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INTRODUCTION

High environmental pressure exerts critical effects on the nerv-
ous system. Humans exposed to it, mostly professional deep
divers, suffer the high pressure neurological syndrome (HPNS),
which is characterized by disorders of motor, sensory, vegeta-
tive and cognitive functions [1]. The consequences of HPNS
may be so severe that they not only impair divers’ regular activ-
ities and increase their risks, but they may also be the main lim-
iting factor for deep diving. Evidences of HPNS have been ob-
tained in neurological and psychiatric examinations, and also in
clinical neurophysiological studies [2]. This characterization al-
lowed reproduction of HPNS in experimental models in human
and laboratory animals [3]. Various studies have shown that
during HPNS the central nervous system (CNS) paradoxically
combines systemic hyperexcitability with reduction in the con-
duction velocity of axons and depression of synaptic activity
[4]. In extreme cases, HPNS may be seen as a model for epilep-
sy [5] or for acute psychosis [6]. These events contrast with oth-
er notorious effect of pressure at CNS level: the pressure rever-
sion of anaesthesia [7]. This review describes HPNS, correlates
its signs with experimental findings at cellular and molecular
levels, and tries to establish etiological causes.

PRESSURE AND HYPERBARIC ENVIRONMENTS

The depths of the sea are the most significant instances of hy-
perbaric environments, in which pressure increases at a rate of
0.1 MPa (1 atm) per each 10 m depth in seawater. Thus, sport

(scuba) divers descending until 40 m are exposed to pressures
around 0.5 MPa (including the atmospheric pressure on the wa-
ter surface). Deep divers used to carry out work at more than
250 m under seawater (i.e: during the construction and mainte-
nance of oil wells in the North Sea). Due to the occurrence of
HPNS’s signs and its increased risk, underwater work is now re-
stricted to 180 m (though these depths are occasionally sur-
passed). Experimental submersions reached 600-800 m reveal-
ing the most serious consequences of HPNS. The extremely
long compression (and decompression) times needed to reach
(or leave from) great depths determined that divers cannot as-
cend to surface in a daily base. Therefore, they may remain un-
der pressure at a medium depth (140-150 m) for more than a
week, from which they descend to greater depths for work (180-
250 m). Figure 1 describes frequent hyperbaric conditions in
these missions, in which divers are exposed to pressures that
vary between 1.5 and 2.6 MPa. Because nitrogen in the air turns
narcotic at high pressure, and increases the risk of embolism,
deep divers (saturation divers) breathe either heliox (a mixture
of helium and oxygen) or trimix (heliox plus a fraction of a
third gas: nitrogen or hydrogen) during their stay at the depth
[2]. HPNS occurs within this conjunction of technological
means and exposure to high pressure. 

Animals that are natural divers, such as cetaceans odonto-
cetes and elephant seals, reach much greater depths than hu-
mans (i.e.: 2000 m for 40 min) and ascend from them frequent-
ly to breathe at the surface [9]. There are no records of HPNS in
these animals, but recent research suggest that their CNS might
be more labile to other environmental alterations, like excess of
noise during deep diving [10].

HIGH PRESSURE NEUROLOGICAL SYNDROME

High pressure exerts its effects on the various systems of the hu-
man body, but the most sensitive seems to be the nervous sys-
tem. HPNS has been described many years ago, as a syndrome
mostly characterized by hyperexcitability of the CNS that was
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HIGH PRESSURE NEUROLOGICAL SYNDROME
Summary. Introduction. Pressure is a thermodynamic variable that, like temperature, affects the states of matter. High pressure
is an environmental characteristic of the deep sea. Immersion to depth brings about an increase in pressure of 0.1 MPa (1 atm)
for each 10 m of seawater. Humans exposed to high pressure, mostly professional divers, suffer effects that are proportional to
their exposure. Development. The nervous system is one of the most sensitive targets of high pressure. The high pressure
neurological syndrome (HPNS) begins to show signs at about 1.3 MPa (120 m) and its effects intensify at greater depths.
HPNS starts with tremor at the distal extremities, nausea, or moderate psychomotor and cognitive disturbances. More severe
consequences are proximal tremor, vomit, hyperreflexia, sleepiness, and psychomotor or cognitive compromise. Fasciculations
and myoclonia may occur during severe HPNS. Extreme cases may show psychosis bouts, and focalized or generalized
convulsive seizures. Electrophysiological studies during HPNS display an EEG characterized by reduction of high frequency
activity (alpha and beta waves) and increased slow activity, modification of evoked potentials of various modalities (auditory,
visual, somatosensory), reduced nerve conduction velocity and changes in latency. Studies using experimental animals have
shown that these signs and symptoms are progressive and directly dependent on the pressure. HPNS features at neuronal and
network levels are depression of synaptic transmission and paradoxical hyperexcitability. Conclusion. HPNS is associated
with exposure to high pressure and its related technological means. Experimental findings suggest etiological hypotheses,
prevention and therapeutic approaches for this syndrome. [REV NEUROL 2007; 45: 631-6]
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experienced by humans exposed to
hyperbaric conditions. Some litera-
ture refer to it as the ‘high pressure
nervous syndrome’[11]. HPNS is used
here for both designations. HPNS
entails clinical symptoms and signs,
which involve psychological and
neuropsychiatric disturbances, neu-
rological signs [12], and changes in
clinical neurophysiology recordings
[13,14]. Though HPNS has been
characterized in humans, it has also
been observed in experimental ani-
mals exposed to hyperbaric condi-
tions [15-17]. From a neurological
point of view, HPNS entails motor,
sensory, and vegetative components
(Table I). The earliest signs of HP-
NS begin to occur at pressure of 1.3
MPa (120 m), displaying mild mani-
festations such as dizziness, nausea,
tremor at distal extremities, and
moderate alteration of cognitive func-
tion [18]. Tremors are of frequent
presentation, and are characteristic
of HPNS. They involve postural and
activity tremors (frequencies of 3-7
Hz and 8-12 Hz) that begin at distal
extremities. From them, they propa-
gate to more proximal areas, as HP-
NS intensifies [19] tremor affects
successively the trunk, the neck, and
the face in the most serious forms.
From a motor point of view, divers
suffer from fatigue, muscular weak-
ness [20], cramps, and altered coor-
dination indicating dysmetry [21]. Patent pathological neuro-
muscular signs, such as fasciculations and myoclonus are rare,
occurring only in the most severe cases. Like in tremors, these
symptoms occur first at muscles of distal extremities, and then
propagate proximally, as the syndrome aggravates, involving
muscles of the neck, the face, and the trunk. 

Various kinds of alterations of cognitive function occur dur-
ing HPNS. They may be displayed as subjective sensations or
during psychometric tests. Divers frequently report problems
with efficiency at work and diminished mental accuracy. For in-
stance, finding difficult to follow a sequence (i.e.: while count-
ing) after a trivial interruption, or suffering from concentration
problems. It has been observed that professional divers experi-
ence important changes in short-term memory during immer-
sions at 300-350 m [20]. Another study found disturbance of
long-term memory [18]. Test of cognitive function revealed
progressive reduction of dexterity, and especially in the velocity
for solving tests, during acute exposure to high pressure. These
alterations occur at depths of less than 180 m and aggravate no-
toriously at higher pressure. Rostain et al have reported ameliora-
tion of intellectual performance during prolonged stay (> 1 day)
at a constant depth [22]. The alterations in the resolution of in-
tellectual tests and of sensory and motor performance have been
associated with the occurrence of other symptoms such as sleepi-
ness, distress, and psychomotor excitation. More rare psycho-

logical and neuropsychological symptoms in the HPNS include
euphoria, and occasionally visual or auditory hallucinations
[23]. Abraini et al described extreme cases in which the excita-
tion observed in the divers resembled psychotic attacks [6,24],
but these cases seem to be exceptional due to individual predis-
position of the subjects in study, or a combination of this and
the gases used for compression [23]. Bennett et al promoted the
use of trimix for improving the effects of HPNS. The prevention
of tremor by the use of trimix (vs. heliox) was correlated with
diminished visuomotor coordination, manual dexterity, rational
capacity, and long-term memory [18]. French and American
laboratories use and promote the utilization of trimix, while
Norwegian groups still prefer heliox for their oil wells work [2],
due to serious cognitive effects observed during their experi-
ence with trimix.

Among the most frequent vegetative symptoms of HPNS
we can mention headache (mostly cephalea), dizziness, nausea
and vomit that occur in more serious situations. Diarrhoea, ap-
petite loss, and serious disturbances of balance that impede cer-
tain divers to carry out their work are associated to chronic cere-
bral lesions that do not produce signs at normal pressure, but
may produce them at hyperbaric conditions [25,26]. The normal
pattern of sleep is altered at high pressure. Polysomnographic
studies have shown changes characterized by increase of super-
ficial stages (I and II), and reduction in the occurrence and dura-

Table I. Frequent signs and symptoms of HPNS.

Clinical sign/symptom Mild Severe

Motor Tremor Activity tremor in distal Activity tremor in truck,
extremities neck and face

Muscular weakness Muscular weakness 
amd mild dysmetria and severe dysmetria

Sensory, Hypersensitivity Increased spinal reflexes, Fasciculation and
sensory-motor cramps myoclonus

Changes in evoked See changes in 
potentials of various evoked potentials
sensory modalities

Behaviour Reduced performance Up to 10 % Up to 20 %
in cognitive tests

Reduced memory span Hallucinations

Confusion Sleepiness

Impossibility to work
at depth

Sleep disorders Increase of early stages, See EEG 
decrease of deep sleep 
stages

Fatigue (probably generated Sleepiness (microsleep)
by sleep deprivation)

Autonomic Nausea Vomit

Dizziness Vertigo and other disorders 
of balance

Headache

Abdominal pain

Reduced appetite

Diarrhoea
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tion of deep stages (III and IV) [27]. The changes in sleep pat-
tern may be associated with the extreme fatigue experienced by
deep divers since altered sleep may produce lack of rest, and di-
minished memory consolidation. However, the coexistence of
factors generating fatigue in high pressure environments makes
difficult to establish an etiologic cause. For instance, sleep dis-
orders may add to additional factors like difficult breathing due
to the increased density of inspired gases at high pressure.

CLINICAL NEUROPHYSIOLOGY IN HPNS

Clinical neurophysiology of the HPNS entails a variety of
changes in electrophysiological studies. These involve alterations
of the electroencephalogram (EEG) [1] and of evoked poten-
tials. Typically, the EEG changes are characterized by a marked
reduction of alpha waves in the posterior region and by an in-
crease in the slow waves, theta and delta, in the anterior deriva-
tives [25]. Signs like EEG of awakening resembling microsleep
may also occur. These findings appear at 170-180 m depth and
intensify at higher depths. Most of the studies showed notorious
increase in the power spectral density of theta waves in anterior
derivatives. This phenomenon is particularly remarkable just af-
ter compression (or during the close hours). There is improve-
ment in the EEG recorded under similar conditions days after
compression [23]. Sleep EEG also displays specific alterations
at high pressure. These are characterized by increase in stages I
and II, decrease in the duration of stages III and IV, and instabil-
ity and reduction of REM periods [27,28]. 

Hyperbaric conditions are associated with notorious changes
in potentials evoked by various sensory modalities (Table II).
For instance, auditory evoked potentials seem to be very sensi-
tive to the effect of pressure, often displaying increase in the in-
ter-wave intervals. These effects are observed in early auditory
potentials, such as the brainstem auditory evoked potentials
[16,29], in later potentials like the middle latency auditory re-

sponse [29]. Somatosensory evoked potentials (SSEP) show al-
so increase in the latency among the different waves [29], while
similar results are reported during recording of visual evoked
potentials [30,31]. A study has reported no significant changes
in the P300 component amplitude at 1.9 MPa [32], whereas
Vaernes et al showed that at 3.6 MPa these component disap-
peared completely in four up of six divers [31]. Both studies
agree that high pressure led to prolongation in the latency of
P300, which can be interpreted as an electrophysiological sign
of alteration of cognitive function [31,32].

EVOLUTION OF HPNS

HPNS is mostly described as an acute phenomenon that in gen-
eral tends to ameliorate during prolonged stay at constant pres-
sure. For instance, the changes induced initially in the sleep
pattern are observed during the first week under pressure and
display improvement afterwards. However, only decompres-
sion to normal pressure succeeds in restoring the regular sleep
pattern [28]. Brauer et al described these as processes of adap-
tation to high pressure, which occurring after prolonged stay at
constant pressure [5] may explain the improvement of HPNS
signs observed days after compression [22]. In general, the ef-
fects of high pressure, including those described in HPNS and
those attributed to rapid compression, are transient and re-
versible upon decompression [33]. This suggests that HPNS is
a benign condition limited to the permanence in hyperbaric en-
vironments. However, a single publication suggests that deep
diving may lead to sub-acute or even chronic conditions. For
instance, that an impairment of short-term memory during div-
ing may persist even at sea level [21]. Moreover, Todnem et al
examined neurologically deep divers at normal pressure and
found that they suffered chronic problems (like tremor, long-
term memory impairment and reduced concentration span)
more often than a control group [34]. Sets of neurological tests
combined with complementary diagnosis means showed un-
doubtedly that saturation divers suffer from chronic lesions as-
sociated with their work. However, it is difficult to establish the
cause of the observed lesions because it is difficult to discrimi-
nate lesions derived from previous HPNS from those produced
as consequence of micro embolism generated by subclinical
decompression sickness [34].

HPNS IN EXPERIMENTAL MODELS

HPNS has been studied in vivo in experimental models using
rodents, non-human primates, and human subjects, and in vit-
ro utilizing cells or tissue from animals or human. The former
are mostly simulated dives that used helium as compression
medium [2]. Tremor in deep divers found then their experi-
mental equivalent in the ‘radicular activity associated to
tremor’ seen in isolated spinal cord preparations [35]. Changes
in SSEP observed in humans were simulated by delay in the
P4 (250 ms) in dogs [36]. Similarly, the lower performance in
solving psychometric tests and the impairment in retrograde
memory [6] are associated to altered evoked potentials, de-
pression of synaptic activity, and other electrical disturbances
occurring in neocortical regions [36-38], in the cortico-hip-
pocampal connection [4, 40], and in the hippocampus itself
[16,17,41]. The most dramatic signs of HPNS have been de-
scribed in experimental animals exposed to pressures not yet

Figure 1. Typical technological environment of deep diving. The support
ship provides logistics: gases and material necessary for undersea work.
The pressure chamber containing the divers is partially compressed at
surface and then submerged to a medium depth. The divers leave the
chamber to descent to greater depths for carrying out underwater work. 
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directly explored by humans (> 800 m).
These animals displayed hypertonus,
muscular spasms, paroxistic convulsive
seizures, and also blunt myoclonic epi-
leptic seizures. In these cases, high pres-
sure is seen as an acute model of epilep-
sy [40]. 

Pressure increases the startle response:
at high pressure, a stimulus of 50 % less
intensity may produce a response that re-
sembles that of control, while the re-
sponse induced by a constant stimulus
may increase by 250 % [42]. Such a phe-
nomenon has lead to speculate that naval
sonars might produce an exaggerated
startle response in whales that are active-
ly diving [10]. This might made them as-
cend rapidly, causing decompression sick-
ness, stranding and death [43].

CELLULAR AND MOLECULAR
EFFECTS OF HIGH PRESSURE

Pressure opposes to molecular processes
that involve volume expansion. This ef-
fect has been used for the study of mem-
branes, pumps [44] and ionic channels
like sodium [45], potassium [46], and
calcium channels [47], and even for the
study of gating currents in some of them
[48]. Pressure reduced the kinetics of
opening and close of the channels while
inducing minimal effect on the channels’
maximal conductance [48]. Similar ef-
fects were described for channels gated
by ligands, like receptors for acetyl-
choline [49], glycine [50], GABA [51],
and glutamate [52], transmembrane
transporters such as the Na-K ATPase
pump [44] or a Na+/Ca2+ exchanger [53].
These changes may lead to the reduction
in the amplitude and the slowing down of
the kinetics of action potentials, and to
the reduction of axonal conduction ve-
locity [54,55] (Fig. 2a). Synaptic depres-
sion, depression of synaptic currents and
potentials [56], and increased synaptic latencies [4,57] seem to
be most relevant effect of high pressure (within the range 0.1
to 10.1 MPa) in the nervous system (Fig. 2b). These effects are
mostly due to depression in the presynaptic release of neuro-
transmitter rather than on changes on post synaptic receptors,
which are minor [49-52]. High pressure also affects dynamic
synaptic processes increasing facilitation, post-tetanic potenti-
ation, and short-term synaptic depression [4,58]. These effects
that are associated with hyperexcitability at a neuronal [17]
and systemic [40] levels, suggest that in sum they lead to a rel-
ative decrease in inhibition with respect to excitation [40].
Pressure reversal of anaesthesia may act in a similar way, in
which a relative increase in excitability or reduction of inhibi-
tion may counteract the CNS depression induced by anaesthet-
ic agents [40].

CONCLUSIONS

HPNS is a syndrome of hyperexcitability of the CNS that is cor-
related at the neuronal level with general depression of synaptic
activity, and in particular with relative reduction of inhibitory in-
fluences. If high pressure depresses both, excitatory and inhibito-
ry synaptic activity how hyperexcitability arises? Excitatory cir-
cuits in the CNS, that are mostly monosynaptic, are depressed
but they are less depressed that inhibitory circuits, which are bi
or polysynaptic. Provided the two types of synapses are equally
depressed by high pressure, this may lead to a proportional re-
duction of inhibition that depends on more synapses [40]. More-
over, the increase in the synaptic latencies and axonal conduction
may cause that inhibition is exerted later than normal reducing
the regular filtering of excitatory inputs. This is particularly rele-
vant for at high frequency transfer of signals [40]. The occur-

Figure 2. Electrophysiological recordings displaying the effects of pressure on action potentials and
synaptic transmission: a) High pressure (10.1 MPa) slows the kinetics of initiation and decay of ac-
tion potentials, decreases their amplitude and prolongs their time-course; b) Effects of pressure on
synaptic currents and potentials necessary for integration of neuronal information. High pressure
reduces the initial slope, increases the decay time, reduces amplitude and increases the duration of
synaptic currents and potentials. These changes may produce delay in the transfer and processing
of neuronal information.

a b

Table II. Effects of high pressure in clinical eletrophysiological studies.

Study Depth Electrophyisiological findings Publication n

EEG 500 m Increased low frequency activity, Rostain et al [12] 4
610 m decreased high frequency activity  

occurring deeper than 300 m

AEP 450 m Shortening wave I latency,  Lorenz et al [14] 4
(BAEP) prolongation intervals I-III and III-V

BAEP 615 m Prolongation of complex IV-V Lorenz et al [15] 5

BAEP 110 m Shortening of wave I latency,  Weibing et al [13] 4
prolongation intervals I-III and III-V

AEP 180 m Disappearance of component Pa,  Wada et al [29] 6
(MLR) increase of component P0

VEP 360 m Prolongation of P100 Vaernes et al [31] 6

– 360 m Prolongation of N75, Todnem et al [30] 14
no change in P100 or N145

P300 250-350 m Prolongation of P300 Vaernes et al [31] 6

– 350-360 m Disappearance of P300,  Vaernes et al [31] 4/6
prolongation of earlier waves

– 180 m Prolongation of P300 Wada et al [32] 2

SSEP – No change latency in N9-N14, Wada et al [29] 6
increased latency in N9-N20

EEG: electroencephalogram; AEP: auditory evoked potentials; BAEP: brainstem auditory evoked potentials;
SSEP: somatosensory evoked potentials; VEP: visual evoked potentials; MLR: middle latency responses,
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rence of the described phenomena is associated to exposure to
high pressure environments: they intensify when increasing pres-
sure, and ameliorate upon decompression. Nevertheless, deep
diving environments display more variables than high pressure,
whose effects may be exerted concomitantly with it. High con-
centration of gases (helium) that are often assumed as ‘inert’ (but
whose effects are not well known), change in the properties of
matter (increased density), or alteration of their regular proper-
ties (increased conduction of heat, sound, and others), which
may eventually produce neurological signs without being prop-
erly HPNS. For instance, the increased conduction velocity of
sound in helium may cause disorientation because it may not al-
low the normal perception of interauricular phase-delay [10].
Moreover, HPNS (the neurological signs dependent on high sta-
ble pressure) has been differentiated from the effects of compres-
sion (progressive increase of pressure). This last is particularly
relevant during rapid compression [59]. Some experimental stud-
ies using fluorocarbon as a compression mean have shown paral-
lel effects between hydrostatic pressure and helium suggesting
that HPNS is caused by the direct effect of pressure [36]. Thera-
peutic attempt trying to alleviate HPNS consequences have used

antiepileptic drugs (enhancing inhibition) or gases with known
narcotic effect (N2 or H2 in trimix). The results of these attempts
are ambiguous producing improvement of certain signs but exac-
erbation of others. This relative inefficacy is thought to happen
because the same substances that antagonize hyperexcitability at
high pressure may prevent the development of natural adaptive
mechanisms that according to certain studies may occur in ter-
restrial mammals and even in humans [5]. The stranding of
whales, natural deep divers, which is broadly associated to the
use of naval sonar in their proximity, suggest that they may suffer
an exaggerated startle response, or even an audiogenic seizure
when intense noise at frequency produced by the sonar reaches
them while diving in the depth [10]. A similar effect suggest that
natural adaptation allows survival at high pressure, but not a reg-
ular functioning of neurological and cognitive faculties (which
may turn their CNS more labile to additional environmental dis-
turbances). If human divers experience similar changes, these
may turn them more sensitive to factors that are innocuous at
normal pressure like noise at frequency, fluorescent lights and
flashes, or computer screens. There is need for additional studies
to elucidate the validity of these hypotheses.
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SÍNDROME NEUROLÓGICO DE ALTA PRESIÓN

Resumen. Introducción. La presión, como la temperatura, es una variable termodinámica que afecta los estados de la mate-
ria. La alta presión es una característica medioambiental de las profundidades del mar, donde las presiones aumentan a ra-
zón de 0,1 MPa (1 atm) cada 10 m. Humanos expuestos a alta presión, generalmente buzos profesionales, sufren trastornos
neurológicos proporcionales a esa exposición. Desarrollo. El sistema nervioso es uno de los tejidos más sensibles a los efec-
tos de la presión. Su alteración, conocida como el síndrome neurológico de alta presión (SNAP), comienza a mostrar signos a
unos 1,3 MPa (120 m) y se acentúa a profundidades mayores. El SNAP se manifiesta con temblores en las extremidades dista-
les, náuseas y/o moderados trastornos psicomotores. Consecuencias más graves son temblores proximales, vómitos, hiperre-
flexia, somnolencia y compromiso cognitivo. Estadios graves del SNAP presentan fasciculaciones, mioclonos y, en casos ex-
tremos, psicosis, crisis convulsivas focalizadas o generalizadas. El SNAP muestra un electroencefalograma caracterizado por
disminución de ondas de alta frecuencia (alfa y beta) e incremento de ondas lentas, modificaciones en potenciales evocados
auditivos, visuales y somatosensoriales, disminución de conducción nerviosa y cambios en latencia de reflejos. Estudios en
animales de experimentación demostraron que estos signos son progresivos y directamente dependientes de la presión. A ni-
vel neuronal y de redes, el SNAP muestra depresión de transmisión sináptica y, paradójicamente, hiperexcitabilidad. Conclu-
sión. El SNAP se asocia con exposición a alta presión y su medioambiente tecnológico. Estudios experimentales sugieren hi-
pótesis etiológicas y perspectivas terapéuticas y de prevención. [REV NEUROL 2007; 45: 631-6]
Palabras clave. Canales de calcio. Epilepsia. Hiperexcitabilidad. Liberación sináptica. Redes neuronales. SNAP.
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