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It is well-known that inhalation of air contaminated with mercury
vapour may lead to poisoning from the absorption of toxic amounts of
mercury from the respiratory tract.

Extensive studies within the field of industrial hygiene, first performed
by NEAL e al. (1937 & 1941), have revealed a valid correlation between the
n;ercury concentration in the atmosphere and the incidence of ck}ron'lC
mercury poisoning. On the basis of these studies, industrial hygienists 1n
the U.S.A. have fixed a toxic threshold limit value for mercury vapour
and inorganic mercury compounds in the atmosphere at 100 pg/m3 un@er
conditions involving constant daily exposure within normal working
hours. This threshold value is still maintained by the American Conference
of Governmental Industrial Hygienists (ACGIH 1964). British investigators
have advised a threshold’ limit value of 75 pg/m3 (BUCKELL ef al. 1946:
BRrOOKS & HOLMES 1958). In Soviet Russia, the toxic threshold limit va?uf
for metallic mercury has been set at 10 pg/m? and for mercuric chloride
at 100 pg/m3 (ELKINS 1961).

Some diversity of opinion thus exists as to the maximum allowabk"
concentration of mercury and its inorganic compounds in the atm0§ph€r51‘_
until our knowledge of the toxicity to man of low concentrations ?d
mercury in the air has been extended, the fixation of a toxic thresho
value must therefore to some extent be left to individual judgeme’”[‘
Among the difficulties encountered in fixing unequivocally the 1(_3“"3?[
level of toxic concentrations in the air is the fact that the ml]qcz
symptoms of mercury poisoning, which are of a psychopalhOlOE‘Cw
character, may also occur in persons who have not been expOSed
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mercury. Thus, TURRIAN ef al. (1956) demonstrated a causal relationship
petween the average mercury concentration in the atmosphere and the
incidence of certain psychopathological and neurological symptoms of
poisoning present in 15 out of 58 workers who had been exposed to
mercury concentrations of 10-600 pg/m3. The frequency of symptoms
was also abnormally high among workers who had been exposed to
concentrations below 100 pg/m?, but none of the affected workers exhib-
ited the fully developed picture of chronic mercury poisoning.

In animal experiments (rats), FRIBERG (1959) and ROTHSTEIN & HAYES
(1960) observed that inorganic mercury administered parenterally accumu-
lated in considerable quantities in the brain and was bound there more
firmly than in any other organ of the body. In experiments on mice
performed by BERLIN & ULLBERG (1963), a single intravenous dose of
203HgCl, resulted in considerable accumulation, especially in the grey
matter of the cerebellum, and in the ruber cinereum and corpus subforni-
calis. BERLIN & JOHANSSON (1964) demonstrated that the brains of mice
that had inhaled air contaminated with mercury vapour (10 mg Hg/m?
for 4 hours) contained 10 times as much mercury as the brains of mice
given a similar intravenous dose of Hg(NOj3),. The rate of injection was
not stated. Thus, absorption of mercury from the respiratory tract seems
more than absorption by other routes to lead to its accumulation in the
brain. This may perhaps also offer an explanation of the correlation
demonstrated between the concentration of mercury in the atmosphere
and the incidence of psychopathological and neurological manifestations,
including tremor.

Absorption of inhaled mercury.

Detailed knowledge of the extent to which mercury is absorbed from
the respiratory tract will clearly be of great importance in an attempt to
fix more precisely the maximum daily dose that can be tolerated during
constant exposure to mercury vapour in the inspired air.

It seems that the extent of absorption of mercury vapour from the
respiratory tract in animals and man has not previously been clearly
determined. On the basis of a comparison of the amounts of mercury
excreted in the urine and the concentrations in the inspired air, GOTHLIN
(1909) reported that the uptake of mercury by man was almost complete
when the concentration was less than 250 pg/m3. However, HOLM-JENSEN
(1948) contested GOTHLIN's method of analysis and expressed the view
that his determinations of the mercury concentrations of the inspired air
possibly had an appreciable negative error and that absorption was in fact
incomplete. In a small number of experiments performed on three volun-

19 Acta pharmacologica. vol. 23, fasc. 2-3.
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teers, GERSTNER (1931) found an absorption of 34-77%;, on inhalation of
air containing from 10 to 100 pg/m?. In dogs breathing air containing
from 3 to 26 mg mercury per m?, FRASER ¢7 al. (1934) found a fairly
constant absorption from the respiratory tract, averaging 25%,. BATTI-
GELLI (1960) expressed the opinion that this also applies to human beings.
By means of the mercury-vapour detector described by WooODSON (1939),
SHEPHERD ef al. (1941) performed a few experiments in which they found
that the air expired by persons who breathed air with a mercury content
of 60 pg/m3 did not contain mercury. On the other hand, when the mer-
cury concentration of the atmosphere was increased to 200 pug/m3, the
expired air contained about 10 ug/m?. In rats exposed to an atmosphere
containing 1 mg mercury per m?, GAGE (1961) found an absorption from
the lungs of about 50%. HAYES & ROTHSTEIN (1962) exposed rats to an
atmosphere with a mercury content of 1.4 mg/m? for from 30 minutes
to 5 hours. 203Hg was added as a tracer. By calculating the amounts of
inhaled mercury from the minute volume of breathing (fixed in relation
to the weight of the animals) and determinations of the total amounts of
mercury found in the animals, the authors concluded that the absorption

from the respiratory tract was complete.

Material and Methods
Personal investigations.

In order to throw light on the extent to which mercury vapour is absorbed from the
respiratory tract in man, I have studied in four volunteers (including myself) the ratio of
the average mercury concentration in the expired air to that of the inspired air. This ratio
was determined at different constant concentrations of mercury in the inspired air and for
roughly constant minute volumes. The influence, if any, of the respiratory rate on the ab-
sorption was also studied. An attempt was made to gain some impression of the variations
in mercury concentration in the expired air during the individual expirations.

The mercury concentrations, in the inspired air were determined both by
photometry in a slightly modified form of the mercury-vapour detector designed by
RusseLL (cited by BrRooks & HoLmes 1958) and manufactured by *"Hanovia™, and by the
chemical method previously described (NIELSEN K upsk 1964) as a control. Only the latter
method was used for determining the average concentration of mercury in the expired air-

In a series of previous experiments in which direct determinations of the mercur
concentration in expired air were performed by means of the mercury-vapour detector,
had observed that the results were affected by the amount of water vapour of the expired
air: further studies showed that under such conditions the results read on the detector Wert
too low. This observation probable explains why SHEPHERD ef al. (1941) found only 5%
or none at all of the inhaled mercury in the expired air, as they used a detector of a similaf
construction. After some cxperimentation, I succeeded in reducing the water-vapou?
content of the expired air by condensation to such an extent that the negative recording ©!
the residual water vapour by the detector became negligible and constant, without an?

ultraviolet

concurrent loss of mercury in the condenser system.
The continuous direct recording of the mercury concentration in the expired alf by

!
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means of the mercury-vapour detector and a connected potentiometer recorder that was
dered pOSSIhIL‘ by this method was used in all the experiments, with simultaneous collec-

{r:onn of the expired amounts of mercury for subsequent chemical determination. However,
the curves obtained show only to a limited extent the fluctuations in the mercury concentra-
von of the expired air, partly becausc an appreciable mixture of the cxpired air occurs 1n
the relatively large dead spacc of the condenser system, and partly because the results
recorded by the detector at flow rates below about 2 litres per minute are a little too low.
Likewise, it Is only possible to determine the average concentration of mercury in the

expired air with a limited accuracy on the basis of these curves Nevertheless, it appears

-Jear from such a graph of the mercury concentration in the expired air directly recorded
¢ b )
during abnormally slow and maximal cxpirations (preceded by deep inspirations) that in

these circumstances the last portion of the expired airis virtually free from mercury vapour.

Experimental set-up.

The experiments werc performed in a room with a net volume of 40 m*. From an ad-
joining rOOM, MErcury vapour was conveyed through a plastic tube into the experimental
room at a constant rate, which was adjusted on the basis of the ventilation of the room and
the concentration desired during the experiment concerned. In some so far unpublished
experiments, 1 had ascertained that the volume of air in the experimental room which is
cleared of mercury every minute fairly closely corresponds to the ventilation rate of the
room (in m3/min.), i. e. chemical conversion or appreciable adsorption of mercury does
not occur. The rate at which mercury vapour is to be conveyed into the room in order to
maintain a steady-state concentration is thus equal to the product of that concentration
and the ventilation rate, provided the ventilation is constant during the experimental
period. The air in the room was agitated by two electric fans in order to cnsure an even
distribution of the me-cury vapour. In order to obtain the desired steady-state concentra-
lion within a reasonable time, the mercury vapour was at first led into the room at a high
rate. When the desired concentration was obtained. the supply was adjusted to the calcu-
lated rate. When the constancy of the mercury concentration had been checked by the
mercury-vapour detector for a suitable period, the tests were begun. The temperature of
the room was 23 I .

The experimental set-up employed for the determination of the mercury concentration
in the expired air is shown in semi-diagrammatic form in fig. 1. The expired air is conducted
through two condensers connected in serics. The second condenser (a Friedrichs type) is
emerged in a constant-temperaturce water bath adjusted to 11 . The water from the bath is
re-circulated by means of a pump through the Friedrichs condenser and a double-surface
condenser placed outside the water bath. Both condensers are provided with a reservoir
for the collection of condensed water. From the condenser system the expired air 1s con-
ducted into the mercury-vapour detector, which by means of a connccted potentiometer
recorder records the mercury concentration. After the detector, a breathing bag of astatic
rubber is inserted into the system for temporary collection of the part of the expired air
that is not at once passed on by the air pump. In the same place, the system is provided
with a valve for the supply of dry mercury-free air. This valve is actuated when the volume
of air transported by the pump for a short period exceeds that of the expired air. The pump,
which is operated from an a.c. stabiliser, sends the air through a mercury absorber previ-
ously described (NIELSEN KUDSK 1964) at a pressure of about 100 mm mercury above that
of the atmosphere and at a constant rate of 7 litres per minute. The flow rate is measured
by a low-meter manufactured by Fischer & Porter.

As already mentioned, the “"Hanovia™ mercury-vapour detector was used in a slightly

19¢
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modified form. The modifications made consisted 1in (1) a slight change in the electric
circuit for the zero adjustment, (2) power supply through an a.c stabiliser, (3) removal of
the built-in air pump, and (4) careful tightening of all the air-duct systems of the instrument.
By these modifications and re-calibration by means of air containing known concentrations
of mercury vapour, it was possible to obtain a sensitivity of 3 pg and a measuring accuracy
of - 1.5 pg/m? when the most sensitive measuring range was used. The **Reciprotor™ air
pump used was completely tight, and the passage of air through it did not give rise to any
demonstrable loss of mercury: nor did any such loss occur In the breathing bag.

Experimental procedure.

immediately before each experiment, the mercury concentration in the air of the room
was determined by means of the detector while the air was being passed through the
apparatus described, with the absorber cut out. By adjusting the a.c. supply voltage to the
pump the air-flow rate was set at 7 litres per minute.

Then the entire apparatus was “‘washed" with mercury-free air. The absorber was then
inserted, and the volunteer under test now expired air through the apparatus. The amount
of mercury contained in the expired air was collected in the fluid of the absorber for a
period of 5 minutes. Mercury-frec air, which was supplied to the system only in a few
experiments, was measured by means of the gas meter shown in fig. 1. At the end of the
experiment, the apparatus was again washed with mercury-free air, after which the absorber
was again cut out, and the mercury concentration in the room air was determined just as
pefore the experiment. In all the experiments, the ‘volunteers inspired the air through the
nose and expired it through the mouth and a short length of plastic tubing connected with
the apparatus. During expiration, the volunteers closed their nostrils with their fingers.

The mercury concentration in the expired air was also recorded graphically throughout
the experimental period by means of the potentiometer recorder connected with the
detector (fig. 1). On the basis of the fluctuations in the mercury concentration shown by the
graph, the number of expirations during the experimental period could be counted. As
already mentioned, the curves obtained did not permit an accurate determination of the
average concentration of mercury in the expired air, and this concentration was therefore
calculated on the basis of the amount of mercury collected during the experimental period
and the volume of expircd air measured at the ambient temperature (23 = 1°C).

The mercury concentration in the air of the experimental room was determined at
frequent intervals, both before and after the experiments, by the chemical method pre-
viously described (NIELSEN KUDSK 1964): the results of these determinations were in close
agreement with thosc obtained by the detector. The condensed water collected from the

condenser system during the experiments did not contain demonstrable amounts of mer-
cury (dithizone determinations).

Results

The results of the experiments are shown in table 1. The volumes of
expired air were determined with a margin of error of less than +5%.
The average tidal volumes (ATPS) involve errors that do not exceed
+10%. The error of the calculated amounts of expired mercury, given in
the table as percentages of the inspired amounts, is less than +209; at the
lowest concentrations in the expired air (about 10 pg/m?3) and less than
+159% at higher concentrations.
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Table 1.

Results of the experiments showing the percentages of mercury absorbed during inhalation

of air containing mercury at various concentrations in relation to the average tidal volumes

(ATPS). The table also shows the expired amounts of mercury, as percentages of the

amounts inspired. These figures are taken as expressions of the percentage that a notional
dead space for mercury absorption represents of the average tidal volume.

Expired Hg, Absorbed
Average

Volunteer Hg conc., Hg conc., as Hg, as No. of
sex, inspired air,’ expired air, | percentages | pereentages expirations lld:dl\(‘)lumc.
weight in pg/m3 in pg/m? of of in S min. 0 h_[“_,ﬁ
inspired Hg  inspired Hg \ATES)
F.N.K., 49.3 10.1 20.4 79.6 24 1.45
M, 92 kg 54.7 10.4 19.0 81.0 23 1.52
47.5 10.7 2015 77.5 22 1.59
99.0 18.0 18.1 81.9 24 1.45
109 15.0 13.8 86.2 19 1.84
102 158 | 15.5 84.5 25 1.40
193 28.8 | 15.0 85.0 20 1.75
205 | 39.0 18.9 81.1 28 1.25
210 37.6 17.8 82.2 26 1.35
| 345 50.2 | 14.5 85.5 23 1.52
| 330 60.9 18.4 | 81.6 25 1.40
| 340 58.8 | 17.2 82.8 | 22 ‘ 1.59
B.P., | 520 86 | 165 | 835 25 1.40
M, 63 kg | 52.0 9.7 S5 81.5 31 1.13
50.2 1.5 | 229 | 774 25 1.40
: ‘
98.0 143 | 14.5 85.5 24 1.46
| 980 | 17.6 | 17.8 822 | 31 113
| 104 » 18.0 | 173 82.7 | 20 1.75
| ; 1 1
| 201 | 24.4 | 12.2 87.8 | 22 1.59
193 | 301 ! 15.6 84.4 26 ‘ 135
207 ‘ 33.3 16.0 84.0 31 1.13
370 | 493 13.3 86.7 | 21 1.67
345 53.8 15.6 84.4 | 23 ‘ 1.59
340 52.4 15.5 84.5 | 25 | 1.40
GL M. 55.6 14.3 25.7 74.3 60 | 0.58
F, 54 kg 52.0 16.8 322 67.8 58 0.60
502 164 32.6 67.4 61 0.57

P
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G.L:M; 96.0 ‘ 22.2 2
F, 54 kg 106 21.8 2
102 25.8 2
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0:C.; 52.0 14.0 2
M, 73 kg 538 | 152 2
50.2 14.0 2t
98.0 [ 26.8 2
97.0 | 23.4 2-
108 26.8 2-
| 198 | 42.2 2i
198 | 496 | 2
196 i 48.7 | 2«

| |
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2¢

[ 340 | 89.4 ‘
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| GLM. 96.0 23;

2 23.1 76.9 S8 0.60
Absorbed Pr— ' F. 54 kg 106 218 20.5 79.5 66 0.53
Hg, as No. of . i 102 25.8 25.3 74.7 65 0.54
: tidalvolume, !
| percentages | expirations S ‘
of in 5§ min. i it . 5 48.7 2318 76.2 63 0.56
. : (ATPS) 204 8.7 23.8 ol & ‘ L2
| inspired Hg 201 49.5 24.6 75.4 61 0.57
| 193 47.2 24.5 75.5 62 0.57
79.6 24 1.45 1
81.0 23 1.52 ': 377 106.9 28.2 71.8 62 0.57
775 22 1.59 l 350 83.2 23.7 76.3 54 0.65
348 83.5 23.9 76.1 59 0.59
81.9 24 1.45 |
862 | 19 1.84 - GG 52.0 14.0 26.9 73.1 58 0.60
84.5 25 1.40 1 M, 73 kg 53.8 15.2 28.2 71.8 61 0.57
50.2 14.0 28.3 71.7 52 0.67
85.0 20 1.75
81.1 28 1.25 ‘ 98.0 26.8 2742 72.8 57 0.61
82.2 26 1.35 \ 97.0 23.4 24.0 76.0 s6 | 0.62
108 26.8 24.8 75.2 53 ‘ 0.66
85.5 | 53 | 152
81.6 25 1.40 198 42.2 213 | 787 53 0.66
82.8 22 1.59 198 49.6 25.0 75.0 sa | 065
196 48.7 24.7 75.3 54 | 065
83.5 | 25 | 1.40
81.5 3 113 f 371 79.5 215 78.5 54 0.64
774 25 1.40 ] 350 80.9 231 76.9 52 0.67
l 340 89.4 | 26.2 73.8 50 ‘ 0.70
85.5 24 1.46 :
82.2 31 1.13
82.7 20 1.75 A study of the results obtained shows that the extent to which absorp-
g8 | - e | tion occurred in the individual volunteers was subject to only relatively
! - l'sq ~ small variations. The ratio of the absorbed to the inspired amounts of
84.0 | 31 ‘ 1.13 i mercury seems to be largely independent of the mercury concentration in
i ‘ ; . the inspired air, although absorption was a little less at the lowest concen-
| 867 | 21 L.67 . tration in the inspired air (50 pg/m3), even if allowance is made for the
| | 29 | 5 14 . . ® o X
1 2:‘: 1 o | ; 43 ' wider margin of error of the determinations there. Adsorptive processes
| g | W | . | . . . . o
1 3 - in the respiratory tract thus seem to be of only minor importance in the
| 743 | 60 | 0.58 ' absorption of mercury. Incidentally, 1 performed a few experiments in
| 618 | 58 | 0.60 i which air with a varying content of mercury vapour was allowed to pass
| 6714 | 6 | 057 in through the nostrils of a volunteer and out through the oral cavity.

During this passage, the loss of mercury was about 29 at a concentration
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Fig. 2. Graph showing the relationship between the physiological dead space, as a per-
centage of the tidal volume, and the tidal volume. Based on results of AsMUsSEN & NIELSEN
(1956).

of 350 pg/m3 and less at lower concentrations, as determined by means of
the mercury-vapour detector connected with the apparatus described
above.

The percentage that the amount of expired mercury constitutes of the
amount inspired may be regarded as an expression of the percentage that
a notional dead space for mercury absorption represents of the average tidal
volume (ATPS) listed in the table. ASMUSSEN & NIELSEN (1956) studied
the physiological dead space as a function of the tidal volume (BTPS) in
four young men. On the basis of their results, I have constructed the curve
shown in fig. 2, indicating the relationship between the physiological dead
space, as a percentage of the tidal volume, and the tidal volume. The
average tidal volumes (ATPS) listed in table 1 are based on measurements
at 23° of the volumes of éxpired air, saturated with water vapour at that
temperature. The corresponding tidal volumes (BTPS) measured and
saturated with water vapour at body temperature will thus be about
8.5% larger.

A comparison of the figures in table I and the curve in fig. 2 shows that
the notional dead space for mercury fairly closely corresponds to the
physiological dead space. However, at the lowest concentrations in the
inspired air the dead space for mercury was a little higher in several of the
experiments.

The results of the experiments thus suggest that the uptake of metallic
mercury from the inspired air chiefly occurs from the alveoli of the lungs
and that this alveolar absorption is almost complete and independent of
variations in the mercury concentration in the inspired air within the
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MERCURY ABSORPTION FROM RESPIRATORY TRACT 259
range from 100 to 350 pg m?. The slightly lower uptake at a mercury
concentration of 50 pg/m?* suggests that adsorptive processes are of less,
or probably almost insignificant, importance in the absorption of mercury
from the respiratory tract in man. A person breathing air contaminated
with mercury will thus presumably take up per minute an amount of
mercury that at a close approximation is equal to the product of the
mercury concentration in the inspired air and his alveolar ventilation.

Discussion

Absorption is most commonly defined as the sum of all the processes
by which a substance from the site of absorption enters the circulating
blood. In the experiments reported here, this definition was applied to .
the uptake of mercury from the inspired air. In experiments on rats,
HAYEs & ROTHSTEIN (1962) found that, after inspiration of mercury
vapour (with added 203Hg). temporary retention of the mercury occurs
in the lungs for a few hours, after which it shows a distribution in the body
similar to that observed after intravenous administration of mercuric
chloride. However, these authors did not determine the mercury content
of the brain; according to the comparative studies by BERLIN & JOHANS-
soN (1964) mentioned above, however, the mouse brain takes up, after
the animal has inhaled mercury vapour, an amount of mercury about
10 times as large as that taken up after intravenous administration of a
corresponding dose of mercuric nitrate. CLARKSON et al. (1961) found
that metallic mercury vapour was rapidly taken up and oxidised to
mercuric ions in human whole blood at physiological oxygen tensions.
The oxidation mainly occurred in the erythrocytes and was rapidly
followed by an equilibration of the mercury between plasma and cells.
HuGHES (1957) called attention to the high solubility of metallic mercury
in lipoids, compared with its solubility in water and air. He expressed the
view that metallic mercury — as distinct from mercuric ions, which are
bound to SH-groups — readily and rapidly diffuses through lipoid-con-
taining cell membranes (the alveolar walls), temporarily exists in its
metallic form in the organism and is then dissolved in the blood lipoids
and carried to sensitive tissues, such as that of the brain; here the mercury
is oxidised and linked up with the SH-groups of the proteins. In support
of this hypothesis, HUGHES referred to investigations by BRIGATTI (1949a
& b), who both in autopsied patients and in animal experiments had
found that inhalation of mercury vapour resulted in the accumulation of
considerable amounts of mercury in the brain.

The processes by which mercury vapour from the alveolar air passes
through the alveolar and capillary walls and the interstitial tissue into the

20 Acta pharmacologica, vol. 23. fasc. 2-3.
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blood and is transported in this medium are thus not fully clarified. It
may be assumed that a considerable part of the mercury vapour passes
through these structures by diffusion. without being converted. and that
the remainder is oxidised and temporarily deposited in these structures.
Similarly, it may be thought that mercury may be transported in the
blood both in the form of unconverted metal dissolved in the lipoids and
in an oxidised form (Hg* ‘) bound to the SH-groups of the haemoglobin
and plasma albumin.

The volunteers used in the experiments reported here had been pre-
viously exposed to mercury in the inspired air only occasionally or not at
all. One of the males (O.C.) had previously undergone unilateral thoraco-
plasty. All the volunteers were moderate smokers, and no restrictions as
to smoking or food intake were imposed during the period of the experi-
ments.

It should be of interest to study the absorption in persons who have
been exposed to mercury vapour in the inspired air for prolonged periods.
It also seems reasonable to study the factors that may be assumed to
influence the absorption. Thus, I found, entirely by accident, that inges-
tion of alcohol to an appreciable extent reduced the absorption of mer-
cury. This phenomenon, which was studied by a slightly modified tech-
nique, will be described in a paper to be submitted for publication.

Summary

Studies on the absorption of mercury vapour from the respiratory tracl
in four volunteers who breathed air with mercury concentrations ranging
from 50 to 350 pg/m? are reported. Determinations of the ratio of the
expired to the inspired amounts of mercury gave an expression of the
fraction that a notional dead space for mercury absorption represented
of the average tidal volume measured during the experimental period. A
comparison with the results reported by other authors on the size of the
physiological dead space in relation to the tidal volume showed that the
notional dead space for mercury absorption was of the same magnitude
as the physiological dead space and, within the range investigated, largely
independent of the mercury concentration in the inspired air. It was also
demonstrated that the last part of the air expired during maximal expira-
tion contained only negligible amounts of mercury. It is therefore reason-
able to assume that almost complete absorption of mercury vapour
occurs from the alveolar parts of the lungs in normal individuals.
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