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Hunter, W. L., Jr., and P. B. Bennett. 1974. The causes, mechanisms, and prevention of the high
pressure nervous syndrome. Undersea Biomed. Res. 1(1): 1-28.—The literature concerning the high
pressure nervous syndrome is reviewed. The HPNS complex has the following characteristics in a
variety of invertebrates and vertebrates, including man. It usually appears at depths somewhat
greater than 500 fsw, Its symptoms involve primarily the central nervous system, being manifested
as neuromuscular disturbances with incoordination, fasciculations and tremors or as disturbances
of higher cerebral functions with disorientation, microsleep, and in animals, convulsions. These
neurological aberrations can be correlated to some degree with changes in the electro-
encephalogram. The development and intensity of HPNS is augmented by rapid compression to
depth. This symptom complex seems to be a manifestation of some aspect of hydrostatic pressure
per se, rather than the result of other more indirect effects of increased ambient pressure. The use
of excursion diving or anesthetic gases and anticonvulsants may offer some degree of protection
against this phenomenon. Attention is called to the difference between the compression syndrome
and the hydrostatic pressure syndrome.
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In 1965 the Royal Naval Physiological Laboratory (RNPL) Alverstoke, Great Britain, was
conducting a series of deep chamber dives to depths of 600 to 800 feet of sea water (fsw).
During the course of these dives the subjects were noted to develop coarse tremors involving
the extremities or even the whole body, accompanied by nausea, occasional vomiting, dizzi-
ness, and vertigo. This condition led to a severe decrement in psychomotor performance,
especially in any task requiring manual dexterity, as well as documented decrements in
cognitive function (Fig. 1). However, it was noted that after some 90 minutes at depth the
subjects gradually returned to normal (Bennett 1965; Bennett and Dossett 1967). Subse-
quent experimental dives confirmed the existence of this entity (Bennett 1967; Hamilton et
al. 1967; Zaltsman 1968) and noted a relationship of the symptoms with rate of compres-
sion. It was demonstrated that if compression rates were kept sufficiently slow, symptoms
were kept to a minimum (Overfield et al. 1969).

In 1968 a French dive to 1189 fsw was aborted because of the development of electro-
encephalographic changes associated with somnolence and confusion (Fructus et al. 1971).
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Fig. 1. Tests of performance efficiency on six men at 19.2 ATA (600 fsw) breathing 5:95%
oxygen/helium with compression at 41 ft/min. There is a decrement on compression with recovery in
1-1% hours (Bennett 1965, 1967).

Similar changes had been seen earlier in animal experiments as a prelude to the development
of generalized seizures (Brauer et al. 1966). This complex of tremors, EEG changes, and
somnolence was termed the High Pressure Nervous Syndrome (HPNS) (Brauer 1968). Since
that time numerous deep dives, animal experiments, and pharmacological studies have been
conducted in an attempt to elucidate the nature of this syndrome, its possible etiology, and
possible methods to counteract it. The purpose of this paper is to summarize these studies,
attempt to draw conclusions based on current knowledge, and point out specific problems
that must be solved before man’s diving capabilities can be extended to great depths.

ASPECTS OF THE HIGH PRESSURE NERVOUS SYNDROME IN HUMANS

Various general descriptions of HPNS have been published (Bennett and Towse 1971b;
Fructus and Agarate 1971; Fructus et al. 1971; Fructus and Conti 1971; Fructus and
Vigreux 1970). These descriptions are in agreement regarding the basic characteristics of this
syndrome. Compression rate seems to affect when symptoms begin and their severity. When
the French Physalie series of dives, for example, utilized a compression rate of approximate-
ly 8.25 ft/min without rest stops, the following pattern was seen. Tremors appeared at 21
ATA; electroencephalogram (EEG) changes began at 25 ATA: motor incoordination de-
veloped at 33 ATA. By 35 ATA the subjects were experiencing loss of alertness, and by
36 ATA they had developed extreme indifference and decreased comprehension (Fructus
and Vigreux 1970). In general, symptoms have tended to rapidly abate with the be-
ginning of decompression (Fructus et al. 1971), although EEG changes may persist for
somewhat longer (Bennett and Towse 1971b). It has been the consensus of a number of
authors that there are no residual effects. Personal observations by subjects have cor-
roborated these patterns (Brauer 1968). Brauer describes the tremors precluding his note-
taking at depth. In addition, he relates a certain degree of disorientation and confusion in
reading dials. However there are no comments in relation to residual effects after dives.

Neuromuscular signs and symptoms tend to be the initial manifestations of HPNS. One
group has described fine resting and intention tremors in a dive to 1000 fsw utilizing a
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compression rate of 40 ft/hr (Summitt et al. 1969). Many authors have described gross
resting and intention tremors of the limbs and body of varying severity (Bachrach et al.
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Fig. 2. Percentage change in postural tremor measurements during exposure of two subjects to 1500
fsw in stages with compression at 16-17 ft/min. At depths greater than 600 fsw each compression phase
elicits in one subject (JB) a marked increase in tremor, which recovers with time at the stage, together
with an overall increase in resting tremor, which does not improve with time. The other subject (PS) is
unaffected (Bennett and Towse 1971a).

1971; Bennett 1971b; Bennett et al. 1970; Bennett and Towse 1971b; Brauer 1968; Buhl-
mann et al. 1970; Fructus and Agarate 1972; Fructus et al. 1971; Fructus and Vigreux 1970;
Morrison et al. in press; Naquet and Rostain in press; Schaefer et al. 1970). Depth at onset
and severity have been almost uniformly correlated with compression rate. Other experiment-
ers have noted muscle fasciculations (Brauer 1968; Fructus and Agarate 1972) or myoclonic
jerks and spastic movements (Brauer 1968). Loss of coordination has been noted (Fructus
and Agarate 1972; Fructus and Vigreux 1970; Waldvogel and Buhlmann 1968), which may
be on the basis of tremor. Various attempts have been made to measure or quantify these
tremors. Early experiments utilized tests to quantitate manual dexterity, such as the ball-
bearing test (Bennett 1965, 1967; Bennett and Towse 1971a). More recent attempts have
used transducers attached to the subject’s fingers (Bachrach and Bennett 1973b; Bachrach et
al. 1971; Bennett and Towse 1971a) or a magnetic finger ring held over an induction coil.
Such measurements have shown enhancement of tremors by compression (Fig. 2) with
gradual return towards normal levels during rest periods (Bachrach and Bennett 1973b;
Bennett and Towse 1971b). It has also been noted that there are consistent, idiosyncratic
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differences in the tremor patterns of different individuals, leading to the concept of individ-
ual tremor signatures (Bachrach et al. 1971; Hamilton in press), which might conceivably be
used as a monitoring standard. Tremor measurements have shown increases in tremor ampli-
tudes in a wide range of frequencies (Hamilton in press) with special augmentation of the
6-10 Hz band (Fig. 3) (Bachrach and Bennett 1973b; Hamilton in press; Zaltsman 1961).
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Fig. 3. Changes in the power spectrum of intention tremor during compression of two subjects to 600
fsw with oxygen-helium at 50 ft/min. Compression induces a rise in the 6-10 Hz bands as seen in GH.

All normal tremors, on frequency analysis, show a large frequency component between
8-12 Hz, whereas Parkinson’s disease has a rest-peak frequency of 3-8 Hz as is also the case
with cerebellar diseases. A postural tremor of 8-12 Hz is found in alcoholism and thyrotoxi-
cosis and during the shivering of cold. Thus, the type of measurement and the frequency
characteristics can be diagnostic. Bachrach and Bennett (1973b) have recently reviewed the
neuroanatomical pathways involved in tremor.
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It is necessary to be clear in describing a given technique for measurement of tremor and
to amplify the physical characteristics quantified, the conditions which elicited them, and
the type of tremor. A useful classification is that of Brumlik and Yap (1970) into rest
tremor, postural tremor, and intentional tremor, which includes normal and abnormal ex-
pressions of these. Rest is defined as the state with no voluntary innervation of the muscles.
Postural refers to when the part is voluntarily held still against the force of gravity—as when
the arm is outstretched. Intentional tremor is that seen on purposeful movement.

It has been assumed that the tremors of HPNS represent an augmentation of normal
resting tremor. However, there is good evidence that normal resting tremor is cardiovascular
in origin (Brumlik 1962), which would imply totally different etiologies. One apparent
difficulty in tremor measurements, especially in helium atmospheres, is isolating the effects
of shivering (Bachrach et al. 1971). However, this can be overcome by close attention to
chamber ambient temperatures.

In addition to neuromuscular disturbances, several authors have noted disturbances in the
function of other specialized neurophysiological systems, specifically the special sensory
organs. Nausea (Bennett 1965, 1967, Buhlmann et al. 1970) and dizziness with occasional
vertigo (Buhlmann et al. 1970) have been reported. These symptoms, although temporarily
troublesome, abate within several hours of arrival at depth.

It is apparent that at least two complex neurophysiological systems are functionally
impaired by exposure to extreme depths. More generalized impairment can be seen in the
effects of deep diving on higher cerebral function. Even in dives to moderate depths (23
ATA or 759 fsw) in which tremors are not seen, subjects may develop a loss of attentiveness
(Waldvogel and Buhlmann 1968). In deeper dives, such as Sagittaire I1 (1640 fsw) and
Physalie V (1706 fsw), loss of attentiveness was apparent on reaching depths of 1200 fsw
(Fructus and Agarate 1971: Fructus et al. 1971; Fructus and Conti 1971). Because of
considerable variation between subjects, Fructus and Charpy (1972) suggest that this may be
related to basic intelligence of the subject. Other studies relate subjects having difficulty in
reading dials and having a disturbance in right-left orientation (Brauer 1968). In both British
and French dives, periods of microsleep have been observed at the depth extremes of the
dives (Bennett and Towse 1971b; Brauer 1968; Fructus et al. 1971; Naquet and Rostain in
press). This microsleep is characterized by brief bouts of somnolence from which the subject
is easily aroused by external stimuli. The transition between wakefulness and sleep is almost
instantaneous and imperceptible. Again in the Physalie series dives, extreme indifference and
decreased comprehension were noted in some subjects at the extremes of depth (Fructus and
Vigreux 1970).

Numerous efforts have been made to interpret these neuromuscular and neurophysiologic
changes by the use of electroencephalography. However, measurement of the electro-
encephalogram without on-line frequency analysis (Fig. 4) may show little change on visual
appraisal unless the HPNS is severe. Commonly reported is a decrease in mean frequency
(Bennett and Towse 1971b; Proctor et al. 1972) with a decrease in the number of high-
amplitude waves (Fig. 4). Often a decreased percentage of alpha waves (8-13 Hz) in the
tracings occurs (Bennett et al. 1970; Bennett and Towse 1971b; Fructus et al. 1971; Mor-
rison et al. in press; Proctor et al. 1972) which may even be seen at very shallow depths with
compression rates of 100 ft/min (Bennett and Towse 1972). The most consistent EEG
change is an increasing percentage of theta waves (5-8 Hz), which may occur at depths as
shallow as 400-600 fsw (Fig. 5) (Bennett et al. 1970; Bennett and Towse 1971b; Fructus et
al. 1971; Fructus and Vigreux 1970; Morrison et al. in press; Proctor et al. 1972). Theta
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Fig. 4. Frequency analysis and electroencephalogram of two subjects breathing oxygen-helium at 50
fsw and 1500 fsw with eyes open and closed. At 1500 fsw, there is a reduction in EEG activity and an
increase in theta activity (Bennett and Towse 1971b).

activity tends to begin as spurts in the temporo-occipital areas, which spread to involve
anterior and middle regions of both hemispheres as compression progresses (Fructus and
Vigreux 1970). There seems to be a tendency for suppression of this theta activity by
keeping the eyes open, but if compression continues, the EEG is transformed first to a stage
I sleep tracing, then to a stage II sleep tracing. Ultimately these effects are no longer reversed
by opening the eyes or by external stimuli. EEG changes are elicited on compression, tend to
be maximal immediately following compression, and revert towards baseline if pressure is
held constant; they may not, however, return to baseline levels until well into decompression
(Bennett et al. 1970; Bennett and Towse 1971b; Fructus et al. 1971 Morrison et al. in press;
Proctor et al. 1972). Theta activity, once elicited, continues to rise for some 6 hours,
regardless of the fact that compression has ceased. After the 6 hours, the theta falls to more
normal values over a further 12 hours. Authors have not reported any residual problems.
One report states that after a 7-ATA helium-oxygen exposure of 2 weeks duration, large
amounts of spindle-stage activity and slow wave sleep patterns were seen. However, the
subjects of this dive had experienced prior sleep deprivation, which may have led to the
observed changes (Hock et al. 1966).

In addition to the EEG, evoked brain responses have been observed during deep dives.
Investigators have found a progressive decline in the auditory evoked response (Bennett and
Dossett 1972; Bennett et al. 1970; Bennett and Towse 1971b; Langley in press; Morrison et
al. in press). This has attained as much as a 50% decrement in amplitude at 1500 fsw. Visual
evoked responses have not yielded as consistent a decrement and sometimes there was no
change (Kinney and McKay 1971; Kinney et al. 1972). Somatic evoked responses increased
in amplitude, accompanied by an increase in threshold for sensory stimulation in studies by
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Fig. 5. Percentage change in the electroencephalogram (eyes closed) of a subject exposed in stages to
1500 fsw breathing oxygen-helium. On compression at depths greater than 600 fsw there is a rise in theta
activity over 6 hours followed by a fall over a further 12 hours. At depths greater than 1300 fsw there isa
reduction in overall activity (Bennett and Towse 1971b).

Langley (in press) who interpreted this finding as reflecting the microsleep phenomenon
described previously.

Monitoring of brain biopotentials yields valuable information, but such information does
not necessarily correlate well with the subject’s ability to function normally. In order to
assess function, some objective measure of functional impairment must be made. Per-
formance on a variety of tasks has been utilized as such an index.

Several psychomotor tests involving manual dexterity have revealed performance decre-
ments of as much as 50-60% (Fig. 6) (Bennett 1967; Bennett and Towse 1971a; Biersner

+30 PERFORMANCE TESTS Subject - JB

Fig. 6. Percentage change in performance of a subject exposed to 1500 fsw breathing oxygen-helium.
Psychomotor tests indicate a marked decrement related in the most sensitive test (ball-bearing) to
compression phases. Intellectual tests such as the arithmetic test show no change from predive controls
(Bennett and Towse 1971a).
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1971; Bradley et al. 1968; Buhlmann et al. 1970; Fructus and Charpy 1972; Morrison et al.
in press; Parker 1969; Weybrew and Parker 1968). Bradley et al. (1968) state that the
decrement in psychomotor performance averages 1.5% per 100 feet of depth. Correlating
closely with tremors, the efficiency of psychomotor performance decreases during compres-
sion, then gradually returns over 1% hours to more normal levels as the pressure is held
constant (Bennett and Dossett 1967; Bennett and Towse 1971a; Buhlmann et al. 1970).
However, levels may never be attained until well into decompression. Several studies have
revealed no decrements in psychomotor performance, but these dives were characterized by
either shallower depths (650 fsw) (Hamilton et al. 1966) or by relatively slow compression
rates (Lambertsen in press; Schaefer et al. 1970). Cognitive performance or mental per-
formance, when not requiring manual dexterity, has generally remained intact at depth
without decrement (Bennett 1971b; Bennett et al. 1970; Bennett and Towse 1971b;
Biersner 1971; Biersner and Cameron 1970b; Fructus and Agarate 1972; Hamilton et al.
1966; Lambertsen in press). However, long-term memory (60 minutes) has been observed to
decrease (Biersner and Cameron 1970a; Bradley et al. 1968) and short-term memory (5
minutes) was unaffected. The authors reason that this memory decrement may have been
due to psychological stress, pointing out the necessity for control of this variable. With very
fast compressions, such as 100 ft/min, a decrement in mental performance has been noted
(Bennett 1965; Bennett and Dossett 1967; Zaltsman 1968). This may occur without EEG
changes but with dizziness, nausea, and possibly vomiting (Table 1).

TABLE 1

Mean psychomotor and cognitive decrement
during oxygen-helium exposures to 600 fsw and 800 fsw.

Depth 600 fsw* (n=6) 800 fswi (n=4)
Sums correct —18% —42%
Sums attempted —4% —6%
Ball-bearing test —25% —53%

*Compression rate = 41 ft/min (Bennett 1965).
TCompression rate = 91 ft/min (Bennett and Dossett 1967).

Numerous studies have noted considerable individual differences in susceptibility to
HPNS (Bachrach and Bennett 1973b; Bachrach et al. 1971; Bennett 1967; Bennett 1971a;
Biersner and Cameron 1970b; Fructus and Conti 1971; Naquet and Rostain in press). This
includes symptomatology, EEG changes, and performance indices and variability is seen in
both the depth at onset of changes as well as in their magnitude. Some subjects seem more
resistant to the effects of deep diving. The mechanism of this resistance is unknown.

The previous discussion has frequently alluded to compression rate as a factor in the
development of HPNS. Many authors have noted this effect (Bennett 1971b; Bennett et al.
1970; Bennett and Towse 1971a, b, 1972; Brauer 1970a; Buhlmann et al. 1970; Fructus and
Agarate 1971; Fructus and Conti 1971; Morrison et al. in press; Proctor et al. 1972).
Generally, the more rapid the rate of compression, the shallower the depth at onset of HPNS
and the more severe the changes and vice versa. This has led to the use of slower and slower
rates of compression with increasing depth, resulting in a decrease in symptomatology.
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Nearly all changes tend to revert towards baseline levels if pressure is held constant. This has
led also to the development of staged compression in association with slow compression.
However, changes that still occur may not revert to baseline levels until well after decom-
pression is begun. It is important to note that several studies have shown persistent changes
at depth involving symptoms, EEG changes, and performance decrements which did not
reverse despite slow exponential compression with stops (Bennett and Dossett 1972; Bennett
et al. 1970) and prolonged bottom times of as much as 100 hours (Fructus and Agarate
1972). This suggests the possibility that some of the changes may not be related to compres-
sion, but are due to some aspect of increased hydrostatic pressure.

THE HIGH PRESSURE NERVOUS SYNDROME IN ANIMAL EXPERIMENTS

Since HPNS is potentially dangerous to humans, a lot of experimental work with various
animals has been conducted in order to clarify the full extent of this phenomenon. Many
different strains and species have been used. Although there is some variability, the following
general pattern has been observed in a variety of different animals (Bennett and Dossett
1972; Brauer 1972; Brauer et al. 1970; Chouteau et al. in press; Criscuoli and Albano 1972;
Michaud et al. 1972; Parc et al. in press, Zaltsman 1968). The initial manifestations are
usually tremors and ratchety movements. As compression continues the animals develop
localized myoclonic episodes, which progress to generalized clonic seizures. If at this depth
compression is halted, the animals will continue to manifest intermittent seizure activity for
as long as 12 hours. Reduction of pressure will lead to cessation of the seizures. All mani-
festations are reversible to this point with no apparent permanent residual problems. If,
however, compression is continued beyond this level, animals develop generalized tonic
seizures which rapidly proceed to coma and death. Reduction of pressure during these stages
may not affect survival. Therefore, at some depth the syndrome appears to become irreversi-
ble. At given compression rates, threshold pressures for tremors and for convulsions show
strain and species variability (Brauer et al. 1971; Criscuoli and Albano 1972), but the overall
pattern described above is remarkably constant. It appears, in comparing different species,
that susceptibility to HPNS increases with increasing complexity and development of the
nervous system (Brauer, Way, and Perry 1968). The question of possible adaptation to
pressure effects is not settled. Operant-conditioned rats have been observed to manifest
improvement in task performance at depth after frequent repeated exposures (Thomas et
al. in press) but, apparently, convulsion threshold pressure is a constant characteristic in
individual animals (Brauer 1972).

As in analysis of HPNS in humans, electroencephalographs have been extensively utilized
in animal experiments. More positive correlations between observed symptomatology and
EEG changes have been possible. One investigator found little change in EEG frequencies
during the tremor-only phases (Wilcox 1973) but other work has shown the same depression
of fast frequency (Fig. 7) activity (Bennett and Dossett 1972, 1973) previously described in
human experiments (Criscuoli and Albano 1972; Zaltsman 1961). At greater depths poly-
phasic spikes appear with shifting focus, and synchronous and myoclonic activity (Brauer et
al. 1971; Criscuoli and Albano 1972). Ultimately generalized seizure patterns develop which
are synchronous with the animal’s convulsive movements. As coma stages are reached, all
frequencies progressively decrease in amplitude, culminating in cessation of cerebral activity
when the animal dies.
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Fig. 7. Mean percentage change in frequency bands of the spontaneous electroencephalogram during
compression of two rats with oxygen-helium at 10 ft/min to 4000 fsw (Bennett and Dossett 1973).

These changes are seen in cortical EEGs, but some remarkably different manifestations
have been observed by using electrodes implanted in deeper structures of the brain. Using
cats and rabbits in helium-oxygen atmospheres at 10 ATA, Chang-Chun (1960) found that
initial changes occurred in the cerebellum and subcortical ganglia rather than in the cortex.
Other investigators have confirmed this finding (Brauer 1972; Zaltsman 1968). Brauer states
that minor changes in the hippocampus and more dramatic changes in the caudate nucleus
(high-amplitude, high-frequency potentials) may precede cortical seizure activity by as much
as 5 minutes. Zaltsman found that while cortical potentials were manifesting depression,
nonspecific structures in the brainstem and thalamus were exhibiting increased activity. A
pattern emerges revealing hyperexcitability of the more primitive areas of the nervous sys-
tem accompanied by a simultaneous depression of activity in the neocortex. Thus, EEGs in
animals subjected to high pressures confirm the activity seen in man as well as reveal patterns
not yet observed.

Another factor seen in human deep dives that has been confirmed in animal studies is the
importance of the rate at which pressure is applied. Several investigators have documented
increase in tremor threshold pressures by slowing compression rates (Brauer 1972; Brauer et
al. 1969; Brauer et al. 1971; Dossett and Hempleman 1972; Lever, Miller, Paton, Street, and
Street 1971). As an example, Dossett and Hempleman (1972) observed that rats compressed
at a rate of 3 atm/min developed tremors at a depth of 3743 atm (1200-1400 fsw).
However, if the compression rate was slowed to 0.3 atm/min, tremors did not begin until a
depth of 107 atm (3500 fsw) was attained. Convulsion threshold pressures were similarly
increased by slowing compression rates (Brauer 1971; Dossett and Hempleman 1972) al-
though perhaps not to such a marked extent. Brauer notes that convulsion threshold pres-
sure seems to rise linearly with decreasing logarithm of compression rate. Such a beneficial
effect of slowed compression has been questioned with respect to EEG changes. Apparently
neural biopotential alterations at depth are relatively independent of compression rate (Ben-
nett and Dossett 1972).

There are thus some real advantages of slow compression rates. Some question exists as to
whether this should be accomplished by using a slow linear compression, an exponential, or
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by using staged compression. In mice, staging of compression offers no advantage over
continuous compression, but in higher animals the recovery periods offered by staged com-
pression tend to yield superior results (Parc et al. in press).

If data from animal experimentation is to be of practical value, correlations must be
sought with human data and disparities resolved. First of all, there is an apparent paradox in
EEG findings. Humans display depression and microsleep while animals exhibit hyper-
excitability and seizures. However, upon closer inspection the paradox is resolved. Cortical
tracings in animals under pressure do show the alpha and theta wave alterations seen in
humans; it is the deeper, more primitive areas of the brain that manifest hyperexcitability.
To date only cortical EEGs have been monitored in humans. No human subjects have
developed the seizures seen in animals, but neither have they been exposed to such extreme
pressures. It seems reasonable to postulate that a similar augmentation of deep brain activity
may be occurring in human subjects, which we have been unable to measure.

It also seems reasonable to believe that if human subjects are exposed to ever-increasing
pressures, they, too, will develop pressure-induced seizures. Data from primates, when extra-
polated to man, suggests that the mean convulsion pressure for humans compressed at a rate
of 1 atm/hr would fall near 84 ATA (2805 fsw) (Brauer 1972). Data from other species has
been used similarly, with predicted mean convulsion pressures for humans always being
calculated at somewhat greater than 67 ATA (2211 fsw) (Brauer 1972; Brauer, Way, and
Perry 1968; Fructus et al. 1971). The deepest simulated dive to date has been to a depth just
over 2000 fsw by the COMEX company at Marseille. It is apparent that human dives are
approaching depths at which seizures may be anticipated.

ETIOLOGY OF THE HIGH PRESSURE NERVOUS SYNDROME

Many diverse factors have, at one time or another, been suggested as contributing to the
genesis of HPNS. These factors may be conveniently divided into two categories, indirect
and direct effects of increased ambient pressure. Indirect effects of depth include alterations
in the partial pressure of oxygen and/or carbon dioxide, as well as alterations in temperature.
More direct effects of exposure to depth would include osmotic gradients produced by
dissolving of gases, possible toxicity of the diluent gas under pressure, changes induced by
the increased mass of gas dissolved in tissues, and direct effects of hydrostatic pressure itself.
This section will present the evidence both for and against the possible etiologic role of each
of these factors and attempt to assess the likelihood that a given factor is responsible for the
HPNS complex.

OXYGEN

Previous mention has been made that some symptoms of HPNS are found also in some
pathological processes. Lucien and Barthelemy (1970) noted certain similarities with the
symptoms of altitude hypoxia. They postulated that CNS hypoxia was present because of
impaired oxygen diffusion secondary to increased gas density at depth. Chouteau et al.
(1972) noted that some HPNS symptomatology in experimental animals could be reversed
by increasing the inspired partial pressure of oxygen. Histoenzyme analyses in animals also
exposed to a 29 ATA helium-oxygen atmosphere containing 1.6% oxygen (0.46 ATA) for up
to 4 hours revealed changes suggestive of histotoxic anoxia (Michaud et al. 1972). In this
experiment, however, the animals died during the pressure exposure, so that the observed
changes could have taken place during the immediate post-mortem period. Conversely, Over-
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as a possible etiologic factor in genesis of HPNS (Bennett 1967) when HPNS was first noted.
Several authors have noted increased alveolar Pi,  during deep dives, especially during
exercise (Jarrett 1966; Salzano et al. 1970; Schaefer et al. 1968). This has been attributed to
decreased alveolar ventilation secondary to gas density, but Schaefer et al. (1968) noted that
experienced divers tended to retain carbon dioxide during dives even while at rest. This was
explained on the basis of a characteristic breathing pattern seen in trained divers that led to
increases in alveolar PCO;* mixed expired P('Oz , and urine CO, excretion. Arterial levels of
carbon dioxide were not stated. Conversely, Overfield et al. (1969) in the dives cited pre-
viously, found an absence of CO, retention in trained divers, with arterial partial pressures
of carbon dioxide ranging from 30.5 to 42 mm Hg. Using mice pretreated by intraperitoneal
injection of either saline or THAM buffer as a control, Brauer (1972) and Brauer et al.
(1970) found that there was no significant difference in convulsion threshold pressures of
the two groups. Additionally, it was noted that HPNS symptoms will develop even in
CO,-free atmospheres (Brauer 1970a). It should be noted that the characteristic response to
increased carbon dioxide tensions in the absence of hypoxia bears little resemblance to the
symptomatology of HPNS. This fact, when combined with the variable carbon dioxide levels
that have been observed without corresponding variability in the HPNS manifestations and
with the lack of effect of buffers, leads to the conclusion that carbon dioxide retention, like
variations in oxygen levels, probably plays no causative role in HPNS.

TEMPERATURE

The third indirect effect that has been suggested as playing a role in HPNS is variation in
temperature. Although lowered ambient temperatures may induce shivering in helium atmos-
pheres, several authors have demonstrated in animals that lowering core temperatures has no
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