


Colorless, volatile liquid
CH3OH
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764 ppm at 25°C, 760 mmHg

1.31 mg/m
3 at 25°C, 760 mmHg
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Section 11 — Fuel Properties and Anticipated Ambient Con-
centrations of Methanol: this section reviews the char-
acteristics of methanol that recommend it as a vehicle fuel
and summarizes studies conducted by the EPA that project
the ambient concentrations of methanol that will result
from its use as a motor vehicle fuel. These projections
cover various exposure scenarios (e.g., expressway, per-

sonal garage) and are critical to help assess whether or .
not people are likely to experience health effects under
anticipated exposure conditions.

Section 1I1 — Toxicity of Methanol: this section discusses the
signs and symptoms of methanol toxicity, a subject of
numerous publications in the toxicologic and clinical lit-
erature since the turn of the century. This literature is
almost exclusively concerned with the acute effects of
methanol poisoning following brief intakes of large quan-

tities of methanol and suppliesyery little information about
chronic, low-level exposure. The section highlights the
differences between primate and non-primate species in
terms of their sensitivity to acute methanol toxicity. Such
distinctions are important for subsequent discussions of
the metabolism of methanol and its toxic mechanisms in
humans. The section also reviews the literature that deals
with long-term or repeated human exposures to methanol
and discusses the limited literature on chronic exposures

of animals to methanol.
Section IV — Metabolism of Methanol and Its Mechanisms

of Toxicity: the uptake, distribution, and subsequent fate
of methanol and its metabolites are described. The dis-
cussion includes the biochemical basis for the interapecies
differences in susceptibility presented in Section IH. This
material provides the underpinnings for dose-response re-
lationships whose understanding is vital to the overall
purposes of this report.

Section V — Conclusion: here, the information from the pre-
ceding four sections is synthesized to project the extent to
which known toxic processes may occur under predicted
ambient exposure conditions. The analysis considers in-
halation as the principal mute of exposure as well as the
metabolic and excretory pathways described in Section IV.
Finally, the section identifies areas in which the health data

base might be improved and advances recommendations for
research that can help in further reducing uncertainties in
estimating the health effects of protracted or repeated low-
level exposures to methanol.

II. FUEL PROPERTIES AND ANTICIPATED
AMBIENT CONCENTRATIONS OF
METHANOL

A. Methanol as a Fuel
Methanol (CH3OH), also called methyl alcohol, is the sim-

plest of all the alcohols. In its pure form, it is a clear, colorless

liquid at room temperature and has the physical and chemical
characteristics listed in Table 1. Additional characteristics of
methanol relate to its use as a motor vehicle fuel. Pure methanol
has an octane rating of between 106 and 115 and an energy
content of about 16 kJ/cm

3; in-use gasoline fuels have octane
ratings ranging from 87 to 94 and an energy content roughly

twice that of methanol.•
From its discovery in the early 19th century up to the mid-

1920s, methanol was made exclusively from the destructive
distillation of wood, which led to its well-known name, wood
alcohol, a term that persists to the present. Methanol found
variety of personal, commercial, and industrial uses as a sol
vent, medicinal agent, and as a source of energy. In the last
century, for example, methanol was used in France for lighting,
heating, and waking. Facing gasoline shortages in the 1930s,
several European countries equipped civilian and military v
hicks with wood-burning units that provided power in the form

of alcohol vapon. s For the past 6 decades, however, most
methanol has been made by reacting carbon monoxide (CO)

with hydrogen (H2) at elevated temperature and pressure, and

methanol continues to be used in a wide variety of commercial
and industrial applications (e.g., manufacture of formaldehyde,
antifreeze ingredient, denaturant}." k

The economic, political, and social factors connected with T.
the future of methanol in the automotive fuel marketplace
outside of the scope of this report. Suffice to say that methanol
combines several important attributes that highlight its potential a!
for mass use, which, in turn, justifies an evaluation ofits.;

Table 1
Physical and Chemical Properties of Methanol

Physical state
Molecular formula
Molecular weight
Boiling point
Melting point
Specific gravity
Vapor pressure
Refractive index
Flammability

Flash point
Explosive limits
Ignition temperature

Percent in saturated air
Density of saturated air

(air
Solubility

mWm1 <>

I Ppm <>

From V. K. and McCollister, S. B., Alcohols, in Parry's Indio

Hygiene and Toxology, Vol. 2C, 3rd Clayton. G. 0. and Clayton F

Eds., John Wiley & Sons, New 1982, 4528. With permission.
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possible impacts on public health. Briefly, these attributes per-
tain to the following:

I. Availability -- methanol precursors (CO and H 2) are
available from a variety of carbonaceous sources, par-
ticularly coal, which is in abundant reserve in the U.S.

2. Distribution --- the systems already in place for storage
and transport of petroleum products are also able to han-
dle alcohol fuels.

3. Fleet adaptability — currently used gasoline and diesel
engines, with varying amounts of modification, can be
converted into efficient methanol-burning engines; also,
in-use gasoline engines are adaptable to gasoline-meth-
anol blends.

4. Air quality — emissions from methanol-fueled vehicles
are expected to result in ambient concentrations of criteria
pollutants no greater than, and very likely, lower than
those that result from gasoline or diesel emissions.

8. Exposure to Methanol Vapor from Vehicles
. The critical value of exposure assessments to the character-

ization of environmental impacts on public health is fully rec-
ognized.9 A limited number of studies conducted by the EPA
already have provided data on the ambient concentrations of
methanol vapor expected under a range of vehicle and traffic
conditions.' •" These data, though not yielding detailed time
and activity exposure analyses, have identified situations in
which maximal, and perhaps toxicologically relevant, expo-
sures are likely to occur.

The basic approach of these studies is to characterize light-
and heavy-duty fleet emissions, and, with air quality modeling
programs, use these data to compute expected ambient con-
centrations of methanol. In the initial steps, exhaust and evap-
orative emissions from individual vehicles are characterized
under various conditions related to both driving cycle and the
maintenance level of the vehicle. These data may be derived
directly from laboratory testing and measurement of emissions
from sample vehicles. Alternatively, emission values may be
based on design targets or pre-set certification standards with
offset (i.e., correction) factors applied to project actual in-use
performance. Offset factors may reflect expected changes in
emissions associated with tampering with emission control de-
vices or malfunctions resulting from either lack of maintenance
or from random causes.

The next objective is to translate vehicle-specific emissions
into ambient concentrations of methanol vapor. For one im-
portant scenario, the personal garage, the emission character-
istics of solitary vehicles (not fleets), garage size, and venti-
lation rates are the key determinants of methanol concentrations.

For traffic and parking garage situations, characterizations
of entire fleets are essential to project air quality data. The
EPA has developed MOBILE3, a data base program that helps
meet this need. MOBILE3 continually updates detailed profiles

of the composition and emissions of in-use gasoline and diesel
fleets and allows for projecting fleet characteristics into the
future. The data in the program include miles traveled per
vehicle type and model year. For the calculation of total fleet
emissions, MOBILE3 factors in variables, such as vehicle de-
terioration, that may effect the final emissions inventories. The
data generated on methanol vapor concentrations, described
below and in Tables 2 and 3, are extracted from the air quality
models developed for gasoline and diesel fleets.

The EPA studies have modeled methanol exposure levels
that may occur in specific situations representative of the full
range of vehicle use and traffic flow. For example, the typical
street canyon scenario that is modeled calls for a sidewalk
exposure next to a 4-lane street with a traffic load of 800
vehicles per hour; in the severe case, the street is 6 lanes with
2400 vehicles per hour.

Table 2
Estimated In-Use Ambient Methanol Concentrations
for Traffic Scenarios and Public Parking Garages
(100% Fleet Penetration)a

Street canyon <1 mg/m'
Expressway <I mglm3
Roadway tunnel <6 mglm3 (<7 mg/m3)b

Parking garage
Trip start Meet emission standard <3 mglm3

25% of engines malfunction <25 mg/m, (<150 mg/m')"
Hot soak Meet emission standard <35 mg/m'

10% of engines malfunction <60 mg/m' (<100 mg/m')°

Note: For a fuller explanation of these data, see the 1987 HEI report on
methanol vapors.'

1985 EPA estimate.'
° 1988 EPA estimate'

Table 3
Estimated Peak In-Use Ambient Methanol
Concentration for Personal Garages and Service
Station Refueling (Solitary Vehicles)"

Personal garage
Engine idle Meet emission standard <2.9 mg/m'

Engine malfunction <100 mg/m' (<650 mglm3)b
Hot soak Meet emission standard <50 mg/m'

Engine malfunction <240 mg/m3 (<150 mg/m')"
Refueling <30-50 mg/m3

Note: For a fuller explanation of these data, see the 1987 HEl report on
methanol vapors.' Exposure in the personal garage scenario is brief,
probably not lasting more than 15 min.

• 1985 EPA estimate.'
b 1988 EPA estimate.`
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For personal garages, vehicle warm-up time influences the
extent of potential exposure during the idle cycle; e.g., in the
model, a typical warm-up interval for moderate weather con-
ditions is 30 s, and is 5 min during severe winter conditions
(for both, the garage door is considered to be open). During
personal garage hot-soak (evaporation from a hot engine after
it has been turned off), the relative severity of exposure is a
function of the garage size and air exchange rate. For parking
garages, inflow and outflow rates of traffic, as well as facility
size and ventilation, all determine idle and hot-soak concen-

trations.
Tables 2 and 3 display the methanol concentrations expected

under the conditions described above. Two sets of values are
given, the original EPA estimates for methanol exhaust and
evaporative emissions data' and an updated analysis (in pa-
rentheses) based on further testing of evaporative emissions.'
It should be emphasized that these data represent the results

of limited testing of prototype and first generation light-duty
methanol-fueled vehicles that did not have engines optimized
for methanol. The values in Table 2 for madway fic scen-

arios represent combined light- and heavy-duty fleets; the data
describing personal and parking garage scenarios represent ex-
posures from only light-duty vehicles.

The tables show that maximal exposures to evaporative emis-
sions are expected in the garage scenarios, particularly in the
personal garage. There is considerable variability in the engine
idle and hot-soak data when one compares the 1985 and 1988

walysa. 1•4 These differences are due in part to different test

procedures and the lack of a standard engine design. For the
hypothetical case of a malfunctioning vehicle (i.e., one with
a disabled canister) in a poorly ventilated personal garage,
methanol concentrations produced by hot-soak emissions were
projected in 1985 to be as high as 240 mg/m

3 (Table 3). This

estimate was reduced to 150 mg/m
3 in the 1988 analysis.' In

the latter publication, the highest methanol concentrations were
predicted for idling methanol-fueled vehicles in private garages
(5-min idle, garage door open).

4 This methanol emission es-

timate for engines idling inside of personal garages does not
apply to more advanced vehicles with engines optimized for

methanol.
In most cases, however, personal garage exposures will be

brief, lasting only for the period that the operator occupies the
garage during idle or hot-soak, perhaps a matter of minutes.
For traffic situations (Table 2), methanol concentrations are
generally much lower (less than 6 mg/m

3) than in garages, with

maxima predicted for roadway tunnels.
All scenarios except the personal garage assume 100% pen-

etration of methanol-fueled vehicles into the fleet. Thus, all
methanol values in Table 2 scale linearly with penetration frac-
tion. Despite the brief exposure interval, the personal garage
scenario is important not only because it represents the highest
exposure level, but also because the methanol concentration is
independent of penetration. Although the fleet values (Table

2) may not be achieved for decades, if ever, those for personal
garages (Table 3) are projected for the individuals driving meth 'o.,
anal-fueled cars and using personal garages at any level of
penetration. Therefore, the potential exposures in personal ga-
rages may be of more immediate concern.

One final exposure situation that merits attention is service
station refueling (Table 3). According to EPA estimates, a
typical methanol fill-up will result in about 3 to 4 min of-
exposum to between 33 and 50 mg/m

3 of methanol.3 For self- •

service customers, such exposures may occur once or twice'
weekly, but for station attendants exposure will be much more

frequent.
For reference purposes, the American Conference of Gov- ,

ernmenta Industrial Hygienists (ACGIH) threshold limit value:,
(TLV) for exposure to methanol averaged over an 8-h work"

day is 260 mg/m3 . 10 This value has been designated for working

populations and not for the general public, for whom the phi-_?.

lo phy of standard-setting differs.

III. TOXICITY OF METHANOL

A, Background
In the 1890s, the use of wood alcohol increased significwfiy,

and its acute toxicity was fully realized shortly thereafter. Pre-

viously, impurities retained in its distillation process rendered ,

wood alcohol a vile-tasting and foul-smelling substance. Hu-;: ',;

man exposures to wood alcohol and its vapors consquendy

were reports of intoxication, therefore, were very

rare. The introduction of an inexpensive deodorization process; 

during the 1890s increased greatly the market for wood alcohol
as a commercial product and as a solvent for use in the work
place. It was sold in stores as a pure substance under various 2.t

commercial names such as Columbian Eagle
and Lion d'Or and was included as an ingredient in many other:,?
consumer products such as witch hazel, Jamaica ginger, vanilla if

extract, and pedumes. 11•12 Perhaps the most notorious use oil

wood alcohol was, and continues to be, as an adulterant iii!

alcoholic beverages, a practice that has led to large-scale ep-
isodes of poisonings since the tum of the century.1317

In parallel with its spread in the consumer market place0
wood alcohol became a widely used substance in the work
place. Tyson and Schoenberg reviewed data from the 1904,
U.S. census and tallied nearly two million workers in occw,,:

pations in which woad alcohol was used." Those most heavily?
represented included painmm, glaziers, and varnishers (278,
launderers (386,000); boot and shoemakers (200,000); an
printers and lithographers (155,000).

The dramatic increase in wood alcohol distribution and use
coupled with an almost universal ignorance concerning its toxic;,
potential led quickly to an accumulation of case reports
scribing wood alcohol poisonings. In 1904, Wood and Buller
published an oft-quoted series of 235 case studies that chu

acterized many of the key presenting features of acute methano
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poisoning. 19 - 20 Briefly, about a day after exposure, victims are
stricken with visual disturbances and an array - of incapacitating
physical symptoms that may lead to coma and death. Wood
and Buller and others in the medical community sounded alerts
concerning wood alcohol and lobbied in the medical literature
for social and legislative actions to control access to wood
alcohol and its use. 

.2I.22 
A vast majority of poisonings in

Wood and Buller's reports, and in the many wood alco-
hol/methanol incidents recorded since, have occurred from
drinking adulterated beverages or wood alcohol products. In
the largest single episode, Bennett et al. describe a case that
occurred in Atlanta in 1951 when, within a 5-day period, 323
people ingested bootlegged whisky contaminated with meth-
anol; 41 of these poisonings were fatal)

Litovitz recently reviewed the acute methanol exposure cases
reported in the U.S. 23 In 1987, 1601 methanol poisonings were
reported to the American Association of Poison Control Cen-
ters. Half of these individuals required hospitalization and the
death rate was 0.375%. According to Litovitz's estimates, a
rough approximation of the actual annual U.S. incidence of
methanol poisoning in 1987 would be 4 times greater than this
figure, or about 6400 cases. Comparable 1987 U.S. figures for
gasoline poisonings are 52,000 gasoline exposures and 35,000
gasoline ingestions. The gasoline fatality rate in 1987 was
0.015%.

Although oral ingestion dominates historically as the most
frequent route of poisoning, the literature also substantiates
that percutaneous absorption of methanol liquids or inhalation
of its vapors are as effective as the oral route in producing
methanol acute toxic syndrome. 19.2o•24 Tyson and Schoenberg
counted about 100 cases reported up to 1912 of amblyopia
(impairment of vision) and death from inhalation of wood al-
cohol vapors.' a Referring to the case literature on wood alcohol
inhalation Ziegler wrote:22

The majority of these cases occur from occupational exposure to the fumes.
The painter uses it as a cleansing fluid or as a cheap diluent to cut his shellac
in order to varnish the interior of large beer vats, closets or closed room. Two
of Tyson's (1912) patients finally succumbed to the slow poisoning?` The
hatter mixes it with shellac to stiffen the nap or straw blanks. The dyer of
feathers uses it to dilule the colors; the maker of shoe polish adds it to the
Paste; the brass finisher uses it in the lacquer, and the maker of rubber tires
mixes the mass with it. If ventilation is very free, the danger will be lessened;
but open air exercise at frequent intervals should be required for every such
employee.

B. Acute Toxicity: Description
Nearly all of the available information about methanol tox-

icity in humans concerns the consequences of acute expo-
sures,* This information is based on clinical case studies re-

`ln thispaper, the terms acute and chronic refer to the lime-course of exposure,
rather than to the time-course of the appearance of effects. The reader should
bear this distinction in mind as the best-characterized effects of methanol appear
after a latent period of about a day following a single (i.e., acute), large
ex

posure and may continue to develop or persist for days, weeks, or longer.

corded since the turn of the century and, more recently, on
laboratory experiments that employ valid animal models of
human toxicity. The few reports in the human case literature
concerning repeated or prolonged exposures suggest that chronic
and acute effects may share similar qualities. Therefore, a
description of the acute toxic properties of methanol is appro-
priate to the objectives of this paper.

Acute methanol toxicity in humans evolves in a fairly well-
defined pattern. A toxic exposure results initially in a transient,
mild depression of the central nervous system (CNS). An
asymptomatic latent period follows and may last from several
hours to 2 or more days, although 12 to 24 h is most com-
mon. 15.26 

The latent period gives way to the onset of a syn-
drome that consists of an uncompensated metabolic acidosis
with superimposed toxicity to the visual system. Physical
symptoms typically may include headache, dizziness, nausea,
and vomiting; these may be followed by severe abdominal pain
and difficult, periodic breathing (Kussmaul breathing), which
may progress to coma and death, usually from respiratory fail-
ure.27.28

In parallel with the onset of these symptoms, subjects ex-
perience visual disturbances that include blurred or indistinct
vision and altered visual fields (often depression of the central
field) and, in severe cases, total blindness. 

13.15 
impairment of

the pupillary response to light usually accompanies the visual
symptoms, and the extent of impairment is predictive of sur-
vival. Subjects with unresponsive, dilated pupils often succumb
to the toxic syndrome, and those who survive suffer appreciable
and, in many cases, permanent loss of vision.

Ophthalmoscopic examinations of methanol-poisoned vic-
tims show that hyperemia (i.e., a local increase in blood flow)
of the optic disc is the earliest change that occurs in the retina;
hyperemia accompanies the initial visual symptoms." .29 Within
a day, a white striated edema (an accumulation of an excessive
amount of watery fluid) appears that projects into the surround-
ing retina from the optic disc, whose margin simultaneously
acquires a blurred appearance; the papilla itself is not edem-
atous. (The papilla, also called the nerve head, is the area
where the nerve fibers of the retina converge to form the optic
nerve.) The optic disc hyperemia usually subsides within a
week, but edema in the region of the optic disc may persist
for up to 2 months. The edema follows the course of major
blood vessels and appears to be located mainly in the nerve
fiber layer of the retina.

In the Atlanta epidemic, these opthalmoscopically visible
changes were observed in 87% of patients with acute visual
symptoms, and in all patients who developed permanent visual
deficit. Furthermore, the severity of retinal edema was predic-
tive of restoration of vision; mild edema resulted frequently in
full recovery, and severe edema led invariably to permanent
effects.29 Pallor of the optic disc is an end-stage sign of irre-
versible effects of the visual system and may appear I to 2
months after an acute methanol dosage (or possibly following
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claimed drinking about a quarter of a pint (approximatel
y 125:

cc) of "moonshine"; which consisted of 40 methanol. m6,
lowest lethal dose reported was "three teaspoons" (about
ml), and the largest dose survived was about a half liter of this;.

mixture.
Variable susceptibility is a hallmark of human and animal;:-,

responses to virtually all toxic substances. The elucidation of
the root causes of variability is essential to evaluate the potential
public health impacts of substances likely to be ubiquitous;:,
such as community air pollutants. Two general classes of fac:
tom determine susceptibilit

y: metabolic and physiologic char:?
adte6stics that are inherent (e.g., age, sex, genetic detemi-,:
nants), and the effects of external influences such as lifestylc••
and exposure to other substances. In the case of methanol
toxicity, susceptibility factors of both classes no doubt remain':
unidentified. Two factors known to influence sensitivity,
amount of ethanol ingested with methanol, and the diet 3..

sufficiency of folate, are discussed below.
To date, modulators of susceptibility are described only for:

acute effects of methanol. Although these factors also may:,
play roles in differential susceptibility to chronic effects,
list of factors that modify responses to methanol cannot
considered complete.

C. Repeated or Prolonged Human Exposures to
Methanol

The information available suggests that extended human ekk
wsums to methanol may cause effects qualitativel

y similar to

those from relatively high levels of acute exposure. This in4
formation is based on a limited number of case reports and;

even fewer epidemiologic studies, although this literature suf-:4?
fers generally from the classic shortcomings that include un'd

known levels and/or durations of exposure.
The effects of prolonged exposure are qualitatively very•

similar to those reported for acute cases, consisting of cen
nervous and visual disorders. The studies described are

into case reports and epide ologic studies.
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chronic occupational exposure to methanol vapors. 15.19.".22."

The pallor indicates a loss of the blood supply to the head of
the optic nerve and frequently reflects atrophy of the optic

nerve."
Autopsies from victims of lethal methanol poisonings have

revealed gross pathology in the visceral organs, the lung, and
the CNS, all of which involve a variety of edematous, hem-

orrhagic, and degenerative changes. 
1345 '

31-33 Several case stud-

ies report post-mortem signs of damage to the basal ganglia in

the brain, specifically the putamen. 11.33. This area of the brain
participates in the control of gross intentional motor activities
that are normally performed unconsciously. Damage to this
area results in various motor disorders such as Pakinsonism
and Huntington disease. A number of human studies have

shown that survivors of severe methanol intoxication may suf-
fer residual damage to the putamen and have associated motor
diwMem.33-36

Two facets of methanol toxicity that were appreciated quite
early concern, first, the dose level of methanol that is hazardous
to humans, and, second, the variable susceptibility to acute
effects among individual people. Reflecting on his collection
of case studies published with Buller, Wood stated in 1912:21

As in the case of several other poisons, some persons are largely immune
so far as permanent damage to the organism is concerned. If ten persons drink,
say, four ounces of Columbian spirits within three hours, all will have marked
abdominal distress and four will die, two of them becoming blind before death.
Six will eventually recover, of whom two will be pemwentl

y blind before

death. With still larger doses, the proportion of death and blindness will be

greater.

In this summary statement, 4 oz of Columbian spirits, or 95
g of methanol (Columbian spirits is basically pure methanol)
is lethal to 40% of the cases; for a 70-kgperson, this dose is
equivalent to about 1.4 g of methanol per kilogram of body
weight ( g). This figure is consistent with currently accepted
values for lethality, and 0.3 to 1 g/kg is considered the range
of a minimum lethal dose for untreated cases.26."."

Acute methanol poisoning patients with blood levels of
methanol 50 mg/dl are generally regarded as requiring he-

modialysis. 39 In her recent analysis, Litovitz calculated that
the dose of methanol required to achieve this blood concen-
tration is very small, 0.4 mUkg body weight. This corresponds
to the ingestion of 4 ml (less than a teaspoonful) of 100
methanol fuel by a 10-kg (1-ye

ar old) child, 6 ml by a 15-kg
(3-year old) child, and 28 ml (less than 1 oz) by a 70-kg adult.

As mentioned earlier, the time to onset of symptoms among
poisoned victims is quite variable, ranging from several hours
to a few days. The variability of the effective dose is a prom-
inent feature of acute methanol toxicity as w

o . 13,19,M•27 A

case report of poisoning among American soldiers in 1945
states that for each patient admitted to the hospital, up to four
others had taken equivalent amounts of methanol without seek-
ing medical cm." In the Atlantic epidemic, most patients

1. Case Studies
The first of these was a 1901 report of a man who became

blind after periodic exposure to varnish dissolved in methanoll, ',

and the use of methanol to clean his face and arms over a
period of 3 years (also reported in Wood and Buller, case
A-25).'9 The Woad and Buller series of case reports in 190Q;
included several cases that indicated methanol toxicity froAt.
extended exposure: 

1" failed vision, headache, and vomitina
in a man who dyed and cleaned clothes in alcoholic prepara3j
tions; length of exposure unspecified (Case B-66); deteriorating
vision in a man who frequently drank Jamaica ginger (put)!

methanol) as an alcoholic substitute; an acute dose took h''z
life (Case B-86); a woman who daily took three or four tablO
spoonsful of Jamaica ginger went practically blind (Case
89); a woman who, for weeks, used wood alcohol to heat hqt
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rheumatic bath and as a cleansing application to face and head
presented with impaired vision and partial pallor of the optic
nerve (Case C-2); visual loss occurred in a woman who, for
two or three months, had used an alcohol-fueled lamp to heat
water in a poorly ventilated space; she recovered after her
doctor told her to cease exposure (Case C-4); a man who, for
a living, varnished beer vats, used shellac cut with methanol,
and experienced "constitutional symptoms" and "foggy vision"
from inhaling the vapors; length of exposure unspecified (Case
C-6); and a workman in a cabinet department who cleaned his
hands in Columbian spirits to remove shellac suffered from
impaired vision (Case C-9).

Severe visual effects were subsequently reported in men
exposed to methanol vapor when methanol was used as a paint
remover and for mixing shellac 41 or for varnishing beer vats
for periods of 3 to 5 days. 21• In each of these instances, CNS
symptoms (headache, dizziness, nausea, numbness) preceded
or accompanied the development of visual symptoms. In a 1905
report," CNS symptoms were described in two men who in-
haled fumes from shellac dissolved in methanol, but no visual
sequelae followed. In none of these reports was the actual level
of methanol exposure determined or estimated.

Ziegler described a man who visited a china cement factory
for I h each day.22 Methanol was found to be a constituent of
the cement. The man had experienced, for several months,
failing vision and contraction of visual fields. When visits to
the cement factory were stopped, the man slowly recovered
and then maintained normal vision. Ziegler also described a
painter who inhaled fumes while varnishing an engine room
in a submarine for 3 days. He was "dizzy" the first day,
"hilarious" the second, and "nervous" the third. He also suf-
fered gastric pain and insomnia, soon followed by ptosis
(drooping of the eyelid), and blindness. Ziegler also stated that
these symptoms were associated with acidosis, although no
clinical data were provided. As in the earlier cases, the actual
level of exposure was not known.

Humperdinck, in 1941, 42 reported the occurrence of mild
methanol intoxication with temporary blindness in one laborer
employed in a nitrocellulose plant. This worker could presum-
ably have experienced repeated exposures of 1600 to 10,900
mg/m' methanol, which was the amount measured in the air
above the weighing station where the worker was employed.
The authors noted, however, that over a 10-year period, no
other workers had reported any symptoms of methanol toxicity.
Burk also described a case of occupational poisoning attrib-
utable to methanol vapor inhalation. 4' This worker had been
employed in the methyl alcohol department of a chemical phar-
maceutical factory for 4 years and had previously complained
Of visual disorders and asthenia (weakness) of the hands and
arms. Upon a 2-day exposure to methanol fumes while cleaning
a

boiler in which crude nicotinic acid was boiled with methanol,
he experienced vertigo, nausea, and visual disorders. No in-
for

mation on the airborne concentration of methanol was pro-

vided. Ophthalmoscopic examination showed edema of the
optic disc of both eyes. After 5 weeks, full visual acuity re-
turned.

2. Epidemiology
A small number of epidemiology studies have been pub-

lished on methanol exposure, but are generally documented
inadequately. The earliest study involves 25 to 30 women who
polished wooden lead pencils with varnish made from meth-
anol; many washed their hands in the alcohol to remove the
shellac.' All of the women reported headaches, and some had
gastric disorders during working hours; two reported visual
disturbances. They frequently took breaks to get fresh air. The
airborne concentration of methanol was unknown. Greenburg
et al. studied 19 workers employed in the manufacture of "fused
collars"."'' These workers used solutions of three parts acetone
to one part methanol to impregnate collars, which were then
steam pressed. Concentrations of acetone and methanol in the
work room were measured to be 96 to 108 mg/m 3 and 29 to
33 mg/m', respectively, and a "strong odor" of solvent was
perceptible. The shortest period that any of these workers had
spent fusing collars was 9 months, and the longest was 2 years.
No CNS or visual anomalies in any of these workers were
reported.

In 1955, Kingsley and Hirsch reported frequent and per-
sistent headaches in clerical workers located close to "spirit"
duplicating equipment that used methanol-based duplicating
fluid. 45 The most severe headaches were reported to occur in
personnel who actually operated the equipment. The onset of
symptoms coincided with the beginning of cooler weather,
which required the closing of windows and doors, thus inhib-
iting ventilation. No visual effects or other permanent sequelae
were reported. Kingsley and Hirsch measured methanol con-
centrations as high as 490 mg/m 3 in the air surrounding the
duplicating equipment after 60 min of operation, and approx-
imately 130 mg/m' about 10 ft away from the device. 45 The
methanol concentration around the device in question always
exceeded 260 mg/m3 . No information on the number of em-
ployees exposed or affected, or on the actual duration of meth-
anol exposure, was provided in this report.

More recently, the National Institute for Occupational Safety
and Health (NIOSH) reported that 45% of "spirit" duplicating
machine operators at the University of Washington experienced
"some" symptoms (blurred vision, headache, nausea, dizzi-
ness, and eye irritation) consistent with the toxic effects of
methanol.' Apparently, no information on the actual length
of duration of methanol exposure among these employees was
collected. When NIOSH measured airborne methanol concen-
tration for 25 min in the vicinity of the duplicators when win-
dows and doors were open, the average was 1330 mg/m'.

In 1984, Frederick et aI. of NIOSH published a study of
teacher aides who worked at or near spirit duplicators that used
a 99% methanol duplicator ffuid. 4" The exposures ranged from
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I hlday for 1 day/week to 8 h/d for 5 days per week, and had
been occurring presumably for about 3 years. Ventilation was
either inadequate or totally lacking. Since the introduction of
the equipment, the aides began to experience headaches, diz-
ziness, and eye irritation while operating the machines or work-
ing near them. Breathing zone samples of 15-min duration near
21 operating machines contained between 475 and 4000 mg/m3
(1380 ± 745(SD) mg/m

3) of methanol vapor; 15 of these
samples exceeded NIOSH 15-min standard of 1050 mg/m

3 (or
800 ppm). The existing ventilation, when operating, lowered
the levels around selected machines by an average of 58%
(range: 7 to 89%); even so, methanol concentrations exceeded
the 260 mg/m3 8-h standard for at least half of the duplicators
tested. When NIOSH-fabricated enclosures were added, the
unventilated values dropped by an average 96% (range:
99%). The aides also were exposed while collating and stapling
papers impregnated with the fluid up to 3 h earlier, and these
exposures ranged from 235 to 1140 mg/m3.

A health questionnaire survey was conducted among 84 teacher
aides and 302 teachers, who served as a comparison group.
Teachers, although working in the some school, probably spend
significantly less time near the duplicators (and less time col-
lating) than the aides. All aides and teachers surveyed were
female. Of the aides, 66 (79%) responded (mean age 39.8);
their responses were compared to those of 66 randomly selected
teachers (mean age 37.5). The respondents provided data on
the prevalence of 22 specific symptoms that they experienced
in the month preceding the survey. The list included symptoms
considered both related and unrelated to the effects of meth-
anol. Among the aides, 4 of the 22 symptoms were significantly
higher and all were associated with methanol toxicity: head-
ache, dizzy/lightheaded, blurred vision, and nausea/upset stomach
(see Table 4). No other symptoms registered significant dif-
ferences between the two groups, although positive trends ap-
peared evident for burning/itching/tearing of the eyes (17 of
66 aides vs. 8 of 66 teachers) and skin problems (7 vs. 1,
respectively).

Table 4
Symptoms Significantly (p <0.05) More Prevalent in
Teacher Aides than Teachers

Teachers Aides

Symptom (n = 66) (n = 66) Ratio

Headache 12 23
20

2
20Dizzy/lightheaded 1
15

Blurred vision I 15
3Nausea/upset stomach 4 12

Adapted from Frederick, L. J., Schulte, P. A., and Apol, A., Investigation
and control of occupational hazards associated with the use of spirit duplicators.

Am. Ind. Hyg. Assoc. J., 45, 51, 1984.

Criteria were established to define a positive case of meth,
anol toxicity (Table 5). With these criteria, 30 aides and 16^
teachers qualified, a difference that is significant (p < 0.025)
Finally, the investigators determined that the case attack rate,,
increased, for both aides and teachers, as a function of percent',
of time spent at the duplicator each week.

This study clearly stands apart from all others available be'
cause it provides data on ambient concentrations, duration of

exposure, health status, and the relation between case attach;
rate and work-time exposed. The results suggest that chronic
effects may occur when methanol concentrations exceed the'-
TLV of 260 mg/m3 . The effects in this study are similar in
nature but appear less severe than those from acute intoxication,,

Although of value, this study, nevertheless, has several fea-'
Lures that prevent one from drawing a definitive causal assn
ciation between methanol exposures and the effects reported,,
First, the study was conducted in response to the teacher aides'.'
complaints, and thus the questionnaire data may have contained
responder bias. Second, the data were based on symptom re
porting only, whereas additional clinical investigations may
have helped to further define the effects. Finally, information
was not presented to exclude the possibility that the symptoms
might have arisen from other chemicals or solvents that may
have been in the teachers aides' environment. Despite these
shortcomings, the study by Frederick et al. is of relevance.:,

Other studies have measured methanol and formate in thi
blood and urine of workers exposed during an 8-h day tc
between 100 and 200 mg/m' of methanol vapors. Althougk
these studies were predicated on issues of occupational healti
related to methanol exposure, no health data were provided
In none of these studies did the investigators imply that thi
workers studied had suffered health effects.

D. Russian Clinical Studies: Low-Level Exposures
Russian investigators published papers in 1959 and 19

that claimed neurobehavioral effects in humans exposed to vi
low exposure levels of methanol vapors (less than 12 mghr
in the first paper, Chao measured the threshold of olfacti

Table 5
Criteria for Defining Methanol Toxicity

1. Visual changes or blurred vision
2. One acute symtom (headache, dizziness, numbness, giddiness,

nausea, or vomiting) and one chronic symptom (usually tired,
muscle weakness, trouble sleeping, irritability or poor memory)

3. Two acute symptoms
4. Three chronic symptoms

Adapted from Frederick, L. J., Schulte, P. A., and Apol, A., Investigi
and control of occupational hazards associated with the use of spirit duplica

Am. Ind. Hyg. Assoc. J.. 45, 51. 1984.
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aeth- perception and dark adaptation (or light sensitivity)." The sec-
.d 16 and paper, by UbayduIlayev," included both of these measures
125), in addition to the EEG conditioned reflex threshold. In the

rate olfactory studies, Chao (13 subjects) and Ubaydullayev (25
rcent subjects) reported the range for minimum detectable methanol

concentrations of 4.3 to 11.1 and 3.7 to 10.5 mg/m3 , mspec-
dvely, and the range for maximum imperceptible concentra-

m of lions of 3.7 to 10.5 and 3.9 to 9.7 mg/e, respectively. Min-
ttack imam levels of methanol that affected dark adaptation were
conic 3.3 mg/m3 for Chao (three subjects) and 3.5 mg/m 3 for Ubay-
.1 the dullayev (three subjects). Finally, the latter investigator found
,m in the threshold for EEG conditioned reflexes at 1.17 mg/m3 (two
tion, of six subjects).
1 fea- The results of these studies suggest that exposures of several
assn- minutes or less to very low concentrations of methanol stim-
,rted. Mate visual and peripheral olfactory receptors, and may influ-
ides' ence the processing of stimuli in the CNS. The two studies,
aired published 8 years apart, produced consistent data on olfactory
a re- thresholds and qualitatively similar data on dark adaptation.
may Several problems call the results of these studies into ques-

ation - lion. Briefly, subject descriptions were not provided, and nei-
Aoms ther were several important details concerning data acquisition.
may For example, no information was provided on the specific time

these points selected for testing dark adaptation, or on the length of
ce. exposure in the EEG conditioning test. The purity grade of

in the methanol used was not described, which leads to a suspicion
ay to that impurities in the methanol could have confounded the
lough determination of olfactory thresholds and, possibly, the mea-
leMth sums in the other two experiments. Also, these investigators
ided. did not discuss the manner in which methanol concentrations
it the were measured, another potential source of error. Several fac-

tors of the two dark adaptation studies display conflicts that
cannot be resolved. Finally, the dark adaptation and EEG ef-
fect mcumd at exposure conditions that would con tribute a
negligible amount to the background levels of methanol in the
body.

E. Background Body Burdens of Methanol and
Formate

Exposures to substances in the environment often con tribute
10 a preexisting body burden of that substance or its metabo-
lites, found in people classified as "unexposed." For example,
e
xposures to the airborne pollutants, carbon monoxide, and

manganese con tribute to background levels that would be found
In people breathing clean air.

The two most prominent sources of background body bur-
dens for methanol and formate are diet and natural metabolic
pr

ocesses. Sedivec et M. reported a mean blood methanol level
of 0.73 m0 in 31 unexposed subjects (range: 0.32 to 2.61
m01,52 and Eriksen and Kulkami measured a mean of 0.25
WI in expired breath of 9 "normal" people (range: 0.06 to
0.45 go)." Methanol is available in the diet from eating fresh

fruits and vegetables or from drinking fruit juices (average of
140 mg/I); range: 12 to 640 mg/I) and fermented beverages
(up to 1.5 gip.' More recently, aspartame, an artificial sweet-
ener, has become a part of most diets. In the gut, aspartame
hydrolyzes, and 10% of its molecule, by weight, becomes free
methanol that is available for abso rption." According to recent
estimates, excluding carbonated beverages, daily aspartame
intake will average from 3 to 11 mg/kg, with the 99th percentile
ingesting up to 34 mg/kg (i.e., 3.4 mg/kg methanol)." Car-
bonated beverages contain about 555 mg aspartame per liter,
which means that drinking a 12 oz (354 cc) beverage is roughly
equivalent to a methanol intake of 20 mg. In addition, methanol
is generated metabolically by the action of a methyltransferase
enzyme system. This system methylates acceptor proteins by
the action of protein carboxyl methylase and hydrolyzes protein
methyl esters (by the action of protein methyl esterase), which
releases free methanol." •" The relative contributions of diet
and metabolism to the methanol body burden has not been
established.

Formate, a toxic metabolite of methanol discussed below,
is present in the blood at background levels that range from 3
to 19 mg/I (0.07 to 0.4 ).4." Formic acid is a natural
ingredient of various foods such as honey (2 to 200 mg/100
g), fruit syrups (65 to 163 mg/100 g), and roasted coffee (200
to 770 mg/100 g), and also is used as a prese ative." Formic
acid also participates in several metabolic processes; for ex-
ample, it is a product of the metabolic degradation of several
amino acids, including histidine and tryprophm, and also serves

as a precursor for a variety of macromolecules. 59•" Perhaps
most germane to the present discussion, formate is a metabolite
of methanol and is metabolized in the folate pathway, as dis-
cussed in detail in Section IV. The relative con tributions of
diet, metabolism, and methanol breakdown to the formate body
burden are unknown.

The reader should bear in mind that all projections of body
burdens of methanol calculated in the following section of this
report reflect only the environmental con tribution. For purposes
of evaluation and perspective, these con tributions should be
compared to background levels.

F. Development of Animal Models
Extensive clinical and research efforts in this and other coun-

tries have been invested to understand the toxicological, bio-
chemical, and metabolic nature of methanol intoxication, and
to improve the management of methanol-poisoned patients. In
the early part of this century, the prognosis for methanol in-
toxication was poor, and available treatments were ineffectual.
Since the 1940s, clinical advances have quickened, and the
loss of vision and life from methanol exposure has significantly
abated. Today, three therapeutic modes generally are used,

usually in concert to alleviate the signs and symptoms of acute
methanol toxicity. They are (1) alkali treatment to restore acid-

1990 29



Critical Reviews In

base balance, (2) ethanol treatment to retard the metabolism
of methanol, and (3) hemodialysis to accelerate the clearance
of methanol and formate from body fluids. (Peritoneal dialysis,
less effective than hemodialysis, is also used on occasion.)
Other potential treatments are still in the research or trial stages.29

For the half century that followed the 1904 reports of Wood
and Buller, a major impediment to understand and treat meth-
anol poisoning was the lack of awareness that only non-human
primate species present a model of acute human methanol tox-
icity. In their report on ocular effects in the Atlanta epidemic,
Benton and Calhoun wrote: "It is unfortunate that laboratory
animals do not respond to this agent in a manner similar to the
human. Acidosis almost never develops, and the animals do
not often appear to go blind."

29 In 1955, Roe, who in the 1940s
first advocated ethanol therapy, wrote: "It is a waste of time
to attempt to investigate the mechanism of the toxic effects of
methanol in man by means of animal experiments until it is
clear why animals do not develop more than a moderate degree
of acidosis."26 The term "animal" in both of these quotes refers
to non-primate species. Most animal research to that time fo-
cused on dogs, rabbits, rats, and mice; the few results from
experiments on non-human primates did not emerge as unique.

In 1955, Gilger and Potts published a landmark paper that,
for the first time, established the non-human primate as the
model of choice for acute methanol toxicity in humans.

61 The

introduction to the paper provides an excellent review and
critique of the extant literature on methanol toxicity in animals
and indicates the technical inadequacies of this literature and
the misconceptions it helped to create. In the experiment, Gil-
ger and Potts exposed rats (Sprague-Dawle

y), rabbits, dogs,
and rhesus macaque monkeys to a range of methanol doses.e1
(They also exposed mice as reported in a previous paper.)62
Gilger and Potts observed that (1) the lethal dose for non-
primates was two to three times higher than the 3 glkg lethal
dose reported for the monkeys (i.e., 6 to 10 times higher than
lethal doses in humans), and (2) of all the species tested, only
non-human primates experience a sequence of early inebria-
tion, then a day latency followed by the toxic syndrome char-
acteristic of humans (acidosis, some ocular toxicity), which
preceded their death; the other species developed an initial
narcosis from which they either survived or died, and acidosis
was not a prominent feature of this toxicity.

In follow-up papers, these investigators studied in non-hu-
man primates methanol-induc

ed pathology and the effects of

both ,bicarbonate (i.e., base) and ethanol therapy on the clinical
course following lethal-if-untreated doses of methanol.

63 (All

studies used rhesus macaques except one, which used both
rhesus and grivet monkeys.) Both treatments effectively pre-
vented death, as they do in humans, but bicarbonate therapy
did not suppress the appearance of retinal edema. However,
no signs of ocular toxicity occurred in ethanol-treated animals.
These findings are consistent with the principles that (1) aci-
dosis is the proximal cause of general symptoms and death in

human methanol intoxication and (2) blocking the metabotisn
of methanol prevents simultaneously the acidosis and the gest?a :

eration of metabolites toxic to the visual system. ;rr.
The legitimacy of the non-human primate model has sinck';

been confirmed67
-
6' and has enabled a systematic exploratioi;

of the metabolic bases, kinetics, and mechanisms of methanol'!
acute toxic syndrome, all of which are covered in greater depth
in Section IV. Research in lower species, primarily rats has
nonetheless, been integral to the refinement of the non-human",
primate model. The contrast between the metabolic machineryFl
of rats and non-human primates has helped pinpoint some imp".

portant biochemical characteristics that influence the sensitivitj"
or resistance to methanol poisoning. Moreover, these advances.
in animal models lessened the absolute reliance on human data;;
which are usually collected in the heat of a medical emergency.'
Finally, non-primates may remain appropriate models in stud.
ies that seek to understand the direct alcoholic effects of meth=;
anol.

G. Studies of Repeated or Prolonged Methanol
Exposure In Non-Primates

1. Rodents
Because of the superiority of non-human primates as ea

perimental models of human methanol toxicity, few exper
ments on the biologic effects of methanol have been conduct(
using rodents in the past 30 years. In a 1976 study by Skirl
et al. (a Russian study cited in Reference 6), rats received or
doses of 10, 100, or 500 mg/kg/day for I month and we
reported to show liver changes characterized by focal protein
degeneration of hepatocytic cytoplasm, changes in the activi
of some microsomal enzymes, and enlarged hepatic cells. (
another Russian study, rabbits exposed to 61 mg/rn

3 methan

for 6 months [duration of exposure per day not given] we
reported to have ultrastructural changes in the photorecepi
cells and Muller fibers [Vendilo et al. 1971, a study cited
Reference 6].) The reliability of either of these reports remai
to be established through critical review of translated articb
In an English article, White et al. reported that exposure
rats (Sprague-Dawle

y) to airborne methanol concentrations

260, 2600, or 13,000 mglrn
3
 for as long as 6 weeks caused,

signs of lung inflammation or irritation.
6' Histologic analy

of lung tissue were not conducted.
In a subchronic inhalation study, Sprague-Da

w ley rats w
exposed for 4 weeks (6 h/day, 5 days/week) to 650, 2600 1

6500 mg/m3 of methanol vapor.70 The animals were obser
twice daily for signs of toxicity, were given detailed physi
examinations each week, and ophthalmoscopic examinati,
at pre-test and at termination. After sacrifice, the anim
organs were examined and weighed, and selected tissues fi
all animals in the control and high-exposure groups were
amined microscopicall

y. These included nasal turbinates,
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were eA

lases, tra'

chea, lungs, esophagus, liver, and the eye and optic nerve.
The investigators report no effects, except for increased dis-
charges about the eyes and nose. The only dose-related effect

observed was mucoid nasal discharge, which the investigators
believe is reflective of upper respiratory tract irritation. Al-
though stating that this effect was dose-related, Andrews et al.
provide no dose-effect data on this finding. No other treatment-
related effects were observed in this study.

Neurobehavioral toxicity associated with exposure to low
concentrations of methanol in laboratory rats was reported in
two studies in the Russian literature.

50 These studies raised

questions with regard to potential effects of methanol at ex-
pected ambient levels. Chao exposed groups of ten rats (of
unspecified sex and strain) to methanol vapor at concentrations

of 0, 1.77, and 49.77 mg/m
3 for 12 h/day ("excluding days

oft") for 3 months.
5° The relationship of flexor to extensor

chronaxy was measured at unspecified intervals. According to
a review of behavioral toxicology paradigms used in the
U.S.S.R.,?' "chronaxy is the minimum time necessary for a
stimulus of twice the absolute threshold intensity to evoke a
response" and is measured as muscle contractions in response
to an electric current applied to the animal's hind leg. Nor-
mally, the flexor chronaxy is shorter than the extensor chron-
axy, and their ratio is stated to be a relatively stable one.
According to the NIOSH review, certain toxic agents have
been found to reverse this relationship." Although the chron-
aximetry method as used by Chao and Ubaydullaye

v (see be-

low) is poorly described in both published studies, the meth-
odological details provided are consistent with the standardized
methodology summarized by NIOSH.72

Chao reported that the average chronaxy ratio for rats in the
high dose group significantly differed from that in the controls

at week 8 of exposure. 5° The average chronaxy ratio was stated
to have returned to normal during the recovery period. Effects
in the low-dose group were reported to be insignificant

. Al-

though the investigators reported that dose groups consisted of
ten animals per group, they did not indicate the number of
animals tested per testing interval, or the frequency of mea-
surernent of chronaxy ratios. Data were presented only graph-
ically and actual chronaxy ratios and results of statistical anal-

yses were not provided.
Chao also reported certain histopathological changes in the

high-dose group but not in the low-dose group.
S° The lesions

included "poorly defined changes in the mucous membranes
of the trachea and bronchi", hyperplasia of the submucosa of
the trachea, slight lymphoid infiltration, swelling and hyper-
trophy of the muscle layer of pulmonary arteries, slight de-
generative changes to the liver, and changes in the neurons of
the cerebral cortex. A list of tissues examined histopatholog-
ically, the number of animals per group subject to pathological
examination, and the incidence of tissue lesions were not pro-
vided.

Ubaydullayev exposed groups of 15 male rats (strain not

specified) to methanol at average air concentrations of 0, 0.57,
and 5.31 mg/m' for 24 h/day for 90 days.

s ' Motor chronaxy
ratios were measured at 10-day intervals in five rats per group.
Ubaydullayev reported that the high-dose group "manifested
statistically reliable changes" in the motor chronaxy ratio be-
ginning at week 6 and that the ratio returned to normal by the
end of the recovery period (length of recovery period is not
specified). Average values for the chronaxy ratios for the three
groups over the study were presented graphically, but the actual
data and statistical analyses were not provided.

Urinary coproporphyrin levels, whole blood cholinesterase
activity, and levels of total protein and protein fractions in
blood serum also were measured in five rats of each groups'
In the high-dose group, the investigator reported a decrease in
urinary coproporphyrin levels and cholinesterase activity. Blood
serum albumin levels dropped and levels of beta- and gamma-
globulins increased in the high-dose group compared to the
controls. These parameters were reported to have returned to
normal after cessation of exposure. No effects were observed
in the low-dose group. The investigator presented average val-
ues for the control, low-dose, and high-dose, but did not pro-
vide any statistical analysis of the data.

The results reported by Chao and Ubaydullaye
v do not pro-

vide adequate evidence of an association between neurobe-
havioral effects and low-level exposure to methanol in labo-
ratory animals. Both studies are limited by the use of small
numbers of animals per dose group, as well as insufficient
reporting of experimental methods, study results, and statistical
analyses. Furthermore, the biological significance of changes
in the chronaxy ratio is uncertain. Although measurement of
the chronaxy ratio in rats appears to be a standard protocol for
assessing neurobehavioral toxicity in Russian research, it is
not a toxicological measure emphasized in the U.S. literature.

Three studies have been reported in which the reproductive
or teratogenic effects of methanol in nonprimate species were
investigated. Cameron et al. exposed mature male rats (Spra-
gue-Dawley) for 8 h/day to airborne methanol concentrations
or 260, 2600, or 13,000 mg/m' for 1, 2, 4, or 6 weeks and
examined them for alterations in circulating free testosterone,
luteinizing hormone (LH), and follicle-stimulating hormone
(FSH)." Significantly decreased levels of circulating free tes-
tosterone were observed among rats exposed to 260 mg/m

a for

2 and 6 weeks and to 2600 mg/m' for 6 weeks. However, the
high dose group (13,000 mg/m') showed no change. The au-
thors interpreted this as evidence that methanol exposure had
lowered testicular production of testosterone. In addition, sig-
nificant increases in circulating LH were observed after 6 weeks
of exposure to 13,000 mg/m

s . No changes in FSH levels were

observed.
In a second study by the same group, rats were exposed to

methanol vapors (260 mg/m
3) for 6 h for either I day or l

week. 74 Serum testosterone levels were measured at the end
of the exposure, and 18 h after exposure. In this experiment,
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a significant depression was found in serum testosterone im-
mediately after the first exposure, but not after 1 week of daily
6-h exposures to methanol vapors. If one examines these data
together with the results of the original study, there is no
consistent pattern of methanol-induced effects on serum tes-
tosterone levels. The serum concentration of testosterone was
significantly reduced following I-day, 2-weeks, and 6-weeks
exposure to 260 mg/m

3 methanol, but not after 1 or 4 weeks.
Nelson et al. administered 0, 6500, 13,000, or 26,000 mg/m3

methanol to groups of approximately 15 pregnant Sprague-
Dawley rats for 7 h/day on days 1 through 19 of gestation (for
26,000 mg/m3 , days 7 through 15 only)." The blood levels of
methanol in the 26,000 mg/m

3 group ranged from 8.34 to 9.26
mg/ml after 1 day of exposure and from 4.84 to 6.00 mg/ml
after 10 days of exposure.

The highest concentration of methanol produced slight ma-
ternal toxicity (unsteady gait) and a high incidence of congen-
ital malformations, pndoMinantly extra or rudimentary cer-
vical ribs and urinary or cardiovascular defects. Among 15

litters exposed to 26,000 mg/m3 , 14 contained at least I fetus
with a skeletal malformation, and 10 contained at least 1 fetus
with a visceral malformation. These incidences of malforma-
tion were significantly different from the control group <0.05)
which had no skeletal or visceral malformations in any of 15
litters. Similar malformations were seen in the group exposed
to 13,000 mg/m 3 , but the incidences were not significantly
different from those of controls. No increase in malformations

was observed in the group exposed to 6500 mg/m 3 , which the
authors interpret as a no-effects level for this test system.

It was noted when reviewing this study that different inci-
dences of visceral malformations were reported in the text than
were reported in the accompanying tables. Those inconsisten-
cies should be resolved before accepting the reliability of this
paper. Moreover, the occurrence of maternal toxicity in the
significantly affected group compromises an interpretation of
the teratogenic effects as being solely the result of in utero

methanol exposure.
Infurna and Weiss examined early behavioral development

in Long-Evans rats exposed prenatally to methanol." The study
focused on suckling and nest-seeking behaviors of the neo-
nates. Treatment consisted of treating pregnant rats with a
drinking solution containing 2% (volume ratio) methanol; one
group received this treatment during gestational days 15 through
17, and a second group received the treatment during days 17
through 19. This treatment resulted in an average methanol
consumption of 2.5 g/kg/day; controls received normal water.

increased latency to suckling behavior was observed in pups
from both groups of methanol-treated dams, when the pups
were tested 24 h after birth. In addition, pups in both groups
exposed prenatally to methanol displayed a lower efficiency in
seeking and reaching their home area when tested on postnatal
day 10. Methanol treatments did not affect litter size, birth
weight, weight gain during the preweaning period, infant mor-
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tality, or day of eye opening. Also unaffected were duration
of gestation, weight gain in the third week of gestation, and
maternal behavior on the day of parturition. The authors con7
elude that methanol "can be defined as a behavioral teratogen
in rats, since no other signs of toxicity were apparent either in
the mothers or the offspring."

The behavioral effects noted in this study occur at tissue
levels of methanol lower than those associated with teratoge-
nesis in the study by Nelson et al." and may be of potential
significance. However, maternal exposures to methanol during
the 3-day treatment periods in the Infuma and Weiss study
(2.5 WkWday) are equivalent to at least 2500 daily humn

exposures to methanol vapors under expected worst-case con-
ditions. (As discussed in Section IV of this paper, the added

body burden of methanol resulting from worst-case exposure
will be less than 1 mg/kg.) Clearly, dose-effect data on the,

parameters studied by In rna and Weiss would help clarify;;
whether humans may experience similar effects at or near
petted ambient exposure levels. Such studies may be of par-
ticulu value as they focus on endpoints representative of go.):
tentially subtle effects to the CNS.

2. Dogs
Sayers et al. exposed two dogs to about 13,000 mg/m3

anol for about 3 min at hourly intervals eight times daily for,
100 days, a total of 800 brief expswes.

77 Both dogs were;'

reported to have survived the exposure and exhibited no sym
toms or unusual behavior or visual toxicity attributable to meth-
anol poisoMng. In an earlier study by Sayers et al.," four dogs;,
were exposed to airborne concentrations of methanol from 585
to 650 mg/m3 , 8 h/day, 7 days/week for 379 days in a contini
uously ventilated chamber. The authors performed a wide mg0

of hematologic determinations and ophthalmoscopic exam'
nations. No adverse effects of any kind were reported.

H. Prolonged Exposure to Non-Human Primates a

In a study of relevant concern, newborn stumptail macaques;
received aspartame in their formula daily for 9 months, starting''
from between 17 and 42 days of age." Aspartame hy&olyM.T,
in the gut to aspartate, phenylalanine, and methanol. The meth=
anol accounts for 10% of the molecular weight of aspartame:
The exposed animals ate 1, 2, or 2.5 to 2.7 grams of asp41
tame/kg/day, which is the equivalent of 100, 200, and 250 4
270 mg methanol/kg/day . The investigators report no effectt,;,
with respect to growth, hematology, serum chemis try , urinal: fi.

ysis, and EEG patterns. The investigators conclud ed

intakes of aspartame as part of the diet appear to have no WO

upon developmental parameters of the infant macaque." mi,
experiment, however, did not include histopathologic analy ses,

These same animals also were subject to he aring tests an

a battery of behavioral tests that included object di scrimination
pattern discrimination, and leaming.
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were unable to detect any effects from chronic aspartame inges-
lion. The test battery, according to the investigators, is one
"-that previously had been shown to be sensitive to age differ-
ence, size and locations of cortical lesions, form of early rearing
history, some chronic dietary conditions, and exposure to var-
ious environmental toxins."

In a subchronic inhalation study, cynomolgus monkeys were
exposed for 4 weeks (6 h/day, 5 days/week) to 650, 2600 and
6500 mg/m3 of methanol vapor." The animals were observed
twice daily for signs of toxicity, were given detailed physical
examinations each week, and ophthalmoscopic examinations
at pre-test and at termination. Following sacrifice, the animals'
organs were examined and weighed, and selected tissues from
all animals in the control and high exposure groups were ex-
amined microscopically. These included nasal turbinates, tra-
chea, lungs, esophagus, liver, and the eye and optic nerve. No
treatment-related effects on cynomolgus monkeys were ob-
served in this study.

1. Animal Studies Sponsored by New Energy
Development Organization

In Japan, the Institute for Applied Energy, with the spon-
sorship of the New Energy Development Organization (NEDO)
conducted an extensive program in which rodents and non-
human primates (cynomolgus monkeys) were exposed to meth-
anol vapors. (In Japan, methanol has been contemplated as a
fuel for power plants.) Non-human primates were exposed
chronically for up to 30 months (22 h/day) to 13, 130, and
1300 mg/m3 of methanol vapors. Other groups of monkeys
were exposed for shorter durations (6 days to 7 months) to a
higher range of levels (2300 to 13,000 mg/m'). Also, monkeys
were subjected to metabolism evaluations during a 48-h period
that followed intraperitoneal administration of methanol (25 to
3000 mg/kg). .

In the rodent experiments, rats (Fischer 344) and mice
(B6C3F1) were exposed to 13, 130, and 1300 mg/m 3 of meth-
anol for 12 months to examine for toxic effects unrelated to
carcinogenesis, and for 24 months (rats) and 18 months (mice)
to examine for tumor induction (all exposures were for 2 h/day).
These same exposure levels were used in rat experiments (Spra-
gue-Dawley) that tested for potential effects on reproductive
performance over two generations. Teratology experiments also
were carried out on Sprague-Dawley rats exposed to 0, 260,
1300, and 6500 mg/m3 for days 7 to 17 of gestations. Finally,
Fischer 344 rats were subjected to metabolic evaluations like
those performed on the macaques.

The NEDO program also included a battery of genotoxic
assays, with various cell and bacterial systems exposed to meth-
anol. The summary report issued by NEDO in 1987,81 and
Presented in part at scientific meetings,82 in general concludes
that toxic, reproductive, and carcinogenic effects are not evi-
dent at chronic exposure levels of 130 mg/m 3 , and teratologic
effects do not occur at 1300 mg/m3 . However, the 1987 report

does indicate the possibility of subtle effects in the CNS of
non-human primates exposed chronically to 13 mg/m', spe-
cifically, the appearance of "reactive astrocytes". These results
may be of significance with regard to the exposure of the public
to methanol vapors. The authors of the report attach little bi-
ological significance to these findings.

Unfortunately, the report does not include a sufficient amount
of technical data and histopathological findings to enable a
critical review of the experiments and their results. However,
the types of experiments performed are crucial to the evaluation
of potential risks from exposure to airborne substances. Perhaps
further evaluation of the experimental methods of this program
and data will help clarify the results observed and their rela-
tionship to methanol exposure.

IV. METABOLISM OF METHANOL AND
MECHANISMS OF TOXICITY

The nature of the dose-effect relationship for any substance
is rooted in the mechanisms that govern the uptake of that
substance and processing in the body. The better the under-
standing of those mechanisms, the greater one's ability to pro-
ject the potential consequences that may result from an envi-
ronmental exposure of a specific magnitude and time course.
Furthermore, elucidating the physiological and biochemical
pathways of action furthers the understanding of the determi-
nants of interindividual variability and, therefore, of individual
sensitivity.

This section describes the fate of inhaled methanol and its
metabolites. Its objective is to provide a mechanistic and quan-
titative basis for methanol's acute toxic syndrome, such that
one may assess the potential of anticipated ambient exposures
(Section 11) to initiate known toxic processes. The exposures
of concern in this report, in all likelihood, result in methanol
doses well below those that produce the acute effects discussed
in the previous section. The literature on metabolism and toxic
mechanisms, although concerned primarily with the clinical
(i.e., mostly acute) aspects of poisoning, is nevertheless highly
relevant to the objectives of this paper.

Unfortunately, there are no data with which to address di-
rectly the mechanisms that underlie the chronic effects of meth-
anol. However, because the chronic effects on record (Section
III) bear a qualitative similarity to the well-studied acute ef-
fects, one may adopt a "working" assumption that acute and
chronic effects share, to some extent, common pathways of
action. Of course, the possibility that chronic exposure induces
effects by means presently unknown is one that must, by def-
inition, remain open.

Section III described the early developments that led to the
recognition of the non-human primate as an appropriate model
for acute human methanol toxicity. Despite the unique qualities
of non-human primates, there are many important character-
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