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The interactions between pressure and anaesthetics

By R. A. SmitH, B. A. DopsoN anD K. W. MILLER

Departments of Pharmacology and Anaesthesia, Harvard Medical School,
Massachusetts General Hospital, Boston, U.S.A.

Compression of animals causes excitation, which has recently posed a barrier to deeper
diving. The broad question addressed here is how far the inert gas breathed modifies
the excitatory effects of hydrostatic pressure. By using aquatic animals we first show
that helium postpones the onset of pressure-induced paralysis by some 35 atm.{ Next
we show that in mammals compressed with helium, five anaesthetic gases (nitrogen,
argon, nitrous oxide, carbon tetrafluoride, sulphur hexafluoride) all elevated dose-
dependently the median pressure of four distinct phases of the high pressure
neurological syndrome (h.p.n.s.) (complete spasms, clonic convulsions, tonic con-
vulsions and non-tonic death). All the gases were equally efficacious relative to their
anaesthetic potency. However, the sensitivity of each phase of the h.p.n.s. to
anaesthetic gases differed. Most notably, the median pressure for tonic convulsions
was elevated about three times more by a given partial pressure of anaesthetic gas
than were the median pressures for complete spasms or non-tonic death. These
observations can be fitted remarkably well by the hypothesis that a given phase of
the h.p.n.s. is activated when some hydrophobic region is compressed beyond a certain
critical amount by the application of pressure. Absorption of an inert gas in this region
will cause it to expand, tending to elevate the median pressure for that phase of the
h.p.n.s. Our data and analysis allow the following conclusions relevant to diving
practice. All gases protect against the h.p.n.s. but some phases of this complex
syndrome are more effectively controlled than others. Although addition of a second
inert gas to helium allows substantial increases in the pressure at which h.p.n.s. occurs,
the onset of anaesthesia (or inert gas narcosis) will limit the ultimate gain. The
composition of therapeutic gas mixtures becomes more narrowly defined as the
pressure increases. The optimum mixture may be different for each phase of the
h.p.n.s., and the order of presentation of the h.p.n.s. symptoms may be changed by
the second inert gas. We may also predict that physiological sites may exist where
helium acts like an anaesthetic. If such sites resulted in physiological dysfunction,
addition of a second gas would exacerbate the situation.
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INTRODUCTION

The high pressure neurological syndrome (h.p.n.s.) is a complex syndrome experienced by
animals after compression to pressures above 10-20 atm. The neurological basis of the
syndrome is barely understood, but it is clear that the origins of different phases of the syndrome
are multiple (Brauer ¢t al. 1982; Halsey 1982). Thus the immediate probability of finding a
‘silver bullet’ to overcome this obstacle to deeper diving is small. The object of the present paper
is to explore the potentials and limitations of the paradigms available to us today. What can
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we expect from exploiting existing knowledge, while the long-term search for greater
understanding and more selective remedies proceeds?
The strategy to be explored is the conventional one of manipulating the inspired gas mixture

t 1 atm = 101325 Pa.

PHILOSOPHICAL
TRANSACTIONS
(@)

[ (¢
o] R
The Royal Society is collaborating with JSTOR to digitize, preserve, and extend access to (’f\% )2

Philosophical Transactions of the Royal Society of London. Series B, Biological Sciences. STOR IS
WWWw.jstor.org


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

70 R. A.SMITH, B. A DODSON AND K. W. MILLER

to overcome depth barriers to ever deeper diving. Just as the limitations imposed by oxygen
toxicity and nitrogen narcosis were overcome by the substitution of the non-anaesthetic helium
for the inert diluent gas, as suggested by Hildebrand (1928), so in an ironic twist, the
reintroduction of controlled amounts of nitrogen into the helium—oxygen mixture has brought
some, albeit partial, amelioration of the h.p.n.s. Although we have called this approach
conventional, its optimum application has received little systematic study, and a number of
areas remain to be explored (Bennett et al. 1974).

First, will a single gas mixture provide protection against all phases of the h.p.n.s. over a
wide pressure range? It is known that pressure reversal of anaesthesia and anaesthetic
postponement of an early phase of the h.p.n.s. occur at different sites (Miller 1974). It seems
probable therefore that the inert gases might oppose each component of the h.p.n.s. complex
at a separate site. Thus, even if the same mechanism were operating at each site qualitatively,
the exact quantitative balance between excitation and depression would differ. Each end point
would then demand a somewhat different gas mixture to prevent symptoms, which, in turn,
might account for the only partial success of inert gas mixtures in increasing deep diving
thresholds. Thus, a single gas mixture would not prove optimal at all depths and against all
degrees of severity of the h.p.n.s.

Secondly, to what extent does helium merely transmit mechanical pressure? Does it, like the
other gases, contribute to the amelioration of the h.p.n.s., or is it simply a transmitter of
hydrostatic pressure?

A third area of exploration is the use of inert gas mixtures other than helium-nitrogen. There
may, or may not, be specific pharmacological benefits in substituting other gases for nitrogen,
but there are certainly clear environmental and economic reasons for reducing the helium
content of these mixtures. Indeed, the latter factor probably weighs heavily in the commercial
exploitation of helium—nitrogen mixtures. Can we use our existing knowledge of helium—nitrogen
mixtures to predict optimal mixtures of other gases?

The only quantitative framework that is simple enough to provide clear theoretical guidance
is the critical volume hypothesis defined below (Miller 1974). At this point it is sufficient to
note that this hypothesis does not allow calculations to be made ab initio; that is, it is a null
theory. If the pressure at which symptoms occur is known for one gas mixture, the pressures
at which they occur in any other gas mixture are completely defined. Since we are working
to equal physiological states, the neurological event responsible for arriving at that state may
remain undefined, thus allowing us to finesse our undoubted ignorance of the underlying
process. Conversely, the equilibrium nature of the approach precludes prediction of temporal
adaptation within the physiological system. (The only kinetic features expected are those
involved in the uptake and distribution of the gases to their sites of action. These processes occur
on a minute time scale and would only be of interest during the most rapid compression.)
Nonetheless, provided such adaptation is a function only of time at pressure, not of the gas
inspired, the null approach can still be successfully exploited for comparing the effect of changing
inert gases for a given dive profile.

In this paper, we first describe some simple experiments with aquatic animals designed to
reveal the effects of helium against h.p.n.s. Secondly, the ability of five separate anaesthetic—
helium mixtures to ameliorate the h.p.n.s. in mice are determined. Analysis of these data for
mammals suggests that these anaesthetics ameliorate all phases of the h.p.n.s. by similar
mechanisms, but their sites of action for each phase are distinguishable from the general
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anaesthetic site and, in some cases, are distinguishable from each other. Implications of these
findings for the use of inert gas mixtures in deep diving are then discussed.

METHODS

Tadpoles were exposed to pressure in small water-filled pressure bombs fitted with a plexiglass
window. Compression was achieved either by a hydraulic pump or with compressed helium.
The ability of the animals to maintain an upright position when the whole chamber was rotated
was used as an end point for high pressure paralysis.

Work with mice (male, CD-1, 20-30 g, Charles River Breeding Laboratories) was performed
under closely controlled physiological conditions. (For full details see Miller & Wilson (1978).)
In each experiment ten mice could be observed in cages, while two more mice were fitted with
rectal thermistor probes and maintained at 36.5-38 °C. The sealed chamber was flushed with
oxygen and compressed with anaesthetic gas at 1 atm min™! until the desired partial pressure
was attained, whereupon compression was continued with helium at the same rate. The pressure
at which each of four physiological symptoms (defined below) were first observed in each mouse
was recorded. The onset of tremors proved too variable a symptom to be used as a reliable
end point, especially since the anaesthetic gases per se produced a similar fasciculation associated
with hyperactivity but not related to high pressure. Thus, the first symptom for which we have
recorded useful quantitative data was complete body spasms, defined as the rhythmic tensing
and relaxing of all muscle groups throughout the body but of insufficient severity to cause a
loss of upright posture. The second symptom was clonic convulsions, defined as spasms of
sufficient severity to cause the animals to lose their upright posture. This end point is
comparable to the generalized motor or type I seizures reported by Brauer (1975) and others.
The third end point was the onset of tonic convulsions, where continuous contraction of the
muscles occurred and ventilation ceased during the convulsions (type II seizures). Finally, the
pressure at which the animals died was recorded. Animals whose death was not associated with
tonic convulsions were assumed to die in a manner related to total applied pressure (see results)
and were termed accordingly the non-tonic death group.

Cumulative pressure-response curves were constructed showing the fraction of animals
exhibiting a given end point at a given pressure for each of the four end points. These curves
were analysed by logit methods to determine the median pressures for the appearance of each
end point (Waud 1972).

REsuLTs

When tadpoles were compressed hydraulically, no paralysis was seen below 120 atm. At
130 atm, 24 %, of the animals were paralysed and by 160 atm all were paralysed. Compression
with helium revealed a protective effect up to 150 atm. Above this pressure, paralysis occurred
increasingly until all animals were paralysed at 200 atm. The dose-response curves for
hydraulic and helium comipression were parallel and the ED;, for helium was 35 atm higher.

In the mouse experiments, upon compression in helium, animals exhibited coarse tremors
(47+5.6 atm), complete spasms (83+2.5 atm), clonic convulsions (88+ 1.4 atm), and tonic
convulsions (96+4.2 atm); 629, of the animals survived tonic convulsive episodes to die at
126+ 4.0 atm (EDgq+s.d.). These data are similar to those reported previously by various
workers. For an excellent review see Halsey (1982).
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When the pressure was raised with helium in the presence of an anaesthetic gas, all of the
previously defined end points of the h.p.n.s. were generally observed to occur at higher pressures
than when helium alone was used. Typical pressure-response curves are shown in figure 1. The
anaesthetic gases examined were argon, nitrogen, nitrous oxide, carbon tetrafluoride, and
sulphur hexafluoride. The median onset pressure for complete spasms was increased by 27 atm
per ED;, of anaesthetic gas. The corresponding figures for clonic convulsions, tonic convulsions,
and non-tonic death were 54, 90, and 35 atm per ED;,, respectively (figure 2). Note that the
pressure reversal of anaesthesia causes an increase in the anaesthetic ED;, of about 36 9, per
100 atm (Miller e al. 1978). Thus, all the animals in these experiments had intact righting
reflexes at the pressures where h.p.n.s. symptoms occurred.

complete spasms in mice

100
B helium |,
2 L. 30atm N,
o | A + helium B
g 50
2. o /oo
0 L 1 1 1

| !
60 80 100 120 140

total pressure/atm

FiGure 1. Accumulative dose—response curves for complete spasms. The left curve shows data for
compressions obtained in four separate control runs. The right curve shows data for a single compression in
which the pressure was raised to 30 atm with nitrogen before switching to helium as the compression medium.
The left curve has an EDj, of 83+2.5 atm and a slope (scale parameter) of 12+ 3.5 and was obtained with
40 animals; the corresponding figures for the right curve are 112+6.6 atm, 13+9.4, and 10. (See text for
details.)

A number of problems complicate a cohort study, such as this one, which compares different
gases. Ideally the agents should be administered in a randomized manner throughout the study
(Rowland-James et al. 1981), but, with gases, all ten animals in each experiment experience
a single partial pressure of anaesthetic gas. Thus, each point in figure 2 represents an EDj,
derived from a single experiment on ten animals. (The order in which experiments were done
was randomized.) Attention should therefore be focused on overall trends rather than on specific
points. The small pressure differences between h.p.n.s. end points also complicated the
derivation of these ED;ys. This was particularly true of the clonic convulsion end point. Being
sandwiched between two other end points, this end point was often observed with only a low
frequency, accounting for the variability in figure 2 (4). Complete spasms, in contrast, were
observed with high fre(.;luency (figure 1). Tonic convulsions were observed with high frequency
at low anaesthetic partial pressures, but protection was so exceptionally good that at higher
doses death occurred before tonic convulsions and few data were obtained. Non-tonic death
occurred by definition in all cases, the only exceptions were when insufficient helium pressure
was available to complete the pressure profile.
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Ficure 2. Median pressures for the onset of four symptoms of the h.p.n.s. in mice ((a) complete spasms; () clonic
convulsions; (¢) tonic convulsions; () non-tonic death) are plotted against the fraction of an anaesthetic dose
of the second gas in the helium mixture. The anaesthetic dose used was the hypothetical dose at 1 atm. This
value was obtained from data for the pressure reversal of anaesthesia in the same species of mouse used herein
(Miller et al. 1978). The procedure for each gas was to plot its ED;, as a function of total pressure and to
extrapolate to one atmosphere. The values thus obtained were: N,, 35.0; Ar, 17.1; N,O, 1.16; CF,, 24.1 and
SFg, 5.5 atm. ¢, Helium; 0, Ny,-He; A, N;O-He; 0, Ar-He; m, CF,~He; @, SF;—He. The bars indicate the
standard errors (Waud 1972). The lines were fitted by the method of least squares, and each point was weighted
by the reciprocal of the variance. For each end point the slope (+s.d.), intercept (+s.d.), and correlation
coefficient were respectively: complete spasms, 27+ 1.5, 86+ 1.2, 0.91; clonic convulsions, 54 +6.5, 89+1.4,
0.94; tonic convulsions, 90 +17, 101 +2.9, 0.86; and non-tonic death 35+2.7, 129+1.6, 0.92.

THEORETICAL ANALYSIS

Our data can be used to test the critical volume hypothesis, which states that for a given
h.p.n.s. end point the symptom occurs when some hydrophobic region is compressed beyond
a certain critical amount by the application of pressure. Absorption of the inert gas or gases
in the breathing mixture compensates for this compression because gases dissolved in a non-polar
medium always cause expansion, thus raising the pressure for appearance of the symptom
(Miller 1974 ; Miller 1977). (This is analogous to the hypothesis applied to anaesthesia, in which
a hydrophobic region is expanded beyond a certain critical volume by non-specific absorption
of an inert gas; applied pressure opposes the expansion and thus reverses the anaesthesia (Miller
et al. 1978).) The equation defining the hypothesis is

n
AV, = ¥ AV,—phr, (1)
=0

where AV, is the critical volume change associated with the behavioural end point and AV
is the expansion caused by dissolving the ith inert substance in the hydrophobic region. The
term S Py is the product of the isothermal compressibility of the hydrophobic region, £, and total
applied hydrostatic pressure Pp. For the h.p.n.s. to occur the £ AV; must be outweighed by the
BFp term so that the critical volume change is negative, representing a compression. Under
hydrostatic pressure AV, will be achieved at the lowest pressure because AV, = 0. Addition of
any inert gas will make AV positive and thus increase the total pressure, Py, required to achieve
AV,. Figure 3 illustrates the application of (1) for the median pressure for the appearance of
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some symptom. Note that helium is included as one of the ith gases. This is justified by the
observation that hydrostatic pressure-induced paralysis in newts and tadpoles (see the results)
is ameliorated when inert gases, including helium, are present (Furmaniuk et al. 1982; Lever
1971). In any case there is no reason a priori to ignore helium, since like all the other gases
it is soluble in physiological fluids, although in practice its solubility is the lowest of all the gases

in lipid.
helium
+
hydraulic helium anaesthetic
compression atmosphere gas
o0 normal
o Q
g E ] "
g3 AV, =pP; BE; AP,
5>
Q
s o ——r‘ ED
— 1 Taw AV 0
v A

Ficure 3. The critical volume hypothesis applied to the high pressure neurological syndrome. AV, is the critical
volume associated with the appearance of a h.p.n.s. symptom. For hydraulic compression no gases are added,
i =0, and AV, = fP;. All gases added contribute to the expansion. With helium alone (i = 1; equation (1)),
a net compression still occurs, but the ED,, pressure increases to Py, where S(Pr—Fp) = AVy,. With helium plus
an anaesthetic gas ( = 2; equation (1)), even more expansion occurs, and the ED;, pressure increases turther
to Pp. Helium differs from the anaesthetic gases because of its low solubility, so that AVy.—BPy, is usually
negative (but see figure 5), while the analogous expression for an anaesthetic is always positive.

To test exactly the hypothesis stated in (1) it is necessary to know the solubility and partial
molar volume of each agent at the site of action, since

AV, = Bx; V[ Vi, (2)

where AV, is the fractional expansion, B, is the partial pressure, x; is the mole fraction solubility
and 7} is the partial molar volume of the gas, ¢, in the hydrophobic region, m, of molar volume
V.. The actual site of action is, of course, unknown, but, analogous to the case with general
anaesthetics, it behaves much like a simple non-polar solvent. The vest solvent model for a
given end point can be chosen objectively when data for fully fluorinated gases are available
(Miller et al. 1972 a). We have previously described in detail how this may be done when data
are available over a range of pressures (Miller et al. 1978). Briefly, the solvents are ranked
according to their solubility parameters  (Hildebrand ez al. 1970), and the volume expansions
caused by equally effective mixtures of gases for a given physiological end point are calculated
in each solvent. The procedure is illustrated in figure 4, where the calculated expansion, Z AV,
for each gas mixture is plotted against the pressure at which it causes non-tonic death for two
solvents. Figure 4 (a) shows that a solvent with a solubility parameter of 10.0 better simulates
the site of action of the inert gases than one with a solubility parameter of 8.2 (figure 4 (5)).
In fact, it is the position of the fluorinated gases, carbon tetrafluoride and sulphur hexafluoride
(solid symbols), that forms the basis on which the two solvents may be distinguished. The
non-fluorinated gases fit well with whatever solvent is chosen (Miller ¢t al. 1978). The solubility
parameter that best characterizes each end point can be estimated by plotting the deviations
of the fluorinated gases from a line fitted to the other gases. Results of such an analysis are
shown in table 1. Thessites at which the inert gases exert their anti-h.p.n.s. effects cover a narrow
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Ficure 4. The data for non-tonic death from figure 2(d) are used to test the predictions of the critical volume
hypothesis (1). The expansion caused by each gas mixture at its ED;, pressure for non-tonic death is calculated
according to (2) (for details of the method, see Miller (1977)). The good fit (r, 0.95) obtained when carbon
disulphide (a) (8, 10.0) is used as model solvent is contrasted with the worst fit (r, 0.86) obtained when
cyclohexane (b) (8, 8.2) is used as model solvent. The inset to (a) shows the same data scaled to illustrate the
extrapolation required to obtain the critical volume change for non-ionic death (AV, in (1)).

TABLE 1. DERIVED PHYSICAL PARAMETERS OF VARIOUS SITES OF ACTION

estimated
solubility
parameter, critical volume compressibility
physiological (6+sd.) nearest model change 10°(f+s.d.)
end point (cal ml™1)2 solvent (8) (AVxs.d.) (%) atm™
complete spasms? 984+04 CS, (10.0) —0.64+0.17 10.5+1.65
clonic convulsions 9.14+04 CeHg (9.2) —0.96+0.12 13.84+1.61
tonic convulsions 9.4+0.4 CeHg (9.2) —0.66+0.14 9.6+1.73
non-tonic death 9.84+0.4 CS, (10.0) —1.27+40.11 12.0+0.92
anaesthesiat 10.84+0.1 Octanol (10.3) +0.494+0.03 2.6+0.31

t From Miller et al. (1978).

range of solubility parameters between 9.1 and 9.8, all consistently less than that for the
anaesthetic site.

Next, to derive the compressibility of the site of action, we have used a solvent model that
matches as closely as possible the solubility parameter of the site of action in each case. The
compressibility is then derived from plots like those in figure 4 and the relation in (1). Table 1
shows the four h.p.n.s. end points to have compressibilities in the range 107*~14 X 107 atm™,
all clearly higher than that for the anaesthetic site of 2.6 x 1075 atm™'. The following pairs of
h.p.n.s. end points seem to be statistically distinguishable: clonic convulsions and tonic
convulsions (p < 0.01); complete spasms and clonic convulsions (p < 0.01).

The percentage critical volume change for all h.p.n.s. end points is negative, as demanded
by the hypothesis. The magnitudes range from —3} 9%, to —49%,. The absolute magnitudes of these
changes are all larger than that responsible for anaesthesia.

The precision of the analysis is not so great as when it is applied to general anaesthesia. There
are several reasons for this. First, the ED;, for an anaesthetic can be obtained at greater precision
than for an h.p.n.s. end point. Secondly, and of greater importance, the pressure range over
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which data may be obtained must be considered. For the pressure reversal of anaesthesia, data
have been obtained from ambient pressure up to 100-150 atm. Figure 2 shows that for h.p.n.s.
the data start at high pressure and cover a much smaller range of pressure. The inset in
figure 4a illustrates the long extrapolation that is required to obtain AV, as a consequence.

DiscussionN
Experimental findings

Our data make two fundamental points. First, helium pressure is not equivalent to
hydrostatic pressure and secondly, all the inert gases protected against all four h.p.n.s. end
points studied.

Helium pressure is not equivalent to hydrostatic pressure because helium has a weak
anaesthetic effect that is related to its lipid solubility (Dodson et al. 1982). In tadpoles, the effects
of hydrostatic pressure are postponed by 35 atm when compression is done with helium. In
liquid-breathing mammals, the h.p.n.s. is also observed at lower pressures than in helium-
breathing animals (Lundgren & Ornhagen 1976), but a better test would be to compare
liquid-breathing mammals in the presence and absence of helium, to eliminate the physiological
differences between liquid- and gas-breathing animals. Should the dream of liquid-breathing
human divers ever become a reality, the absence of the anti-h.p.n.s. effect of helium would have
to be considered. We can predict (1) that the four h.p.n.s. end points would occur at 20-30 atm
higher pressures during helium compression than during hydrostatic compression.

The five inert gases all protected against the four phases of the h.p.n.s. studied. Figure 2
suggests that this protection is roughly proportional to the anaesthetic potency of each gas. In
principle, any of these gases could be substituted for nitrogen as an additive to helium for deep
diving. These findings are consistent with the more limited data of earlier workers reviewed
in Brauer et al. (1982) and Halsey (1982). On the other hand, these inert gases protected against
some aspects of the h.p.n.s. much better than against other aspects. As an example, the increase
in symptom pressure per fraction of an anaesthetic partial pressure added to helium was some
three times greater for tonic convulsions than for complete spasms or non-tonic death. This
resulted in an inversion of the order of appearance of symptoms, such that at high anaesthetic
partial pressures non-tonic death occurred before observation of tonic convulsions (figure 2).
The relative insensitivity of the complete spasms phase is notable. This phase is the first we
observed after the onset of tremors. Should tremors turn out to be particularly sensitive to
addition of anaesthetic gases, then the possibility exists that the spasm phase might be
encountered before the tremor phase of the h.p.n.s. This might be unfortunate in manned
diving. However, the median onset pressures for these two end points are separated by about
35 atm in mice (see the results) so this possibility appears to be remote.

Theoretical predictions

The interaction between the partial pressure of helium and that of anaesthetic gases has now
been examined for five physiological end points. The formalism of the critical volume hypothesis
is consistent with the observed data in all cases, although the physical parameters of the sites
for several of the end points are different. Are the parameters we have derived physically
realistic?

The solubility parameter for all five sites fall in a narrow range, from 9.1 to 10.8. Typical
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liquids range in values from about 6 for fluorinated hydrocarbons to 23 for water. Why do
we observe such a narrow range? It is not possible to derive solubility parameters for such
complex ‘solvents’ as biological membranes, lipid bilayers, or proteins. However, the available
experimental data show that the solubilities of small gases in biomembranes are very insensitive
to their composition (Miller ef al. 1977), and this observation is consistent with our findings
here.

The compressibility derived from our theoretical analysis (table 1) is essentially an adjustable
parameter. It must fall, however, within physically realistic limits. Values for some common
hydrocarbons range from 6 x 1075 to 17 x 107® atm™ (see, for example, Miller et al. 1978).
There are little data for the compressibility of lipid membranes, but those available lie within
this range (Liu & Kay 1977). So our parameters are physically reasonable.

These analyses suggest that the anaesthetic gases exert their effects at different sites of action.
The anaesthetic site is clearly distinguishable from the h.p.n.s. sites by its small compressibility
and high solubility parameter. The sites at which the gases oppose the different phases of the
h.p.n.s. are partially resolvable. In particular, both tonic and clonic convulsions, and complete
spasms and clonic convulsions are well resolved. In these same mice a more detailed
pharmacological dissection was capable of distinguishing all these sites (Rowland-James ¢t al.
1981). Other workers have made more extensive studies in a number of species, with similar
conclusions (Brauer et al. 1974.a; Brauer et al. 1975; Beaver et al. 1977). These dissections, which
attempt to elucidate the mechanisms underlying the h.p.n.s., should be interpreted with
caution, because one cannot distinguish between those actions that directly counter the
generation of the h.p.n.s. at its source, and those that act indirectly on the pathways that are
involved in the behavioural expressions of the stimuli emanating from the generating focus or
foci.

Implications for diving practice

Our characterization of the physical properties of the action of these inert gases is illustrated
in figure 5 to emphasize an important corollary of our approach: that the net effect of helium
pressure need not be to compress hydrophobic media. Equations (1) and (2) suggest that if
a medium has a low enough compressibility and a low enough solubility parameter (solubility,
x, is inversely related to the solubility parameter, ), helium might cause net expansion. How
likely is this to happen in practice? In figure 5 we have indicated the dividing line between sites
where expansion or compression would occur. This line is not well separated from our observed
sites. So it seems probable that sites could occur where helium causes net expansion and where
it will thus interact additively with other anaesthetic gases. In fact, additivity between helium
and nitrogen has been reported in rats undergoing behavioural tests (Thomas 1975; Thomas
& Burch 1975).

If there are important behavioural end points where helium has the net effect of an
anaesthetic, the use of helium—inert gas mixtures (Trimix) in deep diving would be seriously
undermined. While this rémains just a possibility, the ultimate limitations of the Trimix tactic
are now quite clear, and they stem quite naturally from the difference between the anaesthetic
site and the h.p.n.s. sites. Had these sites had similar properties, both anaesthesia and h.p.n.s.
could have been postponed indefinitely by adding the correct quantity of anaesthetic gas (Miller
et al. 1972a). However, the higher compressibility of the h.p.n.s. sites compared to the
anaesthetic site aborts this possibility. To illustrate the inherent limitation of the Trimix tactic
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we have calculated the percentage of nitrogen that yields a median end point for anaesthesia
and for three of the h.p.n.s. end points, as a function of pressure (figure 6). This scheme defines
the gas mixtures that prevent these symptoms in mice. Mixtures to the left of each labelled
line would be therapeutic. This clearly demonstrates that one cannot avoid all end points at
the highest pressure, although one has some control over the form of the incapacitation!

15~
\
w L\
o \ anaesthesia .
g \ complete non-tonic
g \\ + spasms death
[
g 1o \ ;FT’:‘}
: \ —
= \ . .
‘3 \ tonic clonic
%’ L \ convulsions convulsions
helium \, helium
expands \compresses
5 ] AN } | | J
0 5 10 15

10° (isothermal compressibility, £)/atm™!

F1GuRE 5. The best estimate of the solubility parameter (8) and of the isothermal compressibility (8) are represented
for the four h.p.ns. end points and for anaesthesia in male CD-1 mice. No correlation between the two
parameters is intended. The dashed line delineates the physical properties of solvents for which AV, = LPae
at 100 atm (i.e. there is no net volume change when exposed to this partial pressure of helium). Note that
solubility increases as & decreases.

Figure 6 shows that significant improvement in attainable pressure may be obtained by
adding nitrogen to helium (any other anaesthetic gas would exhibit the same form, but the
percentage axis would vary and the line for anaesthesia would shift to the right or left in
proportion to the added anaesthetic potency of the gas). Thus, as pressure increases above
83 atm, complete spasms can be avoided by the addition of more and more nitrogen, but at
about 160 atm, the percentage of nitrogen required to further postpone complete spasms would
cause anaesthesia. Indeed, the spectre of convulsing anaesthetized mice has been observed by
two groups of workers (Miller 1977; Beaver et al. 1977). Thus, under given circumstances one
cannot expect to indefinitely extend the depth limit attained with helium by adding an
anaesthetic gas. The degree of obtainable protection will vary with the physical properties of
the site involved. For example, very good protection may be obtained from tonic convulsions.

Thus, successful application of the Trimix tactic involves defining those h.p.n.s. end points
that one wishes to avoid and characterizing their sensitivity to anaesthetics systematically, while
being alert to the fact that this sensitivity may vary dramatically and need not a priori be
antagonistic.

Our analysis in figure 6 is for CD-1 mice ‘diving’ at a compression rate of 1 atm/min. The
lines accurately represent these data, but other species might behave differently, and slower
compressions would cause some shift of the h.p.n.s. lines to the right, but not of the line for
anaesthesia. Thus, in no sense does the figure quantitatively represent the situation for man.
However, a similar analysis may well be applicable if only systematic data were available.
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Examination of the literature does allow some semi-quantitative data to be obtained for the
incidence of narcosis in helium—nitrogen mixtures at pressures up to 30 atm (Proctor et al. 1976;
Bennett et al. 1974). Additionally, some data of Smolin, Vigreux, and Zaltsman are not readily
available but have been reviewed (Hunter & Bennett 1974). The use of these data to calculate
the expansion caused by the helium with nitrogen, as a function of total pressure, yields the
estimate that for nitrogen narcosis, the compressibility is 2 x 107°-4 x 107% atm™" and the
critical volume change is 0.04-0.089%, when carbon disulphide is arbitrarily chosen as the
model solvent. For anaesthesia, in our mice, with the same solvent, the compressibility is
2.1 x 10~% atm™! and the critical volume is +0.63 %,. These observations of pressure reversal
of nitrogen narcosis in man suggest that nitrogen narcosis is mediated by a site with a
compressibility similar to that for anaesthesia in mice, but is experienced at critical volumes
some ten times lower. The behaviour of such a site is sketched on figure 6. At depths deeper
than 250 m, this limit flattens out at about 159%,. To avoid narcosis, lower percentages of

nitrogen should be used. This semi-empirical prediction seems to be consistent with practice
(Bennett et al. 1974).

anaesthesia

complete spasm

percentage of N, in He
o
=)
I

- tonic convulsions

non-tonic death
| |

I
0 100 200

pressure/atm

Ficure 6. The composition—pressure diagram for nitrogen—helium mixtures showing the calculated median
conditions under which anaesthesia, tonic convulsions, and non-tonic death occur in 509%, of mice when

compressed at 1 atm/min. The broken line suggests the mixtures for which nitrogen narcosis would be
encountered in men (see discussion).

Overall, our studies show that a remarkably simple semi-empirical null model provides a

very useful guide to the application of the Trimix tactic without in any way obscuring the
complexity of the h.p.n.s.

The potential uses of hydrogen

As pointed out in the introduction, the use of hydrogen—oxygen instead of helium-oxygen
for deep diving would have several practical advantages. Furthermore, in a number of human
dives done with hydrogen—oxygen mixtures (for a review, see Fife (1979)), neither inert gas


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

80 R.A.SMITH, B. A. DODSON AND K. W. MILLER

narcosis nor h.p.n.s. has been reported at the depths so far achieved (about 160 m). The
reactivity of hydrogen—oxygen mixtures has been overcome by maintaining the oxygen content
below the explosive limit of 4 %,. Here we examine the small animal data, place them in the
context of the critical volume hypothesis, and provide some predictions for mixed gas diving

with hydrogen.

TABLE 2. EFFECTS OF HIGH PRESSURES OF HYDROGEN

pressure needed

species for anaesthesia/atm effects of pressure reference
mice CD-1 130 weak h.p.n.s. Brauer et al. (1970)
mice 1801 — Kent et al. (1976)
newts over 204 none Miller et al. (1973)
tadpoles 200 none Dodson et al. (1982)

1 Extrapolated from N,O-H, mixtures up to 100 atm.

The anaesthetic potency of hydrogen is weak, but a wide variation has been reported. The
data for small animals are summarized in table 2. The values reported range from 130 atm
to greater than 200 atm. Compared with other gases, this variability is large. However, looked
at in the context of (1) this variability is not puzzling. Equations (1) and (2) show that the
higher the anaesthetic partial pressure, the larger the two opposing effects of compression and
expansion. Thus the critical volume, AV, becomes a small difference between two large
numbers at high pressure, and small interspecies or interstrain differences in the inert gas-lipid
partition coefficient or compressibility, or both, can cause comparatively large fluctuations in
the predicted anaesthetic potency.

Much less data are available for the occurrence of the h.p.n.s. in small mammals compressed
on hydrogen—oxygen. In one study, tremors followed by convulsions in 109, of the mice, were
reported at pressures up to 130 atm (Brauer & Way 1970). In a later study, hydrogen elevated
h.p.n.s. thresholds with a potency about one third that of nitrogen when added to helium
(Brauer et al. 1968; 197456). Studies in primates have also been reported (Brauer ef al. 1968,
1972 ; Rostain 1980). Substituting hydrogen for helium produces an effect at very high pressures
(above 100 atm), similar to those for certain mixtures of helium and nitrogen; so that both
anaesthesia and the h.p.n.s. may be observed simultaneously (figure 6).

Like the other gases we have studied, the anti-h.p.n.s. potency of hydrogen is proportional
to its anaesthetic potency, and so it fits into the framework that we have developed. If one were
to choose a single gas for deep diving, rather than a mixture, this would be the gas of choice.
(We have not examined neon here but its predicted behaviour is closer to that of helium than
hydrogen.)

Theoretical calculations of the behaviour of hydrogen are subject to large errors in the
predicted pressures for anaesthesia and the h.p.n.s. because the critical volume is achieved as
the balance of two large, opposing effects, as discussed above. Within these limits, however,
the behaviour of a number of gases and mixtures have been characterized in figure 7, in which
the net volume change as a percentage of the critical volumes for anaesthesia and complete
spasms have been calculated as a function of pressure. The results are in general agreement
with the small animal data summarized above. The relative potency for cavsing h.p.n.s. is, in
descending order, hydrostatic pressure, helium, neon (not shown for clarity), hydrogen. The
model also shows that the addition of two and a half times (in percentage terms) more hydrogen
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than nitrogen to helium produces equivalent mixtures for the postponement of complete spasms.
So, one would predict that, since 5109, (by volume) nitrogen in helium is a useful mixture
for the deepest human dive, 209, (by volume) hydrogen in helium would also be beneficial.
Much larger percentages would be acceptable at lesser depths. The advantage of hydrogen—
helium mixtures would be a probable further reduction in flammability relative to undiluted
hydrogen (Karpov & Severin 1978) and a reduction in respiratory load relative to helium—
nitrogen mixtures. We emphasize, finally, that the anti-h.p.n.s. efficacy of hydrogen should be
no different from that of nitrogen; it is simply less potent, thereby allowing a greater dilution
of helium. Thus the ultimate attainable depth will not be altered unless respiratory load proves
limiting in practice.

100

N,:He(20:80)

anaesthesia
T

fraction of ¥, (%)

complete spasms

o
(=
S

100 200

total pressure/atm

Ficure 7. The ability of some gases and their mixtures to cause either general anaesthesia (solid lines) or complete
spasms (broken lines) has been calculated from (1) and (2) with the corrections described previously (Miller
et al. 1973; Miller 1977). The expansion (1) has been normalized to a percentage of the respective critical
volumes. Parameters for the calculations have been given (Miller et al. 1978). Abbreviation: h.p., high pressure.

PERSPECTIVES

In 1970, at the Third International Conference on Hyperbaric and Underwater Physiology,
impetus to the use of gas mixtures in deep diving was given by three papers. The first showed
that the addition of anaesthetic gases to helium postponed onset of the h.p.n.s. (Brauer et al.
1972); the second, that helium pressure reversed the anaesthetic effect of those anaesthetic gases
that postponed the h.p.n.s., suggesting a useful trade-off (Miller et al. 1972); and the third
described the first manned dive to greater than 450 m (Bennett 1972). Since then the use of
helium—nitrogen mixtures has been explored both in men and mammals. Our work shows the
balance between anaesthesia and four severe phases of the h.p.n.s. and includes systematic data
at much higher pressures than previously defined. The increase in median pressure that can
be obtained without onset of anaesthesia depends on the phase of the h.p.n.s.; for example,
it is very much greater for tonic convulsions than for complete spasms. Therefore, in man,

6 Vol. 304. B
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systematic testing of all relevant performance parameters should be made and optimum trade-offs
sought.

An alternative approach under development is to use more selective drugs. This approach
may well be beneficial, but again differential action should be expected. In our studies only
anaesthetics protected against all phases of the h.p.n.s.; more selective drugs did not
(Rowland-James et al. 1981). In one case some phases of the h.p.n.s. were ameliorated but others
were exacerbated.

Dramatic improvements in the ability to combat the h.p.n.s. are only likely to come from
a better understanding of the underlying processes. Even if it proves difficult to extend
operational pressures, the removal of the need for slow compression would be a great advantage.
In this context, recent studies of Weddell seals fitted with depth recorders showed these
mammals reaching depths of up to 500 m at rates of about 100 m/min (Hill ¢ al. 1983).
Whether the mechanism that permits this involves adaptation in excitable membranes ( Janoff
& Miller 1982), elevated levels of endogenous compounds such as the B-carbolines, elevated
partial pressures of nitrogen in cerebral blood flow, or other undetermined factors remains
unknown, but the observation itself poses a clear challenge.
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Discussion

T. R. HenNessy (A.M.T.E. Physiological Laboratory, Gosport, U.K.). The remarkable diving
performance of the Weddell Seal (500 m on a 5 min dive) may provide an opportunity to
distinguish between the effects of pressure per se and dissolved inert gas, provided, of course,
that the partial pressure of nitrogen on the seal’s brain does not reach the high levels suggested
by Dr Miller. A rough estimate of the nitrogen tension may be made by assuming that the
brain can be modelled as a single linear compartment with a half-time for gas uptake of say
5 min. On a 5 min parabolic compression profile passing through 500 m (this allows a full
minute between 480 and 500 m), this simple model predicts a peak nitrogen tension of 1.5 MPa
(compared to the peak arterial tension of 41 MPa). This value will be even lower if the lung
contents are completely absorbed or partially distributed, or both, in tissues other than the
brain.

K. W. MiLLER. Little is known about the respiratory and circulatory dynamics of free diving
seals, but certainly the possibility that nitrogen might play the role of an ‘endogenous’
anti-h.p.n.s. agent has not escaped attention. In support of this idea some recent measurements
in dolphins have demonstrated elevated partial pressures of nitrogen in muscle tissue following
shallow dives (Ridgway & Howard 1979). Since only a few atmospheres partial pressure of
6-2
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nitrogen in the seal’s central nervous system would have a considerable protective effect, the
use of this mechanism seems quite probable. However, the upper limit of 1.5 MPa that Dr
Hennessy calculates would cause severe narcosis if it were attained; this suggests that other
mechanisms do limit nitrogen uptake in the seal as they do in the dolphin.
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