 years. Further adjustment of this NOAEL to a continuous
exposure (24-hour, 7 days per week) gives avalue of 32 pg/m?:

102 pg/m?® x 10/23 m®/day x 5/7 days = 31.7 ug/m?3/day.
Workers are assumed to breathe 10 m® of air during awork shift (ICRP 1976).

The air concentration that would be expected to be protective with respect to the induction of
human health effects would therefore be:

C,, =32ug/m*® = 0.11 pg/m? for respirable manganese (PM )
300
where 300 is the selected uncertainty factor for the reasons given above. The PM., refersto a
manganese particle size intermediate between the fine particulate matter (PM,.;) and PM,,
currently measured in ambient sampling programs in Canada.
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The air concentration thus derived is remarkably similar to a number of derivations by the
U.S. EPA using the Benchmark Dose (Lower Limit) approach (BMDL,, or BMDL for 10 or
5 percent response) with various models to estimate and fit curves. Other techniques such as
Bayesan andyss with both continuous and dichotomous data, and "No statistical significance of
trend" or Nostasot approach also yielded estimates in the range 0.09 to 0.2 pg/m?, which was
guoted by EPA (U.S. EPA 1994) as the best estimate range for a new Reference Concentration
for respirable manganese (given in that document as PM.).

V.2 Risk to Canadians
Ambient levels of respirable manganese

For cities without large manganese emitting industries, ambient levels of respirable
manganese are associated with the size of Canadian urban centres, with the larger cites (eg.
Montréal, Toronto and Vancouver) having the highest annual means (0.020-0.025 pug Mn/m?3).
Based on 1992 data, the mean annual PM ,, manganese concentrations in all major urban centres
without manganese emitting industries are less than 25% of the reference level (C,,) of 0.11 pg
Mn/m?. Contrary to this, annual arithmetic mean levels of PM,, manganese in areas adjacent to
industrial centresin Hamilton and Sault Ste. Marie are at or above C,,.

Canadian Personal Exposure Studies

Severd studies of personal inhalation exposure to manganese (either in TSP or respirable
particulates) have been carried out in Canadian cities, the results of which are provided in Fig. 12.
Although these studies were not designed to be satistically representative of a specific population,
the findings show consigtently that personal inhalation exposures to manganese are less than 30%
of C,, (0.11 pg/m?) for either respirable or total suspended particulates, and including estimates
for sub-populations likely to be exposed (eg. taxi drivers). The only exception is for garage
mechanics whose 24-hour personal exposure is estimated to be 0.085 (TSP), i.e. 77% of C,,: as
discussed in section 1V.1.2, thisincludes exposure under inadequate ventilation conditions: under
ventilated conditions, 24-hour exposure of garage mechanicsis 0.054 pg/m?, i.e. haf of C,). The
persona exposure monitoring data from the PTEAM study indicate that the residents of Riverside,
California, are, as an average, currently exposed to 40% of C,,, while the 95" (0.10 pg/m®) and
99" (0.21 pg/m?®) percentiles of the population approach and exceed the C,,, respectively (note
that this is based on the current situation in which the use of MMT in unleaded fue is not
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allowed). These data suggest that manganese exposure, possibly as it relates to particle size,
sources or human activity are substantialy different in Riverside, Californiathan in the Canadian
cities studied to data.

Estimates of Canadian exposure to PM,, manganese based on ambient monitoring data

Four urban areas were targeted for this exposure assessment: St.John (a small city with
moderate traffic levels and no manganese-emitting industry); Montréa (a large city with high
traffic levels and no manganese-emitting industries); and Hamilton and Sault Ste. Marie (both with
maor manganese-emitting industries and very high ambient levels of respirable manganese). The
ambient monitor recording the highest level of PM,, manganese were selected for each city. Five
age categories (0-6 months; 7 months-4 years; 5-11 years; 12-19 years; 20 years and over) were
considered, and the arithmetic mean, 90" percentile and 99™ percentile were examined in each
case.

The mean, 90™ percentile and 99" percentile of ambient manganese exposure in St. John
and Montréa are well below the reference level of 0.11 pg/m®. even the 99" percentile in Montréal
islessthan haf of thisleve at 0.041 ug/m?® (Table 4). However, the mean concentrations near the
industrial centres of Hamilton and Sault Ste. Marie are at or exceed C,,,, the 90™ percentiles are
2-4 times greater than C,,, and the 99" percentiles are 3.5-8 times greater than C,,.

An inhalation tolerable daily uptake (tdu) of 0.021 ug Mn/kg bw/day was derived in
section V.1, assuming 60% deposition of inhaled particulates. Mean inhalation uptake of
manganese in St. John and Montréal ranges from 10-33% of the inhaation tdu, while the
99™ percentile of exposure in those cities represents an uptake of 20-50% of the tdu (Table 5).
Mean uptake of manganese in Sault Ste. Marie and Hamilton is equivalent to or exceeds the tdu:
the 99" percentile of exposure is equivalent to 3-10 times the tdu.

Estimates of Canadian inhalation exposure to PM10 manganese based on extrapolation from the
PTEAM study

The population distribution of persona exposure to PM10 manganese reported in the
PTEAM study conducted in Riverside, California, was applied to ambient mean concentrations
of manganese in the four Canadian target cities. As discussed in section 1V.1.2, inspite of the
uncertainty in this extrapolation, it provides an indication of persona exposure among the upper
percentiles of the population. Mean population exposures will be identical to those based on the
ambient means. Considering St. John and Montréal, only 1% of the population living near the
Montréal monitor at the Décarie Expressway are estimated to experience levels comparable to C;:
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in fact, exposures of the 90" percentiles and the 99" percentile in St. John do not exceed C,,
(Table 6). Thus, one can concludethat in large citieswith MMT in use as a gasoline additive but
with no large manganese-emitting industries, exposure of the entire population is estimated to be
below the reference level (C,,), and for 90% of the population below half of the reference level.
The 90" and 99" percentiles of personal exposure in Hamilton and Sault Ste. Marie are generally
less than those estimated using the ambient monitoring data, with the exception of the
99" percentile in Hamilton. Mean exposure is at or exceeds C,,, and the upper percentiles are
1.7-6.8 times C,,.

Compared to the inhaation tdu of 0.021 pg/kg bw/day, mean inhalation uptake in St. John
and Montréal are estimated to be 10-30% of this value, similar to the results from the ambient
monitoring data (Table 7). The 90™ percentile of exposure in those two cities ranges from 15-50%
of the tdu, and the 99" percentile of exposure from 40-150% of the tdu. For Hamilton and Sault
Ste. Marie, mean inhalation uptake is at or above the tdu, the 90™ percentiles are 1.5-4 times the
tdu, and the 99" percentile is 4-10 times the tdu.

Multi-media exposure to manganese

Asafind anayss, inhdation uptake of PM,, manganese has been considered from a multi-
mediaperspective. Fractiona uptake of manganese from air, food, water and soil are presented
in Table 13, for each of five age groups in the four target cities, for which inhalation exposure is
based on ambient air monitoring data. In cities with no industrial sources of manganese, mean
inhalation uptake for al age groups is less than 1%: this includes exposure of individualsliving in
ahighly trafficked location in Montréd (the Décarie Expressway at the Métropolitain). Although
not presented in this table, even the 99" percentile of inhalation exposure based on the estimates
of personal inhalation exposure represents a maximum of 2% of total manganese uptake in
St. John and Montréal. In cities with large manganese-emitting industries, inhalation represents
up to 4% of average manganese exposure, and up to 18% for the upper percentile of the
population. 1t should be noted that this percentile represents the top 1% of exposure among the
population living in the areaimmediately adjacent to the industries. Among occupational groups
that might be especially exposed to vehicular derived manganese, a maximum of 2% of total dose
(for garage mechanics) is derived from inhaation (Table 14). This suggests that the garage
workers are typical of the upper percentile of population exposure in large Canadian cities with
no manganese-emitting industries. Conversely, for battery plant workers similar to those studied
by Roels et al. (1992), inhaation uptake represents over 90% of total manganese uptake.
Congdering dl thejob categoriesin Table 14, only the battery plant workers experience inhalation
exposure to manganese above (230-650 fold) the inhalation tolerable daily uptake of 0.021 pg
Mn/kg bw/day.
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V.3 Conclusions

Based on ambient monitoring data, the inhaation intake of all components of the
population in Canadian urban centres where there are no major manganese-emitting industries
is less than 50% of the Tolerable Daily Intake. Based on estimates of persona exposure, the
90™ percentile of exposure for al age groups is less than 50% of the Tolerable Daily Intake. This
TDI is considered to be a conservative estimate.

Current levels of airborne respirable manganese to which the population in large Canadian
urban centres are exposed, are below the benchmark air level at which no adverse health risks are
expected. This assessment includes infants, the elderly and those more heavily exposed than
average because of their occupation or their proximity to roads.

No correlation was evident between levels of ambient respirable (PM,, or PM,:)
manganese and MMT sales or use in unleaded gasoline, whether examined by geographical area
or by season, in spite of the substantial changesin MMT use that have occurred. City size, traffic
density and vehicle-related activities are consistently associated with elevated ambient levels of
respirable manganese, suggesting that some vehicle-related factors are contributing to manganese
exposure, possibly unrelated to direct vehicular emissions.

It has therefore been concluded that airborne manganese resulting from the combustion
of methylcyclopentadienyl manganese tricarbonyl (MMT) in gasoline powered vehicles is not
entering the Canadian environment in quantities or under conditions that may constitute a health
risk.

For cities in which there are major manganese-emitting industries (for example steel
mills), average respirable manganese exposure of the population is at or above the tolerable level
a which it has been calculated that the risk of adverse health effects may begin to increase. This
was deemed to be unrelated to the combustion of MMT in gasoline.

While the focus of this report was on airborne combustion products of MMT, it was
concluded that MMT itself is not found in sufficient quantity or for a sufficient length of timein
the atmosphere to be considered athreat to human health. Other routes of exposure, in particular
the derma route for occupationa or solvent exposure, were beyond the scope of this assessment.



V.4 Recommendations

Given that respirable manganese exposure of 10% of the population in high traffic areas
may be greater than 50% of the Tolerable Daily Intake, it is recommended that exposure of the
population of Canada to airborne respirable manganese be closely monitored, with emphasis on
persona monitoring of susceptible populations and high-exposure groups, and on ambient
monitoring of microhabitats such as parking garages with potentially high levels of manganese.

Because it is not known at this time what the sources of this manganese are, more work
isrequired to identify the sources of manganese, by means of more precise and current emissions
inventory data along with source apportionment studies.

Additiona ambient air monitoring is required in cities where major manganese-emitting
indugtries are located. Data are required on the chemical speciation, particle size distribution of
respirable manganese, and on the population distribution of personal exposure.

It is recommended that additional ambient air monitoring for MMT itself be conducted,
due to the subgtantiad increasein MMT use since previous sampling (1979). Specificaly, the levels
of MMT at gasoline retail outlets and at street level in urban centres are required.

Based on information found for this report on exposure of mechanicsin service garages,
it is recommended that employees of vehicle service garages be advised to reduce exposure to
vehicular exhaust where possible, as well as dermal exposure to unburned MMT through solvent
use of gasoline.

Basad on new information on the genotoxicity of MMT itself, an assessment of its dermal
toxicity and potential risk to health from this route of exposure should be carried out.
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CHAPTER VI. SUMMARY

MMT, or methylcyclopentadienyl manganese tricarbonyl has been used in Canada since
1976 to raise the octane rating of gasoline. The phase-down and phase-out of alkyl lead additives
completed by December 1990, has resulted in greatly increased use of MMT in the last decade.

The maor heath concern arises, not with MMT itself (which was not specificaly
addressed in thisreview), but with the airborne manganese oxides produced upon combustion of
the additive. Manganese, athough considered an essential element in small amounts, is neurotoxic
at higher doses, particularly when inhaed, since self-limiting homeostatic mechanisms are most
effective for manganese derived from gastrointestinal uptake.

Manganese is a ubiquitous e ement both in the environment (soil, water, food, and air) and
in biological systems, where it is normally present in al tissues in varying concentrations.
Manganese is an essential element required for the function of a number of enzymes, although it
appears that the requirements for humans are lower than those for several other mammalian
gpecies. This essentiality means that small doses are not toxic and are well handled by the body.

Metabolic dataindicate that exposure and uptake viainhalation are also to a certain extent
controlled by the liver, with a partial "first pass' effect. However, the degree of uptake viathis
route is greater by at least an order of magnitude than uptake via the gastrointestinal tract, which
averages around 3 to 5 percent of an administered dose. Clearance from the lungs, brain and other
areas of the body may be much sower after inhalation exposure than after oral exposure, thus
alowing some accumulation to take place during chronic inhalation exposure, which could provide
aresarvoir of manganeseions. Brain manganese levels are therefore more influenced by excessive
inhalation intake than by high intake through the gastrointestinal tract.

Infants have been targeted as a particularly high risk group, since their metabolic
mechanisms for maintaining manganese homeostasis are undeveloped at birth, thus allowing for
greater uptake and retention from all routes of exposure. Their blood-brain barrier is also poorly
developed, thus allowing ingress to manganese ions to their CNS, which is still undergoing
development, thus presenting a vulnerable target for metal toxicity. Evidence from animal studies
supports the hypothesis that excessive doses of manganese from whatever source can lead to an
overload and deposition of manganese in the brains of infants and the appearance of subclinical
signs of CNS dysfunction.
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The elderly may be at increased risk from excessive exposure to manganese, due to
increased susceptibility of aging brain cellsto injury, added to the "norma™ slow loss of neurons
as neuron age increases. The dopamine pathways in the basal ganglia are thought to be highly
susceptible to age-related neuronal attrition, thus overcoming the considerable functional reserve
capacity and leading to long delayed effects, as well as to insult from xenobiotics. In one of the
few recorded human cases of manganese intoxication via drinking water, the severity of the
symptoms increased with increasing age, while children were unaffected.

The importance of chemica speciation of the manganese ion at intake is unclear. Mn,0O,
is composed of one divalent (Mn*") and two trivalent ions (Mn**). The latter isin a more oxidized
form, is very reactive, and is believed to be responsible for much of the toxic action on the
dopamine system in the brain. Delivery of manganese to various tissues and cells is at least
partially dependent on its ionization state. Some Mn?* appears to be converted to Mn** and
carried across cell membranes via transferrin, in the same way as oxidized iron, Fe**. However,
Mn* from inhalation intake would be readily available to the circulatory system without any need
for converson. Studiesin animals, in which severa different valence forms of manganese were
administered via several routes, suggest that manganese chloride and other soluble species are
initialy more toxic than the oxides, dthough some differences were noted in clearance times from
various tissues, and final equilibrium concentrations after uptake of Mn** could be as high as or
higher than those after uptake of Mn*" ions.

Chronic inhalation exposure in occupationally exposed workers in mining and processing
of manganese ores to high concentrations of airborne manganese dust has been known for at |east
acentury to result in a condition known as manganism, with many neurological symptoms similar
to those seen in Parkinson's Disease. Lesions of the central nervous system occur in the striatum
and the globus pallidum, with some damage often seen also in the substantianigra. Manganese
is believed to exert its effects through the dopaminergic pathway, by lowering tissue
concentrations of the neurotransmitter dopamine, resulting in the eventual death of brain cells.

Severd newer epidemiologica studies on workers occupationdly exposed to relatively low
levels of manganese dust were examined, in order to derive a Tolerable Daily Intake and an
associated 24-hour air concentration to which all segment of the population could be exposed
without appreciable risk of adverse neurotoxic effects.

These studies suggested that cumulative exposure to respirable manganese dust (measured
as various particle sizes from lessthan 2.5 to 10um) at levels in the range 550 to 800 pg/m-year,
equivalent to 35 to 200 pg/m? current time weighted average exposure for 8-hour shifts, resulted
inthefirst subtle signs of impairment of motor function, reaction time, speed and co-ordination.
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The cross-sectiond study by Rods et al. (1992) isthe only one of the four studies that was
considered to be suitable for the derivation of an inhalation-specific Tolerable Daily Intake (TDI),
snceindividua exposuresto respirable manganese and dose-response information was available.
However it shares the disadvantage of the remaining sudiesin that they are occupational in nature
and are gpplicable to young or middle-aged white healthy males. Uncertainty factors are required
to account for susceptibility of several subpopulations, notably infants and the elderly.

A No-Observed-Adverse-Effect Level (NOAEL) of 264 pg/m3-year, converted to an
annual 8-h average of 102 pg/m?®, was used to derive an inhalation-specific Tolerable Daily
Intake of 0.035 mg/kg body weight/day. A Tolerable Daily Uptake of 0.021 mg/kg b.w./day
iscaculated to be equivalent to the TDI of 0.035 mg/kg b.w./day. The 24-hour annual mean
air concentration represented by thisinhaaion TDI is0.11 ug/m? (C,;,) for respirable manganese
(PMs).

These three values were then used to compare to Canadian exposure to and uptake of
respirable manganese. Exposure of Canadians to ambient manganese was assessed, and the
following conclusions can be drawn for Canadian cities with no magjor manganese producing
industries.

Levels of respirable manganese in mgjor Canadian urban centres have remained constant
or decreased from 1986 to 1992, and do not reflect major changesin MMT use during that time,
suggesting that MMT does not contribute substantially to ambient urban PM,, or PM, . manganese
concentrations. It isimpossible to ascertain the influence of MMT on ambient manganese levels
in the submicron fraction at thistime. Similarly, significantly higher concentrations of respirable
ambient manganese in winter than in summer are unrelated to MMT use which is higher in the
summer. However, large city Size, high traffic density and vehicle-related activities are associated
with higher levels of respirable manganese, possibly unrelated to vehicular emissions.

Concentrations of ambient manganese in Canadian cities are at most 25% of the C;,
reference level. Studies of persona exposure to manganese in Canadian cities indicate that for the
groups studied, outdoor stationary ambient monitors overestimate personal exposure, possibly due
to the lower manganese levels indoors and the disproportionate amount of time spent indoors by
people. The only exception to thisis garage mechanics. Personal exposures of all groups studied
are less than 50% of the C,, reference value of 0.11 pug/m?,

The mean, 90™ percentile and 99" percentile of ambient PM,, manganese in high traffic
areas are substantially below C,;,, and based on these levels inhal ation exposure to manganese is
lessthan hdf the Tolerable Dally Intake for all age groups in the Canadian population. Estimates
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of persond exposure to manganese in Canadian cities (based on extrapolation from the PTEAM
study) indicate that up to the 90" percentile of the population are exposed to less than half of C,,
and an inhalation manganese intake less than half of the Tolerable Daily Intake.

From amulti-media exposure perspective, inhalation represents less than 2% of total daily
uptake of manganese for al age groups and all percentiles of the population, as well as
occupational groups such astaxi drivers and service garage mechanics. The remainder is derived
primarily from natural levels of manganese in dietary sources. For individuals exposed to very
high levels of manganese in an occupational setting (eg. battery plant workers), air represents more
than 90% of total manganese exposure.

Thus, al analyses indicate that the combustion products of MMT in gasoline do not
represent an added health risk to the Canadian population.

In addition, inhal ation exposure to manganese has been assessed for residents of cities with
large manganese-emitting industries such as steel mills. Current mean ambient air manganese
levels are a or substantialy above 0.11 pg/m?® (C,,), and the 90™ and 99" percentiles of exposure
can be much higher (up to 0.23-0.83 pg/m?®). Similarly, inhalation uptake for all age groups
approaches or exceedsthe tdu. Thisraises concern regarding chronic exposure to manganese for
residents in these cities, and recommendations are made regarding this issue.
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