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Al lower aliphatic aleohols have rapid narcotic
effecis the degree of which, as Richardson (1868)
showed, increases with miolecular weight of the
alcohols in the homologous serics. Methanol
shares with its homologues this acute narcotic
scifon but is anomalous in that it also exerts
characteristic chronic toxic effects, probably due to
the slowness with which it is eliminated from the
hody and the toxicity of the products of its meta-
bolic oxidation, formaldehyde and formic acid.
Owing to this difference the toxic effects of methanol
are more insidious than those of its homologues,
angd there is therefore a definite hazard associated
with the now extensive industrial use of methanol.
The danger is increased by the tendency to confuse
methanol with ethanol and use it as a beverage,
‘This unfortunate error has caused many serious
outbreaks of poisoning in the past. McGregor
(1943), Jacobson, Russell, Grimm, and Fox (1945),
Kaplan and Levreault (1945}, Rge (1946}, and
Chew, Berger, Brines, and Capron {1946) describe
récent examples,

The danger from i#ts use in industry was first
noted by McFarian in 1836 (McCord, 1931), and
ninmerous cases of industrial poisoning have been
reported since then (see von Oetlingen, 1943 ;
Hamilton, 1925; Browning, 1937, for summaries
of the literature). More recently, awareness of the
danger and consequent cavtion have greatly reduced
the number of cases in spite of a great increase in
the use of methanol, and with reasonable care it
can be used quite safely in industry. During the
recent war a rapid expansion in the use of methanol
was cnvisaged with the corresponding danger of a
renewal of the hazard (Humperdinck, 1941). The
present work-was thercfore undertaken in order to
esiablish accurate safety limits for exposure to
methanol.

This problem had previously stimulated a certain
amount of experimental work. It was early shown
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that exposure of rats, mice, dogs, and cats to
methane] vapour may cause death (Tyson and
Schoenberg, 1914; Loewy and von der Heide,
1914 ; Macht, 1920; Woeese, 1928) and that in
some cases death may be delayed until some time
after termination of the exposure (Loewy and von
der Heide, 1914 ; Witte, 1933). The conditions
employed in these earlier experiments were generally
rather drastic, but more carefully controlled experi-
menis have been carried out by McCord (1931}
using rats, rabbits, and monkeys, and by Yant and
Schrenk (1937), Yant, Schrenk, and Sayers (1931),
and Sayers, Yant, Schrenk, Chornyak, Peacce, Patty,
and Linn (1944), using puinea-pigs, dogs, and
monkeys. Full reports of these experiments are not
available in this country, but McCord concluded that
continued exposure to a vapour concentration of
1,000 p.p.m. or exposure to conditions where 31 mi.
of methanol may be absorbed in 41 hours would be
dangerous. Sayers and others (1944) report that
exposure 1o 500 p.p.m. for cight hours a day or
cxposure to 4,000 p.p.m, for short periods (less
than five minutes eight times 4 day was not iniurious
10 dogs.

McCord (1931) also demonstrated with monkeys
that sufficient methanol can be absorbed through
the skin to cavse death. Rost and Bravn (1926)
and Yant and others (1931) discount the practical
importance of this route of absorption, and indeed
conditions akin to those used experimentally by
McCord, which involved the application of methanol-
soaked pads under a gas-tight cover, are hardly
Tikely to be encountered in industrial practice.

Results obtained in experiiments with aniimals
have been used to estimate safety limits of exposure
to methanoi for man. It has been noted that
McCord suggested that conditions where 31 ml. of
methano! may be absorbed in 41 hours (18 £./24
hours) are dangerous. Widmark (1932) calculated
from the determined rates of elimination of methanol
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and ethanol by ra%bits and ethanol! by man that
34 g. of methanol could be safely eliminated in
24 hours. By similar comparison between dog and
man Neymark (1936) amended this value to 144
g./24 hours, a result more in keeping with the
findings of McCord (1931).

The application to human problems of resuits
obtained in experiments with animals always
requires caution. Laboratory animals show wide
variations in sensitivity to methanol (Rost and
Braun, 1926 ; Scott, Helz, and McCord, 1933)
especially when this is inhaled as the vapour (Loewy
and von der Heide, 1914 ; McCord, 1931). Man
appeats to be much more sensitive than the smailer
mammals to the effects of this poison. Values for
the minimum acutely lethal dose for small laboratory
animals vary from 4-7 g./kg. for the cat (Macht,
1920) to 14g./kg. for the rabbit (Munch and
Schwartze, 1925 ; Nicloux and Placet, 1912). For
man the lethal dose is estimated by Roe (1943) and
Poulsson (1941} as fess than 1 g./kg ~ Data from

fatalities caused by drinking methanol suggest a
wide variation in individual sensitivity in man,
some individuals dying after consumption of less
than 30 g. (Ree, 1946 ; Ziegler, 1921 ; Egg, 1927)
whilst others have consumed 150 g. without iil
effect (Rge, 1946 ; Chew, Berger, Brines, and Capron,
1946; Uhthoff, 1915). Rge suggests that this variation
is largely due to the simultaneous consumption of
vatying amounts of ethanol but the report of
Chew and others (1946) suggests that this is not
entirely so.

The safety limits quoted above must therefore be
accepted with reserve in the absence of data obtained
with human subjects. The aim of the present
work was to obtain such data. The experiments
were designed to determine the minimum conditions
under which accumulation of methanol may occur,
that is, conditions where the amount of methanol
absorbed during a normal working period of eight
hours would not be completely eliminated® before
the beginning of the next working period 16 hours
later. This requires a knowledge of the processes of
absorption and elimination of methanol in man.
Previous work on the elimination of methanol has
been carried out with animals other than man and
has yielded conflicting results. Neymark (1936)
and Neymark and Widmark (1936) claimed that
the rate of elimination by dogs was independent of
the concentration in the body. Haggard and
Greenberg (1939), however, concluded that with
rats and dogs the rate of elimination was propor-
tional to the concentration of methanol in the body.

* Throughout this .puper the teem * elimination ™ is used to indicate
the disnppearance of methonol from the body without any assump-
tions as to the mechanism of jts removal. Where specific mechanisms,
such as urinary excretion, are considered, these arc specified.
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A similar confusion is found in the literature on
the elimination of ethanol (Eggleton, 1940; Hag-
gard and Greenberg, 1934 ; Carpenter, 1940).

Knowledge of the absorption of methanol by
inhalation of the vapour is even more scanty. The
reports of Loewy and von der Heide (1914) and
Yant and Schrenk (1937) contain a certain amount
of information on the rate of accumulation by rats
and dogs, but as their experiments were carried out
at high vapour concentrations the results arc of
little value for the present purpose. Further, as
the rate of absorption is largely conditioned by the
rate of respiration, which varies widely with the
size of the animal, one would expect a large
difference between mam and the lower animals in
respect of absorption by inhalation,

Absorption and elimination of methanol were
therefore studied with human subjects. Though
such an investigation can only be carried out under
laboratory conditions, it is desirable to test th-
conclusions under conditions of industrial practice.
We were therefore glad of an opportunity to
investigate_conditions prevailing in_the methanol
synthesis plant 0! Messrs, Imperial Chemical
Industries (Ferttliser and Synthetic Products) at
Billingham.

The Effect of Ethanol on Methanol Poisoning

While this work was in progress a report by Roe
(1943) became available in which case records of
16 patients suffering from methanol poisoning were
described. From these cases Rge concluded that
the injurious effects of methanol were reduced by
the simultaneous ingestion of ethanol. Subsequear
and more extensive observations have confirmed
this view (Ree, 1946; Dérobert and Hadengue,
1949 ; Agner, Hé6k, and von Porat, 1949). It
appearcd that ethanol might act favoucably by
inhibiting the conversion of methano! into some
more toxic product, e.g. formaldehyde or formate,
and it seemed likely that such inhibition would be
reflected in an increased output of unchanged
methanol, The effect of ingestion of ethanol on
the elimination of a standard dose of methanol was
therefore studied. Striking effects were observed
and it was shown ir vitre that ethanol exerts a
~powettal Rhtory &fect on the oxidation of
methanol by liver alcohol dehydrogenase. A
preliminary note of this work has already been
published (Zatman, 1946),

Methods

Determination of Methanol.—The method uscs was
that originally proposed by Denigés (1910} a3 modified
by Wright (1927). It involves oxidation by means of
acid permanganate to formaldehyde which is then
determined colocimetrically with a modified Schiff’s
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_ coagent—T was found that the sensitizing effect of

cthanol on the determination increased with increase in
the concentration of ethanol to a maximum beiween
1-2% and 1-8% ethanol. Solutions under iest were
therefore hlways adjusted to contain approximately 1-5%
ethanol before analysis. This* gave maximal sensitivity
and eliminated the possibility of errors due to the presence
of small amounts of ethanol in the test samples. In
conirast to the experience of Wright it was found that
both stages of the estimation were sensitive to temperature
variations, The entire process was therefore carried out
in 2 thermostat at 25° C. Optical densities were deter-
mined with the Spekker absorptiometer using the yellow-
green filter. - With these modifications concentrations of
methanol up to 15 mg. per 100 ml. could be determined
to within 3%, _

For the determination of methanol in urine, 10 ml. of
the urine were treatéd with 2 ml. 4/3 NH,50, and 1 mi,
10% sodium tungstate, and the mixture distilled in an
all-glass apparatus (Nicloux, Le Breton, and Dontcheff,
1934). The first § ml. of distillate were collected in a
graduated flask and analysed for methanol as described
above, In 15 control determinations the recovery of
added methanol was 964 4+ 129 (standard error).
Normal urine from six human subjects gave small blank
values, the mean for 20 determinations being 03 mg. per
100 ml, expressed as methanol, As the experiments
caitied out were of a comparative nature, this blank
value was unimportant. Tests for the presence of
formaldehyde in the urine distillates were consistently
negative,

For the determination of methanol in blood, de-
proteinization was carried out by the usual Folin-Wu
method, and 10 or 15 ml. of the filirate were distilled,
As in the case of utine, 5 ml, of distillate were collected
and used for the estimation. Recovery of added
methanol was 94-969%,, and normal blood (cat or human)
gave no appreciable blank value.

For the determination of methanol in air, the air was
drawn through a train of four drechsel bottles, each
containing 150 ml. of water, in serics with a pas meter,
The contents of the bottles were then mixed and the
methanol content determined as above. Recovery of
methanol evaporated into the ajr siream was 96-98Y
at methanol concentrations of 1-10 mg. per 1. and the
rate of flow about 2 1. per minute.

Assessment of Methanol Content of the Body.—In a
study of this kind with human subjects the toxicity of the

methanol precludes the use of large doses. The concen-'

tration of methanol in the body water being thercfore
rather small, the analysis of urine, which is rcadily
available in comparatively large quantities, is a more
converdent and practicable index of the concentration of
methanol than is analysis of blood. According 1o Yant
and Schrenk (1937), methanol administered to experi-
mental animals becomes uniformly distributed about the
tissues of the body according to their relative water
content. The same has been demonstrated for ethanol
by Nicloux {1934) and Harger, Hulpieu, and Lamb
(1937). Further, Haggatd, Greenberg, Carroll, and
Miller (1940), and Eggleton (i942) have provided
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evidence that afier giving ethapol to man there is a
constant relationship between blood concentration and
concentration in wrine contemporaneously secreled.
This is determined by the relative water content of the
two fluids, the kidney having no selective action on the
distribution of the alcohol between them., Further, to
justify the use of urinary methanol concentration as an
index of methanol concentration throughout the body
water, the constancy of the blood/urine relationship was
confirmed using cats as experimental subjects.

The cat was anaesthetized with chloralose (80 mg. per
kg.) and the bladder emptied and cannulated, the bladder
contents being kept as a control sample. A suitable
dose of methanol (100-270 mg. per kg.), diluted with
Ringer solution, was then injected into the femoral vein
and samples of blood from the carotid artery and of
urine were 1aken at intervals of 30 to 60 minutes for four
to five hours. The methanol concentration in each
sample was determined as described above, To promote
an adequate rate of urine flow it was found expedient to
give injections of 5 mi, of 7-5%, sodium sulphate via the
femoral vein at quarter-hour intervals,

Experiments on Man.-—The subjects were five adult
males, The dose of methanol which varied from 25
to 70 ml. (29--84 mg./kg.) was diluted to 100 ml. with
water and taken immedialely after emptying the bladder
before breakfast. Urine was collected after one and
two hours, and then every two hours for a period which
varied in different experiments from 11 to 16 hours.
The 1o1al volume at ¢ach voiding was noted and the
urines were preserved with a small amount of H,S0,
and kept at 4° C. until the methanol concentrations had
been dete;mined. Pure methanol and clinicai absclute
ethanol (benzene-free) were used throughout the experi-
ments.

Inhalation Experiments,.—The subject was exposed to
a known concentration of methanol vapour for two to
four hours and the absorption™ of methanol was followed
by analysis of urine voided at frequent intervals. The
exposures were carried out in a small room (229 cum,
capacity) with no windows and two doors separated by
an airlock. The doors were felted at the edges to prevent
the escape of methanol, The desired concentration of
methanol was established in the chamber by rapid
evaporation of the calculated quantity of methanol by
allowing it to drip from a burette on to a hot plate in the
draught of an electric fan. The subject then cntered
the chamber, and the methanol vapour concentration
was maintained at a constant level by continuous
evaporation of methanol at a predetermined rate. The
air of the chamber was kept in motion by the electric fan,
and in each experiment the concentration of methanol
was determined at half-hour intervals by the method
omlined above. In practice it was found that the
methanol concentration in the chamber could easily be
kept within 10% of the mean.

* It will he noticed that the * absorption ™ mecasured is really the
batance of methanol absorbed minus that eliminated during the
period of exposure. The 1erm accumulation more accurately describes
the overall process, but to avoid confusion this term is reserved for

long term accumulation of ol afler d intermittenc
exposures.
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The bladder was emptied immediately before entering
the chamber and at intervals of approximately 30
minutes during the experiment. The urine was collected
in stoppered bottles and the methanol content deter-
mined as described above. To promote the fow of
urine, water and coffee were taken before the experiment.

Results

Relation between Concentrations of Methanol in
Blood and Urine.—The resulis of two expeciments
on cats are shown graphically in Fig. 1. The con-
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FiG. 1,—The concentration of methanol in blood and urine of the
cat after methanol,

<centrations of methanol in blood and urine follow
a similar course, The constancy of the ratio
(concentration in urine : concentration in blood)
is seen in Table 1. The mean value of the ratio was
1-29, agreeing well with the figure of 1-3 found by
Haggard and others (1940) for ethanol in man.
The relationship was further checked by a few
determinations of the methanol content of blood in
human subjects, during the elimination of methanol.
‘The results are given in Table 2. The values for
the ratio (concentration in urine : concentration
in blood) are based on single determinations and
show more variation than in the experiments with
cats, probably due to the difficulty of accurately
estimating such low concentrations of methanol in

r

TabLE 1

RELATION BETWEEN METHANOL CONCENTRATION IN BLOOD
AND URINE 1IN THE CAT

Ro. | g perkgy | CB* | cur |cuics
3H 100 ] 1215 | 157 1-29
4 250 | 270 | 352 | 130
5H 250 215 | 350 | 127
1H 270 317 | 412 1-30

l mean 1-29

* Each value for the blocd (CB) is the mean of the last four deter-
minations in each ex‘gcnmem. and cach value for the urine (CU) the
mean of the last three determinations. The concentrations are
expressed in mg. per 100 mi, blood or urine.

TasLe 2

RELATION BETWEEN METHANOL CONCENTRATION IN BLOOD
AND URINE IN MAN

Dose of | Time
Subject | 'geinane!| Aee | c8 | cu |cu:ice
kg.) (hr.)
H.S.R. 71 25 | 533 | 75 1-41
45 | 42 | 54 | 129
L1Z. { 835 2 76 l 9-2 1-21
4 675 | 84 124
G.L. 71 3 47 ] 640 | 136
5 32 | 41 1-28
Mean 1-30

Each value for blooc (CB) represeis a single determination, the
value for urine (CU} at the same time being obiained from the coere-
sponding elimination curve plowed as in Fig. 2. The concentrations
are expressed in mp. per 100 ml. of blood or urine.

blood. Taken together, however, the resulis in
Tables | and 2 suggest that, provided the bladder
is emptied Fairly frequently, the urinary methanol
concentration is a reliable index of the concentration
of methanol in the body water during the period of
secretion.

Elimination of Methanol.—The variation of
urinary methanol coucentration with time after the
ingestion of three different doses of methano! by the
same subject is shown in Fig, 2. These results are
typical of a number of experiments carried out with
different subjects. Evidence has been presented in
the foregoing section of this paper which justifies
the assumption that the urinary methanol concen-
trations may be taken fairly to represent the average
methanol concentrations in the body-water during
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Fig, 2.—The concentration of methanol in human urine afice
ingestion of methanol.

Subject, G.L., weight 78-5 kg.
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FiG. 3.—The concentration of methanol in urine afler ingestion of
methanol plosted on a half-log. scale. Data as for Fig. 2.
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the period of secretion of each specimen of urine.

“The curves indicate that the absorption of methanol

was rapid, as was to be expected with small doses
on an empty stomach. After reaching a maximum
within about one hour, the concentration fell rapidly
at firsi, then more slowly, until control values

were reached again alter 13 to 16 hours, When the
logarnhms ol urinary concentrations are plotted
against time, as in Fig. 3, the points conform
closely to straight Jines. The curves in Fig. 3 may
be represented by an expression similar to that
derived by Gaddum (1944), i.e.
logC=1log C, — kt
where C,* and C are the urinary methanol concen-

w
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—

URINARY METHANOL CONCENTRATION ( mg.

o S
KOURS l
TIME OF EXPOSURE
FiG. 4.~—Absorption of methanol by inhalation of the vapour.
Subject, LJ.Z.

trations at zero time and t hours respectively and k
a constant for the individual. The values of k
for subject G.L. calculated from the data plotted
in Fig. 3 were 0-104, 0099, and 0-094 for the three
dosage levels (C and C, expressed as mg. per 100 ml.
urine and t in hours). Values obtained from similar
experiments with H.S.R. and L.LZ. were 0-097,
0-102, 0-106, and 0-108, 0-099, 0-101 respectively.
Thus the course of methanol elimination under these
conditions was exponential and the rate of elimi-
nation at any time was proportional to the meihanol
concentration in the body at that time,

» C. is the hypothetica) value for the concentration of methanol

in the urine excreicd gl zevo time if the absorption and distribution
of Lhe methanol were inslumaneous.
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TABLE 3
ABSORPTION OF METHANOL BY INHALATION OF THE VAPOUR
1
Concentration of | Urinary Methanol | R f ! Urinary Methanol Rate of
Subject Methanol in Air Concentration - ate Ol - Concentration te o
| {mg. per L) at 1-6 hr, Absorption | at 2+5 hr, Absorption
GL. .| 07 0-56 0-50 b 078 045
| 073 0-77 063 [ 1-05 0-57
: i1-35 1-46 0-63 2406 0-61
1:375 1-58 0-70 | — —
1-43 1-88 i 079 *56 072
1-43 2:00 i 0-84 —_ —_
~ Mean 068 Mean (-39
Liz. .. 065 076 E 07 1-03 064
0-73 094 | 077 1-32 0-72
1:23 1:90 | 092 254 0-84
Mean 0-80 Mean 073

Values for the urinary methanol concentration are in mg. per 100 ml., and are corrected for the controf value {on entey into chamber), Values
for the rate of absorption were obtained by dividing the values in tl}c piregding column by the time and the concentration of methanol inhated
col.

Only a very small fraction of such doses of
pethanol appears in the urine ; in different experi-
ments it varied between 0-4 and 1-2% with a mean
of 0-7%. A small number ol determinations of
_ the methanol content of the expired air indicated
that the loss by expiration was of the same order
or slightly Iarger than the loss in the urine.

Absorption of Methanol by Inhalation.—The
increase in wrinary methanol concentration during
the inhalation of various concentrations of methanol
vapour are shown for two subjects in Figs. 4 and 5.
Values for the urinary methanol concentration at
100 and 150 minutes taken from these curves are
given in Table 3. On theoretical grounds one
would expect the rate of absorption to decrease
exponentially with time (Hageard, 1924 ; Gaddum,
i944). The results do show such a trend but the
experiments reported are too few and of too short

" duration to provide useful informaiion on this
point. Under the conditions of the experiments
exposures of three to four hours were as long as
could reasonably be tolerated.

Values for the rate of absorption given in Table 3
show some variation, due in part to the difficulty of
controlling the conditions of such an experiment
where the subject is also the operator. For the
purpose of these experiments, however, it may be
taken that under these conditions the rate of
absorption for each subject is approximately

- proportional to the concentration of vapour inhaled.

Effect of Ethano! on Elimination of Methanol.—
Ingestion of ethanol during the elimination of
methanol had a striking effect on the elimination

A T e R Y IRy
ONCENTRATION OF VAPOURMLQI“I;I:ALED <

n
(Y

URINARY METHANOL CONCENTRATION (mg. [ i00ml)

© HOURS 2

TIME OF EXPOSURE

Fig. S.~—Absorption of methanol by ichalation of the vapour.
) Subject, G.L.

curves. Figs. 6 to 8 show the results of experiments

in which ethanol was taken at various times during

the elirnination of a fixed dose (4-0 ml.) of methanol.
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Other data relevant to these experiments are given
in Table 4.

A single dose of 15 mil, of ethanol, taken simul-
tanecusly with the methanol, caused a marked
¢levation in_the peak concentration_of methanol
attained (Fig. 6). The time required for the
melhanol concentration to return to conirol levels
was not obviously afiecied by such a dose of ethanol.
The increase in the peak concentration is attributable
to an inhibition by the ethanol of the main process
of methanol elimination, ie. oxidation. The
<ethanol, however, only operates in this way during
the first hour or so of the experiment, since within
this time such a dose of ethanol is itself completely
climinated from the body (Eggleton, 1942), so that
the total methano! elimination time is not appre-
ciably prolonged. The good reproducibility of the
elimination curves in the same subject on different
occasions is also illustrated in Fig. 6.

The transient effect of a single dose of ethanol
is more clearly seen in Fig. 7. In one experiment d
the ethanol was taken five hours after the HOuRS 2 Y e arren poset 0¥
rl;‘:éty‘a::lt.halllt}l ﬁﬁ:ﬁg tiz:ef:e‘h;chthr:t dec“]n:;) il t‘; FiG. 6.—~The concentration of methanol in urine after ingestion of

’ methanot and of methano] and ethanol simultancously, Subject
original rate after about two hours. In another L.P.K., weight 63-1 kg.

TaBLE 4
EFFECT OF ETHANOL ON EXCRETION OF METHANOL IN URINE IN THREE HUMAN SUBJECTS

Subject and Body y R ¥
Weight ARG, 6T0ke LPK. 631kg. LlZ. 570 kg.‘

Datg . .. [1.7.46]3.6.46| 5.7.46[10.7.46 3.6.46 10.6.461 5.6.46'12.6.46‘19.6.4&24.6.4626.6.46323.6.46 2.7.46

¥:rafion of experi- { 12 12 | 10} 1 12 12 12 14 13 12 | 11} 12 121 12
ment (he.)

Mfthanol
at  zero
?r;',fe) ime) 4l a4l 4| 4| 4 4| a| a| 4| 41 4| a| 4
Ethanol .. |Nonel15at|15at|15at | None{None| 15at|15at | 15at |None|15at] 15at| 15 at
Ohr. [ Shr. |0 hr, Ohr, [ Ohr. ;| 0hr Ohr. !5 hr. 4L br,
nd 10 and 10 and
each each 75 at
hr. up he. up 5, 5,
to to 6, and
7 hr. 7 hr. 6% hr.

Peak methanol [ 605 795{ 721 8-82{ 550
concentration in
urine (mg./100
ml.)

;512 860 835 920{ 727 | 975 770 T20

Total volume urine | 901 | 1192 | 726 [ 1364 | B86 ; BBS 1096 | 857 | 8722 | 496 | 1279 479 | 1033
excrered (ml.)

creted (mg.)

Tolal methanol ex- | 308 | 565 | 309 {1071 : 21-7 | 18:2 | 432 | 385 ]125'5 216 | 8741 153 | 459

v of dose of meth- | 097 | 1:78 | 098 | 3-70 068 057 136 121 396| 068 | 275 | 048 | 145
anol excreted
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experiment (Fig. 7) a dose of 15 ml ethanol
at four and a holf hours was followed by four
further doses, each of 7-5 ml., at half-hour intervals.
The flattening of the curve during this period
indicates the arrest of methanol elimination while
an adequate concemntration of ethanol was main-
tained in the body. Fig. 8 shows the results
obtained in two subjects when a dose of 15 ml.
ethanol taken with the methano! was followed by
hourly doses of 10 ml. ethanol for seven hours.
Throughout this time the body methanol concen-
tration was maintained at a high level compared

804 0 7 e

cmg.f 100mL.}
" e -«
e Q Q

Y
©Q

L4

A
15 ml. after Shrs.

ETHANOL

METHANOL 4ml,
d by

ETHANOL iSml at 4'l:hrs . %

o and 7-5ml. at 5. 5%, 6.and &Vahrsg, i :
HOURS 2 4 é 8 tle] 3]

TIME AFTER DOSE

FiG. T7.—The concentration of meothanol in the urine after an oral
dose of {a) methanol without ¢thanol (b) followed by ethanol,
and {¢) followed by two doses of ethanol at specific intervala.
Subject L.J.Z., weight 570 kg.

i

URINARY METHANOL CONCENTRATION
ot

with controls without ethanol. It declined slowly,
at a rate which might_be entirely” accounied Tor by
Joss of methanol in_the urine and_expired air,
About two hours after the cessation of ethanol
administration, when the body ethanol might be
expected to be approaching zero again, the decline
in methanol concentration accelerated to control
levels, indicating the release from inhibition of the
chief mechanism of elimination. It is of interest to
attempt a quantitative estimate of the effect of
ethanol on the rate of elimination of methanol in
these experiments. This has been done in Table
5. The data used were taken from the curves of
Fig. 8, and refer to a time four hours after the in-
gestion of methanol, when one may safely assume
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and hcur!y doies
of 10 ml. ethanc!
tor 7 hours

Mathano!
theno!

4 mb.
15 mil.

hod

URINARY METHANOL CONCENTRATION (mg / o0 mi)
» n
[~}

:

4 P 8 0
TIME AFTER OQOSE

FiG. 8-—The concentration of metbanol in the urine after an oral
dose of methanol (a)} without ethanol, and (5} with specific :
doses of ethanol simultancously and hourly for seven hours.

that absorption of methanol from the alimentary
tract is no longer a significant factor in determining
the course of the curves. A tangent has been
drawn to gach curve at the four-hour point, and the
slopes of these are iven in Table § as representing
rates of elimination of methanol. Each, however,
is associated with a different body methanol concen-
tration, also given in the table. Evidence has
already been provided that in this concentration

TaBLE 5
FFECT OF ETHANOL ON RATE OF METHANOL ELIMINATIONY
BY MaAN
Methano! Concentration Rate of
Subject ) Dose| Magnitude | Rate of Fall Pall bt
mg. mg.
ml.) ml.jhr) | Magnitude
LPK. | @ 30 0-69 023
(b) 86 0-21 0024
AHG. | @ 4-6 077 015
(b) 835 018 0022

* Data taken from curves of Fig.8, the figures referring to a time
four hours after the ingestion of the methanof.

t (@) = 4 mi. methanol ; (8) 4 ml. methano| + 17 et cona i,
and 0 ml, ethanot cach hour afterward “
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range the rate of climination of methanol is pro-
Lasbwnal {8 the concentration of methanol in the
body. For purposes of comparison, therefore, each
rate of elimination has been divided by the corres-
- ponding methanol concentration, giving a rate of
elimination in mg. per 100 ml. per hr. per unit
methanol concentration. The reduction of this rate
by the giving of ethanol was by 90%, in the case of
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atmosphere was sampled in all three places men-
tioned, and urine samples were taken from workers
in the methanol distillation and stripping plants.
A brief description of conditions of testing in each
case is given below,

The air was analysed as described under
* Methods **. The air-inlet of the sampling train
was placed in positions most likely to give a concen-

gne subject, by 85%, in the other. This is a rough
gpproximation and it s doubilul il significance
should be attached to the difference between the
two subjects. It is of interest, however, to note
that the figures in Table 5 for rate of elimination per
unit methanol concentration show a close corres-
pondence for the two subjects when ethanol was
present, whereas in the absence of ethanol L.P.K,
appears to have eliminated methanol appreciably
more rapidly than A.H.G. Significant individual
differences seem less likely in the former case, if
only physical processes of elimination dependent
on escape in urine and expired air are then operating,
than in the lztter case when the major process is an
enzymic oxidation.

Observations in a Factory

The methanol synthesis plant formed an off-
hoot of the ammonia synthesis plant and the actual

methanol converters™ in which methanol is
synthesized were housed in the same building as
e ammonia converters. The converiers were
used for synthesizing higher alcohols (ethyl, propyl,
buryl, etc), as well as methanol, and conditions
¢ 11 he varied to produce predominantly methanol
. ymixture of methanol and higher alcohols, The
*;oduct of the latter process was separated into
inigher alcohols and methanol in a distillation plant
referred to as the ** stripping plant . The methanol
from this distiliation and from the other process was
refined in the “ methanol distillation plant . The

tration of methano! vapour in a place habitually
frequented by the operatives. Fairly long sampling
periods (two to six hours) were used so as to yield
a measure of the average concentration at the
position chosen, The results are shown in Table 6,

Synthesis Plant.—In this case the air inlet was
suspended at a height of about 7 ft. from the wire-
mesh working platform at 2 point situated between
the sampling tray (which was equipped with tap-
lines from the plant, by means of which samples
were taken approximately hourly) and the control
panel where the operatives spent most of their
time. The air was tested during the day and once
during the night shift. As the building was very
spacious and the plant a high pressure one, ie.
working at a high pressure, therefore completely
closed in, the negative results appended are not
surprising.

Methanol Distilation Plant.—In this case the
“51ill * and storage tanks were in the open air,
whilst the control panel which the operatives
attended was housed in a small building. The
* sampling tray " was housed in a small passage
along the back of this building, and although the
operatives generally entered this part only once an
hour to take samples, the air-inlet was placed close
to the sampling tray as this was the most likely
place to find an accumulation of methanol vapour,
In this instance urine samples were taken at the
beginning and end of shifts from six workers over

TABLE 6

RESULTS OF AIR ANALYSIS AT I.C.1. METHANOL SYNTHESIS PLANT

. . : Mecthanol
. Duration of ! Volume of Air p
Site s : p Concentration
Sampling | Entrained {C) (p.p.m.)
(1) Synthesis plant .. .. 1140 am~ 225 pm. l 277 <5
235 p.n— 430 pm. ! 254 .
11.25 p.m.- 230 a.m. : 175-5 "
10.30 am.- 4.35 pm. i 378 o
(2) Methanol distillation plant. . 11.02 am.- 143 pm. ! 357 40-5
1.58 pm.- 505 pm. : 248 64-0
(3} Stripping plant 10.30 a.m.-1205 p.m. 133-3 82
12.17 pm.- 1.46 p.m. 136-5 116
1.53 p.m.- 408 pm. ] 156 80
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three days. The analysis of all samples gave
negative results except for two end-of-shift samples
from one worker. The concentration found in

these two cases were so small, however, as to be
almost negligible.

Stripping Plant.—This plant smelt worst of the
three, though the smell was due to uncharacterized
“ volatile oils ** separated in the distillation process.
The housing containing the sampling trays, and
control panels was built round the columns of the
still some height above ground level. The air inlet
was suspended in this case close to the control
panels, one sample being taken at a remote sampling
tray and the other two being taken from the space
between two other sampling trays where the
operatives had table and chairs and spent most of
their time. Samples were taken hourly. Urine
samples were taken at beginning and end of shifts
from three workers fot three days and the results
of analysis were again negative,

Discussion

Assessment on Safely Limits for Exposure to
Methanol Vapour.—The initial aim of these experi-
ments was to find the threshold for methanol
accumulation by finding {1) how much methanol a
man could eliminate within 16 hours, and (2} the
concentration of methanol vapour which must be
inhaled for eight hours to cause the retenticn of
such an amount in the body.

The experiments on the elimination of orally
administered methanol showed that after the lapse
of sufficient time for complete absorption, the rate
of elimination was proportional to the concen-
tration of methanol in the body water. The mech-
anism of elimination is discussed below, but for
the present purpose the finding that elimination
follows the equation

~ logC=logC, — kt

allows us to calculate the urinary methanol concen-
tration {C,) corresponding to an amount of methanol
which may be disposed of within 16 hours, If
elimination is considered to be complete when

= (5 mg. per 100 ml. (average blank value for
these experimenis), substitution of the obsetrved
magnitudes for k in the above equation gives values
for C, of 1941, 21'5, and 21-6 mg, per 100 ml. for
subjects G.L., H.S.R., and L.J.Z, respectively. As
the urinary methanol concentration has been shown
to be a satisfactory index of the concentration of
methanol in the body, these values can be used
directly without further manipulation. The degree
of exposure giving rise to such urinary methanol
concentrations may be estimated using the results
of the inhalation experiments. The rates of
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absorption of methanol observed in experiments
are much lower than those observed with smaller
animals. Loewy and von der Heide (1914) found
a methanol content of 45 mg. per 100 g. in the
bodies of rats exposed to a2 vapour concentration of
2,000 p.p.m. for twoe hours. The inhalation of
methanol vapour at half this concentration (1:35
mg. per |, 1015 p.p.m.) by G.L. gave rise to a urinary
methanol concentration of 2-4 mg per 100 ml.
corresponding to an even smaller concentration in
the body as a whole. Yant and Schrenck (1937)
found blood methanol concentrations of 84 to 100
mg. per 100 g. in dogs exposed to a methanol
concentration of 4,000 p.p.m. for 12 hours which
suggests an average rate of absorption at least thres
times as great as the rates observed here. These
discrepancies emphasize the necessity for carrying
out such experiments on man rather than on the
nsual experimental animals.

The values for the rate of absorption of methanol
given in Table 3 may be used to estimate the methanol
vapour concentration, by exposure to which for
eight hours the two subjects would attain the critical
body methanol content represented by the C, values
calculated above. For G.L. the rate of absorption
was found to be 0-59 ; the critical vapour concen-
tration for this subject would therefore be

19-1/8 x 0-59 = 4-04 mg. per l. or 3,050 p.p.m.

The corresponding calculation for LJ.Z. gives
370 mg. per 1. or 2,780 p.p.m.. For these two
subjects, therefore, a concentration of approximately
3,000 p.p.m. of methanol would involve a danger
of gradual accumulation of methanol in the body.

The accuracy of these estimates is [imited chiefly
by the accuracy of the determined rates of absorption
which are based on rather few experimerts. Extra-
polation of the results of these experiments to cover
a period of eight hours may involve some error,
but in so far as the rate of absorption may be
expected to fall as the duration of exposure in-
creased, the critical vapour concentration would be
underestimated rather than overestimated. O the
other hand, in using these data to judge conditions
in industry, it must be remembered that during the
inhalation experiments the subjects were in a
comparatively resting state. Vigorous activity by
stimulating respiration would probably increase
the rate of absorption and increase the hazard.
Further, as industrial conditions are more difficult
to control than those in the laboratory, the per-
missible maximum concentration should be set at a
much lower level, say 109, of the above, i.c. 300
p.p.m. Below this level accumulation is very
unlikely to occur, and so far no untoward symptoms
have been observed with doses liable to be absorbed
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at this level, On this basis safcty limits which have  As the urinary loss represented on the average less
previously been proposed, e.g. 100 p.p.m. by the than [°; of the dose taken, and respiratory {oss

International Labour Office and 200 p.pm. by little more, it is clear that merabolic Erocesses must
von Qettingen (1943), leave a good safety margin, have been chiefly responsible the di arance

In the light of these considerations the conditions ELWM. By appropriate
prevailing in the factory which was investigated administralion of ethanol, it was found possible to

were quite adequately controlled and ensured _reduce the rate of methanol climination by abqut
freedom from potential harm for the operators. 4. This siriking effect cannot be attributed to

In positions where the highest vapour concentrations  any action of ethanol on the purely physical pro-
may be expected the average vapour concentration cesses of elimination of methanol via lungs or
exceeded 100 p.p.m. in only one test. As the men  kidney, and it therefore identifies the main methanol
oaly spent a proportion of the shift in these imme-  eliminating process under the conditions of our
dinte areas, the presence of no more thap traces of experiments and in the absence of ethanol as a
methanol in their urine is understandable. This, metabolic process. Further support for this view
in turn, confirms that the value suggested above for can be found in the data recorded in Table 4. The

vapour leaves an adequate safety margin. It must is actuéﬂ_z increased by the ¥g$_n_g§ gﬂanoi. A
be pointed out, however, that the factory investi- single simullaneous dose of ethanol increased the
gated was designed with an awareness of the hazard  fraction excreted from 0-7“@ to 1-8% and repeated
of methanol poisoning, and these observations do  ingestion of ethanol ratsed it to almost 4%. (These
not preciude the possibility of danger arising on Values arc averages of the results from the appro-
less well-controlled premises. priate experiments in Table 4.)

The disagreement winh Haggard and Greenberg

Effect of Ethanol on Eliminatien of Methapol.— as regards the relative impottance of respiratory
Previous work on the elimination of methanol has climination way readily be resolved when the
been carried out on animals other than wman and has  difference in dosage is taken into consideration.
yielded conflicting results. Neymark (1936) and Haggard and Greenberg gave doses of 1 to 4 g
Neymark and Widmark (1936) claimed that the per kg., far greater than can be vsed in experiments
rate of climination from dogs was independent of on man. {n the present work doses of {329
the dose level. Haggard and Greenberg (1939), 1o 0-084 g. per kg, were nsed. It is most probable
on the other hand, concluded that in rats and dogs ‘Tlﬁf‘at“lm’nﬁh&a%ol concentrations the
the rate of elimination was proportional to the aleohol is removed chiefly by an enzymic reaction.
concentration of methanol in the body. According With increasing concentration, a limit to the rate of
to the latter workers the greater part of the ingested removal by this route is reached when the enzyme
methanol was excreted in the expired air as a result  becomes saturated with its substrate. Urinary and
of simple diffusion, and the rate of excretion was respiratory climination are.never restricted by such
therefore directly proportional to the concentration a limit and at a sufficiently high methanol concen-
in the blood. Using rats, they recovered from the  tration must be expected to play a dominant part.
expired air 70% of the methanol which had disap- 'The exponential nature of the methanol elimination
peared from the body, in an experimental perind curves in our experiments suggests that the prevalent
during which, however, only 69, of the whole dose methanol concentration was weil below that
was eliminated. Asser (1914) and Véliz and required to saturate the enzyme, falling in the region
Dietrich (1912) found, respectively, 53% and 309, where reaction is roughly proportional to substrate
of the dose excreted in the expired air of dogs. concentration.

In the present work the experiments on man There is no reason to doubt that the enzymic
showed that, after the lapse of sufficient time to removal of methanol is achieved by a process of
ensure complete absorption, the rate of elimination  oxidation. Lutwak-Mann (1938) demonsirated the
af methanol was proportional to its concentration ability of horse liver alcohol dehydrogenase to
in the body water, and in this respect the findings oxidize methanol, as well as cithanol, to the corres-
of Haggard and Greenberg were confirmed, but ponding aldehyde, but found the rate of reaction
excretion via the Jungs does not appear to have 1o be much slower in the former case. The con-
played a major part. Rough calcuiations using version of methanol to formaldehyde by afcohol
Haggard and Greenberg’s formula suggest lha! the dehydrogenase in vitre has been confirmed, and
elimination of such doses of m efhanol has been shown to exert a powerful com-
expired air alone would have taken several duys  petitive inhibitory effect on this oxidation. Inhibition
wheteas in fact 12 to 16 hours were found sufhcnem was almost complete when the molar ratio of
. €

) o

the maximum permissible concentration of methanol  fraction of the methanol which appears in the onne
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. ethanol to_methanol was as little as 1 to 15. This
appears to justify the suggestion that the in vivo
effects of ethanol on methanol elimination were
due to an inhibition of the oxidation of methanol
by alcohol dehydrogenase. Eggleton’s observations
{1942) indicate that the pedk blood ethanol concen-
“fration in man alter a dose of 15 ml. is about 30 mg.
—per T00 i, and that about 10 ml. of ethanol are

mefabolized per hour at such concentration levels.
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secure elimination of the methanol unchanged by
the respiratory and urinary routes. Such a use gof
ethanol has indeed recently been reported by Agner
H&ok, and von Porat (1949). Only two patiem;
were treated, however, and of these, one recovered
and one died.

It is perhaps significant that only two or three
cases of blindness have been teported from the

The method of recurrent ethano! administration
adopted in our experiments might be expected
therefore to maintain a body ethanol concentration
high enough to suppress methanol oxidation.

In a later review of 83 cases of methanol poisoning
Rege (1946) felt confirmed in his carlier (1943)
impression that the toxic symptoms of methanol
poisoning, particularly the amblyopia, tended to be
minimized by the concurrent drinking of ethanol
(see also Dérobert and Hadengue, 1949). There is
a widespread belief that these toxic effects are not
caused by methanol itself, but by a metabolic
product, probably formaldehyde and or formate
(Keeser, 1931 ; Keeser and Alberty, 1948 ; Flury
and Wirth, 1936 ; Fink, 1943 ; Rpe, 1943, 1946).
Evidence in support of this view has been obtained
by experiments with surviving retina (to be reported
elsewhere). It was found that methanol had no
effect on the metabolism of ox retina even at a
concentration of M 20. Of the metabolic products
of methanol, formate had a weak inhibitory effect
on retinal respiration and formaldehyde strongly
inhibited both aerobic respiration and anaerobic
glycolysis.

Asser (1914) had previously found that simul-
taneous administration of ethanol, amyl aicchol, or
acetone reduced the urinary excretion ot formate by
dogs after the ingestion of methanol, an effect
recently confirmed by Bastrup (1947} in dogs and
rabbits, but he concluded that these substances did
so by increasing the permeability of cell membranes
to formate thus facilitating further oxidation of this
product. Rge suggests an alternative explanation,
that the diminished excretion of formate was caused
by a reduction in the rate of formation due to the
capacity of ethanol * to displace methanol from the
surface of cells, its oxidation to formic acid being
thereby checked”. More recently Agner and
Belfrage (1947) observed a decreased rate of fall of
Ilhe blood methanol concentration after the simul-
taneous injection of ethanol in rabbits. This
observation and our own results provide a more
rational basis for explaining a favourable effect of
ethanol as the result of an inhibition of methanol
oxidation, and might justily attempts to use ethanol
therapeutically in methanol poisoning in an en-
deavour to maintain the inhibition long enough to

drinking of methylated spirits in this country,
although the drinking of this spirit is apparently
quite widespread. The above resuits suggest that
the large proportion of ethanol in the spirit (about
959%) would indeed reduce very markedly the toxic
effects of the methanol.

Summary

Owing to the slow rate of elimination of methanol
from the body, repeated exposure to the vapour
or liquid may result in accumulation and under such
conditions the use of methanol would constitute a
toxic hazard. ~The present work was carried out in
order to determine the maximum concentration of
methanol vapour, exposure to which for eight hours
is consistent with complete elimination of absorbed
methanol during the subsequent 16 hours. The
absorption and elimination of methanol were there-
fore studied in man.

The concentration of methanol in the body was
followed by determination of the concentration in
the urine. The reliability of this procedure was
confirmed by experiments with the cat and with
human subjects. ’

The elimination of methanol after doses of 2-5
to 7-0 ml. has been studied in five human subjects.
At any time the rate of elimination was found to be
proportional to the concentration of methanol in
the body. The significance of this finding is
discussed. Only a very small fraction of the
ingested methanol (about 2°7) was eliminated via
the respiratory and urinary routes,

The rates of absorption of methanol by two
human subjects during exposure to vapour concen-
trations of 0-6 to {-5 mg. methanol per 1. (400-1,0C0
p.p.m.) have been investigated. Over short periods
the amount of methanol absorbed appears to be
approximately proportional to the duration of
exposure and to the concentration of vapour in the
atmosphere.

By examination of the results of the absorption
and elimination expetriments it was concluded that
exposure to a methanol vapour concentration of
about 3,000 p.p.m. for eight hours a day may
cause accumulation of methanol in the body and
thus give rise to a toxic hazard. It is suggested
that the maximum concentration of methanot

e e =™
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vapour to,which workers may be safely exposed is
300 p.p.m.

Observations made at the methanol synthesizing
plant of LC.I. Ltd. are described. Estimation of
the methanol cosicentrations in the air and in the
urine of the operatives showed that conditions were
satisfactorily controlled.

The ingestion of ethanol, together with or
shortly after methanol, reduced the rate of elimi-
nation of the latter by up to 90°,. Evidence is
adduced to show that this is due to inhibition of
the metabolic oxidation of methanol.

These results provide a rational basis for ex-
plaining the favourable effect of ethanol on the
course of methanol poisoning such as Roe reports,
and might justify attempts to use ethanol thera-
peutically.

We should like to express our sincere thanks to the late
Professor H. 8. Raper, C.B.E. and Dr. L. P. Kendal for
their constant interest in this work and their assistance
as experimental subjects ; to Professor A. A. Harper,
for assistance with the cat experiments, and to Dr. A. H.
Gowenlock for being an experimental subject. Our
thanks are also due to Dr. Schilling and Messrs. 1.C.1.
Limited for arranging the investigations at Billingham.

The cost of this work was panly defrayed by the
Medical Research Council, to which we are also grateful
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