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A B S T R A C T

Hyperbaric oxygen therapy (HBOT) elevates the partial pressure of life-sustaining oxygen (pO2), thereby saving 
lives. However, HBOT can also cause toxic effects like lung and retinal damage (peripheral oxygen toxicity) and 
violent myoclonic seizures (central nervous system (CNS) toxicity). The mechanisms behind these effects are not 
fully understood, hindering the development of effective therapies and preventive strategies. Herein, we criti-
cally reviewed the literature to understand CNS oxygen toxicity associated with HBOT to elucidate their 
mechanism, treatment, and prevention. We provide evidence that (1) increased pO2 increases reactive oxygen 
species (ROS) concentration in tissues, which irreversibly alters cell receptors, causing peripheral oxygen toxicity 
and contributing to CNS oxygen toxicity. Furthermore, (2) increased ROS concentration in the brain lowers the 
activity of glutamic decarboxylase (GD), which lowers concentrations of inhibitory neurotransmitter γ-amino-
butyric acid (GABA), thereby contributing to the onset of HBOT-derived seizures. We provide long-overlooked 
evidence that (3) elevated ambient pressure directly inhibits GABAA, glycine and other receptors, leading to 
the rapid onset of seizures. Additionally, (4) acidosis facilitates the onset of seizures by an unknown mechanism. 
Only a combination of these mechanisms explains most phenomena seen in peripheral and CNS oxygen toxicity. 
Based on these proposed intertwined mechanisms, we suggest administering antioxidants (lowering ROS con-
centrations), pyridoxine (restoring GD activity), low doses of sedatives/anesthetics (reversing inhibitory effects 
of pressure on GABAA and glycine receptors), and treatment of acidemia before routine HBOT to prevent pe-
ripheral and CNS oxygen toxicity. Theoretically, similar preventive strategies can be applied before deep-sea 
diving to prevent life-threatening convulsions.

1. Introduction

Oxygen therapy (OT) encompasses a set of medical procedures for 
increasing the partial pressure of oxygen (pO2) in inhaled gas, thereby 
increasing the supply of life-sustaining oxygen to the body. OT is indi-
cated in numerous conditions, e.g., lung disease and alveolar hypo-
ventilation, poor tissue perfusion, carbon monoxide (CO) poisoning, gas 
gangrene, decompression illness, and arterial gas embolism, among 
others. [1,2] When a high oxygen supply is required, oxygen can be 
delivered in a hyperbaric chamber (hyperbaric oxygen therapy, HBOT), 
which further raises pO2, facilitating oxygen uptake by the body. These 
forms of OT have become part of clinical routine and have helped save 

countless lives. [1,2]
HBOT is usually well tolerated by patients; the most common side 

effects include relatively rare traumas in the ear and sinuses caused by 
pressure changes. [3,4] However, HBOT may also cause undesirable 
effects (Table 1). [1,3,5,6]

Prolonged exposure to hyperbaric oxygen increases concentrations 
of reactive oxygen species (ROS) in tissues, [14,21] damaging cells and 
tissues - especially lungs and retinas, but also other organs (peripheral 
oxygen toxicity, also called ‘hyperoxic acute lung injury’, ‘Lorrain 
Smith effect’, historically also ‘chronic oxygen toxicity’). [1,4,6,10–12] 
This peripheral toxicity depends on both pO2 and cumulative time of 
exposure [1,22] (where increasing pO2 increases the rate of tissue 
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damage; pO2 below 0.50 atmospheres absolute (ATA) are deemed safe in 
the long term (> 30 hours). [1,6,22] If left untreated, peripheral oxygen 
toxicity can be fatal within hours to days. [14] Fortunately, antioxidants 
(ROS scavengers, such as vitamin C [23–25] and potentially others [14]) 
decrease ROS concentrations in tissues [25] and thus can mitigate pe-
ripheral oxygen toxicity. [14,23–25]

Moreover, ambient pressure above 1.6 ATA [1] can lead to poorly 
understood CNS oxygen toxicity (CNSOT, Table 1), characterized by 
muscle twitches, spasms and life-threatening violent tonic-clonic sei-
zures (grand mal) and death if left untreated (an effect also known as 
‘Paul Bert effect’, hyperbaric oxygen seizures'; historically also ‘acute 
oxygen toxicity’). [1,5,10,15] These signs occur stochastically within 

minutes to hours (Fig. 1), [5] usually without prodromal symptoms, and 
cannot be safely predicted in advance. [1,4,26] Nevertheless, increased 
ambient pressure and oxygen concentration increase the likelihood of 
CNSOT and accelerate their onset (Fig. 1B).1 [5,27,30] Under moderate 
ambient pressure (2.4 to 3.0 ATA), CNSOT are relatively rare in most 
patients (0.008 to 0.7 % incidence), [31,32] but they are very common 
in carbon monoxide (CO) poisoning patients (0.3 to 4.7 % incidence) for 
unknown reasons (further discussed in Section 2.4). [30,31]

Because hyperbaric CNSOT are very dramatic and potentially life- 
threatening, [1] current guidelines for HBOT recommend avoiding 
pressures above 2.0 ATA during HBOT to mitigate the risk of convulsions 
as much as possible. [16,31] On the other hand, limiting the total 
pressure in HBOT decreases the pO2 in tissues, [26] thereby lowering the 
efficacy of HBOT. [26]. Thus, increasing the safety and efficacy of HBOT 
requires eliminating the risk of HBOT-associated convulsions, [1] which 
has been difficult because CNSOT is still poorly understood. When these 
convulsions occur, they can often [1] be mitigated by lowering the pO2 
and/or the ambient pressure to a normal level, [1,4] but administering 
benzodiazepines [31] or anesthetics [12] can help in some [31] cases as 
well. However, quickly lowering the total pressure can cause baro-
trauma (dysbarism), decompression sickness, and gas embolism and, 
therefore, it is not always possible (especially in divers). [1].

At last, very high ambient pressure (> 10 ATA) can cause high- 
pressure neurological syndrome (HPNS; historically also called ‘he-
lium tremors’, because they were first observed in divers breathing 
helium-oxygen mixtures, further explained in Section 2 [33]), whose 
manifestations partially overlap with those of acute oxygen toxicity 
(Table 1). [18–20] HPNS is most ascribed to pressure-derived changes in 
function of cell receptors and channels, which leads to neurotransmitter 
imbalance CNS hyperexcitability. [20,34,35] HPNS can occur in deep- 
sea divers, but not in routine HBOT, which used much lower pressures 
(≤ 3 ATA) than those needed for occurrence of HPNS. Noteworthily, the 
presence of some gases in breathing mixtures (hydrogen, nitrogen, 
argon) and slow pressure increase (0.015 to 0.9 ATA per minute 
depending on starting pressure) [36] can limit the risk of HPNS, further 
discussed in Section 2.

In this evidence-based prospective review, we briefly examine pre-
viously proposed mechanisms of CNSOT involving ROS and argue that 
other factors, primarily neurotransmitter receptor dysfunction, 
contribute to CNSOT. In vitro [37–40] and in vivo [41–45] studies have 
shown that γ-aminobutyric acid receptors A (GABAA) [37–40], glycine 
[46,47] and N-methyl-D-aspartate (NMDA) [48] receptor functions are 
altered under increased pressure. Based on mounting, long-overlooked 
evidence, we postulate that CNSOT may also be partially attributed to 
these pressure-induced reversible alterations in the function of neuro-
transmitter receptors.

In line with our review-based mechanism, we suggest that a combi-
nation of antioxidants, pyridoxine, and inhibitory drugs (such as anti-
convulsants / anesthetics / sedatives) may be administered pre- 
emptively before routine HBOT to prevent CNSOT. Moreover, in some 
patients, their blood pH should be monitored carefully, as acidosis 
severely increases the risk of CNSOT. Finally, we highlight the areas that 
should be investigated further to increase the safety and efficacy of 
HBOT and improve the safety of deep-sea divers.

2. ROS only partly account for CNSOT

CNSOT is most often attributed to the toxic effects of ROS. 
[3,4,13,49,50] ROS encompass a group of highly reactive oxygen- 
containing compounds that can be formed in vivo and damage tissues. 
Indeed, ROS concentration in tissues increases with pO2, [51] which in 
turn can damage organs such as the lung and retina. [11,14,21] Thus, 

Table 1 
Various types of high-pressure associated syndromes. The magnitude of pe-
ripheral oxygen toxicity primarily depends on pO2 and time of exposure. In turn, 
central nervous system oxygen toxicity (CNSOT) occurs stochastically; its risk 
increases with ambient pressure, pO2 and time of exposure. Finally, high- 
pressure neurological syndrome (HPNS) depends on the breathing mixture 
composition,a ambient pressure and its rate of increase. The latter two effects 
have partly overlapped manifestations.

Phenomenon Conditions for occurrence Manifestations (signs and 
symptoms)

Peripheral 
oxygen 
toxicity  
[1,4,6,10–14]

Occurs deterministically 
above the threshold pO2 of 
0.5 ATA. Increasing pO2 

and time of exposure 
increases damage.

Slow onset of interstitial 
lung oedema, capillary 
endothelium damage, 
alveolar cell death, 
decreased lung compliance, 
retinal damage; 
vasoconstriction in some 
organs. It can be fatal 
within hours to days, 
depending on pO2.

Acute central 
nervous system 
oxygen toxicity 
(CNSOT)  
[1,5,10,14–17]

Occurs stochastically above 
the threshold pressure of 
1.6 ATA; the risk increases 
with pO2, pressure, and 
time of exposure (Fig. 1). 
Other factors increase (CO 
poisoning, exercise, 
acidosis, etc.) or decrease 
(alkalosis) the risk. If left 
untreated, it quickly 
progresses into more 
serious manifestations.

Sudden onset of various 
symptoms that may include 
visual disturbances (blurred 
vision, tunnel vision), ear 
symptoms (tinnitus, pulsing 
sound), nausea, changes of 
mental state (irritability, 
anxiety, euphoria), muscle 
twitching (especially in 
face), dizziness and 
clumsiness, confusion, 
tremors, loss of 
consciousness, muscle 
spasms, spastic apnoea, 
seizures and tonic-clonic 
convulsions, and death if 
left untreated.

High-pressure 
neurological 
syndrome 
(HPNS)  
[18–20]

Occurs deterministically, 
symptoms start occurring 
above 10 ATA. 
Manifestations increase 
with ambient pressure and 
rate of pressure increase. 
Some gases (e.g., nitrogen 
and hydrogen) reverse 
HPNS if given enough time 
to distribute throughout the 
body (as described in 
Section 2).

Headache, vertigo, nausea, 
fatigue, euphoria,  
tremors, oposoclonus, 

myoclonus, dysmetria, 
hyperreflexia, cognitive 
deficits, memory 
impairment, CNS 
hyperexcitability, and loss 
of consciousness.a

Convulsions have been 
reported.b Usually fatal in 
divers.

a As further discussed in Section 2, some gases can reverse HPNS if given 
enough time to distribute to CNS, and so the effect depends on the composition 
of the breathing mixture and the rate of pressure increase. [7–9].

b These lists of signs and symptoms are based on observations of deep-sea 
divers who breathe balanced mixtures of helium‑nitrogen‑oxygen or heli-
um‑hydrogen‑oxygen. As discussed in Section 2, hydrogen and nitrogen have 
anesthetic (inhibitory) properties, and thus, they can diminish (some) symptoms 
of HPNS and excitation. Therefore, we observe only “residual signs and symp-
toms” in such divers. When no anesthetic gas is present (usually performed only 
in laboratory animals), other manifestations (including convulsions) have been 
observed.

1 In extremely high pressure (6 to 10 ATA of pure oxygen), convulsions 
usually occur in mere minutes in mice [27,28] and humans [29]
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ROS is commonly accepted as a mechanism of peripheral oxygen 
toxicity. [14,21] In line with this hypothesis, antioxidants (ROS scav-
engers, such as vitamin C [23–25]) quench ROS [25] and thus mitigate 
oxygen toxicity in peripheral organs. [14,21]

Moreover, ROS affect cellular receptors via covalent irreversible 
modifications, thereby altering neuronal function. [49,52–55] These 
irreversible cumulative modifications may be implicated in the CNS 
toxicity of HBOT, which would explain brain sensitization to oxygen 
after prolonged or repeated HBOT. However, CNSOT can be quickly 
mitigated by lowering the pO2 to normal conditions, [36] which shows 
that irreversible modifications cannot be the only causative factor of 
oxygen-induced convulsions. While a few antioxidants (e.g., disulfiram, 
glutathione, and caffeine) [1,17] have been shown to prevent or miti-
gate CNSOT, many potent antioxidants (vitamin E, [56] N-acetylcys-
teine, [56] allopurinol, [57] hypoxanthine, [57] superoxide dismutase 
[1]) have no effect, suggesting that ROS may play only a minor role in 
CNSOT. Moreover, some studies [58] have speculated that the effect of 
those few convulsion-protective antioxidants may be due to their own 
pharmacological effects, which may be completely independent of ROS 
scavenging activities. In other words, other mechanisms are needed to 
explain the acute CNSOT.

2.1. Neurotransmitter imbalance may directly lead to CNSOT

Some theories presume that HBOT can cause an imbalance of 
excitatory and inhibitory neurotransmitters and thus lead to convul-
sions. In line with these theories, compounds that excite CNS (thyroid 
hormones, epinephrine, among others) increase the chances of convul-
sions. [1] Indeed, numerous studies confirm that HBOT decreases brain 
concentrations of γ-aminobutyric acid (GABA), the main inhibitory 
neurotransmitter of the brain, [28,59–61] while leaving concentrations 
of excitatory amino acids (glutamate and aspartate) unchanged. [59] 
This decrease of GABA is usually ascribed to HBOT-decreased brain 
activity of glutamate decarboxylase (GD), [60–62] the main enzyme 
involved in the synthesis of GABA, [61] Further confirming this hy-
pothesis; when GD activity was partially blocked pharmacologically, 
laboratory animals were more prone to CNSOT seizures. [63] The 
temporary decrease of GD activity during HBOT in the brain is not fully 
understood but is often attributed to ROS-induced deactivation of GD. 

[61,62] Noteworthily, administering pyridoxine (vitamin B6) acceler-
ated the normalization of GD activity (as active form of pyridoxine, 
pyridoxal phosphate, is a co-factor of GD). However, this normalization 
of the GD activity still takes circa 1 to 2 hours in rats. [63] Therefore, an 
HBOT-derived decrease in GD activity may offer a plausible explanation 
for CNSOT, and pyridoxine (or other forms (vitamers) of vitamin B6) 
may help mitigate CNSOT. [64]

Nevertheless, even HBOT-derived decrease in GD activity cannot 
explain most phenomena seen in CNS toxicity associated with HBOT. For 
example, the return of GD activity to normalcy is relatively slow (> 1 
hour in rats), [63]2 during which the animals may experience multiple 
seizures, [63] which is in contrast with the fact that CNSOT usually 
cease within minutes [36] after the decrease of pressure to normal 
levels. In other words, although HBOT-induced decrease of GD may 
contribute to the onset of CNSOT, this mechanism does not explain why 
most hyperbaric oxygen convulsions are mitigated within minutes when 
pO2 and/or pressure is returned to normalcy. Furthermore, while some 
studies say that administering pyridoxin protects rodents against HBOT- 
induced convulsions, [64] other studies do not support this claim. [65] 
Therefore, an additional mechanism is needed to explain this sudden 
stop of CNSOT.

2.2. Elevated pressure reversibly alters the function of receptors, reversing 
anesthesia and contributing to CNSOT

Until now, most theories explaining the mechanism of CNSOT have 
overlooked that high ambient pressure can reversibly alter the function 
of cell receptors. For example, increased ambient pressure decreases the 
sedative and anesthetic effects of many medications in vivo. This phe-
nomenon is commonly known as “pressure reversal of anesthesia.” 
Drugs' sedative and anesthetic potencies decrease linearly with ambient 
pressure [66] starting from circa 2 to 4 ATA, [66,67] but drugs vary in 

Fig. 1. (A) Time of exposure of a single diver to high-pressure oxygen (3.1 ATA) until symptoms of CNSOT occurred; the diver experienced a total of 20 exposures 
over 90 days under identical conditions. (B) Percentage of divers who developed symptoms of CNSOT as a function of exposure to 100 % oxygen under various 
pressures. Both plots were adapted from the literature [5] without any recalculations. Source data are available in the supplement of this study. 
Divers are more susceptible to hyperbaric convulsions than patients in dry hyperbaric chambers under identical pressures. [5] The phenomenon is not well un-
derstood, but is further discussed in Section 2.4.

2 Over 1 hour even when pyridoxine is administered. Under normal condi-
tions (i.e. without pyridoxine administration), the recovery may be even longer, 
but the data is missing in literature.
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their “pressure sensitivity” [37–39,66,68].3 More specifically, increased 
pressure decreases the in vivo narcotic potency of many general anes-
thetics (methoxyflurane, [69] ethanol, [44,68–70] chloroform, [69,71] 
diethyl ether, [69,71] hexobarbital, [67] and nitrous oxide (N2O), 
[69,71,72] among others [66,69,71,72]); tranquilizers (chlorpromazine 
[69] and droperidol [69]); local anesthetics (lidocaine [69] and pro-
caine [69]) and other drugs that depress CNS, (diazepam [69] and 
morphine [69]).3 This effect is reversible and mainly depends on the 
total pressure rather than pO2 (but a minor effect of pO2 was also 
described [44,67]). [70] The pressure reversal of anesthesia is likely 
caused by a reversible decrease in the function of glycine and GABAA 
receptors [46,47] and likely other receptors, too. [18,34,48]

The effect of pressure on the function of receptors is best understood 
in GABA and glycine receptors. Both glycine and GABAA receptors are 
regulated by endogenous and exogenous allosteric modulators. [73–75] 
However, increased ambient pressure induces changes in GABAA and 
glycine receptors, decreasing their sensitivity to many allosteric modu-
lators (Fig. 2). Although high pressure (12 ATA) does not decrease 
GABA-mediated chloride currents directly (Fig. 2A), [39] it does reverse 
the activity of both positive (ethanol, [39,68] pentobarbital, [37,68] 
diazepam, [38,39,41] flunitrazepam, [37,68] and zolpidem [38]), and 
negative (Ro15-4513, [38] and 6,7-dimethoxy-4-ethyl-β-carboline-3- 
carboxylate (DMCM) [38]) allosteric modulators, as shown in Fig. 2. By 
contrast, the activity of some allosteric modulators are resistant to the 
effect of high-pressure. As a case in point, the activity of 3α-hydroxy-5β- 
pregnan-20-one (pregnanolone) is not reversed under high pressure (12 
ATA, Fig. 2D). [68] As with GABAA modulators, the activity of positive 
allosteric modulators of glycine receptor (ethanol, [76,77] butanol, [77] 
and propofol [78]) can also be reversed under high pressure (12 ATA). 
Although the pressure used in these studies (12 ATA) is much higher 
than that commonly used in HBOT, even low pressures (≈ 2 to 4 ATA) 
can partially reverse anesthesia in vivo, [66,67] and alter the functions of 
receptors in vitro. [79] Thus, these pressure-induced changes in neuro-
transmitter receptor activity may trigger pressure reversal of anesthesia.

The mechanism of how pressure affects GABA-mediated chloride 
flow remains unknown. [80] Original hypotheses assumed that pressure 
induces changes in receptors, which change the receptors' affinity to-
wards allosteric modulators, but these hypotheses have yet to be 
confirmed. However, available data show that the affinity of positive 
allosteric modulator flunitrazepam towards GABA receptors is not 
affected by pressure, [37] even though flunitrazepam-induced GABA- 
mediated chloride flow is decreased by pressure (Fig. 2C). Noteworthy, 
the effect of pressure on cell receptors does not have to affect receptors 
directly but may alter the surrounding structures of receptors and 
thereby affect the receptors. For example, caveolae rafts are pressure- 
sensitive [81,82] and ROS-sensitive [83] and are often associated with 
receptors (even G-protein coupled receptors). [84] Consequently, 
elevated pressure can alter cell signaling and communication pathways 
indirectly via caveloae rafts. [81,82] Nevertheless, current data on the 
effect of pressure on ionotropic receptors via caveolae rafts and other 
pressure-sensitive structures are very limited and should be investigated 
in future studies.

Increased ambient pressure may also affect other receptors and 
channels, [35] but the sensitivity of most receptors and channels to 
increased pressure has yet to be studied. For example, recent studies 
have shown that increased pressure alters the structure [34] of some 
[48,85] N-methyl-D-aspartate (NMDA) glutamate receptors, [85] one of 
the main excitatory receptors in the brain, thereby reversibly increasing 

their calcium current [48] and facilitating their excitatory function. 
[34,48,85] Thus, increased pressure may affect many receptors and 
disrupt the excitatory-inhibitory balance in the CNS, further contrib-
uting to the reversal of anesthesia.

Regardless of the actual mechanism, we argue that pressure-induced 
changes in the function of receptors may explain not only the pressure 
reversal of anesthesia, but also high-pressure-induced excitations - both 
HPNS and CNSOT. Even relatively low pressures (≤ 4 ATA) increase 
neurons' excitability in vitro [79] and in vivo. [66] Increased pressure 
disrupts the excitatory-inhibitory balance of neuronal communication in 
CNS, ultimately increasing the risk of CNSOT (Fig. 2). [85] In that sense, 
high pressure resembles both mechanism and clinical manifestations of 
GABAA/ glycine receptor antagonists or NMDA agonists (convulsants), 
[86,87] and, therefore, may be treated similarly (i.e. by administration 
of inhibitory drugs, such as anesthetics [88] or sedatives [89,90]). 
Further confirming this hypothesis, administering convulsants (e.g., 
strychnine, a glycine receptor antagonist) lowers the pressures needed to 
start hyperbaric convulsions. [91] Considering this mechanism, facili-
tating the inhibitory systems [27] of the CNS or inhibiting the excitatory 
systems [92] of the CNS may prevent hyperbaric symptoms.

2.3. Acidosis accelerates convulsion onset by an unknown mechanism

Acidosis significantly accelerates the onset of CNSOT and the sub-
jects' death. [93] Accordingly, hypercapnia, [1] diving [94] and physical 
activity, [5] high or low ambient temperature, [5] compounds that in-
crease body metabolism rate (cortisol, [1] thyroid hormones, [1] and 
epinephrine), [1] and other states that lead to acidosis significantly 
accelerate the onset of convulsions. In line with that, alkalemia caused 
by administration of bicarbonate [93] or Tris buffer [93] decelerates 
both the onset of convulsions and the death of test animals. [93] 
Moreover, carbon monoxide poisoning is often accompanied by acid-
emia, [95] which may explain the enormous susceptibility of CO- 
poisoned patients to CNSOT. [30,31] Furthermore, divers are prone to 
acidosis, [94] which may explain their higher relative risk to CNSOT. 
[5].

The mechanism by which acidemia increases the risk of CNSOT re-
mains unknown, as changes in pH can affect virtually every metabolic 
and signaling pathway. Acidosis increases the excitability of neurons in 
vitro. [96] Noteworthily, acidosis alters the function of some surface 
proteins, including excitatory [97] and inhibitory receptors. [98,99] 
Therefore, just like increased ambient pressure, acidosis may lead to 
neurotransmitter effect imbalance, which may facilitate the onset of 
convulsions. Moreover, previous studies speculated that hypercapnia 
increases brain blood flow, thereby facilitating CNSOT by a mechanism 
that is not yet explained. [93] Nevertheless, future studies should 
enlighten the role of acidosis in CNSOT in more detail. Regardless of the 
actual mechanism, acidemia dramatically increases the risk of CNSOT. 
Therefore, any preventive strategies should also pay attention to blood 
pH, especially in high-risk patients, such as those with metabolic 
acidosis and CO poisoning.

2.4. Seizures result from four main pathophysiological pathways

HBOT-associated convulsions may result from multiple pathological 
pathways that HBOT affects (Table 2 and Fig. 3). Our proposed mech-
anism of (3) the direct effect of pressure on cell receptors does not 
exclude the remaining proposed mechanisms of CNSOT, such as (1) 
ROS-induced changes in receptors, (2) decreased GABA synthesis, or (4) 
the role of acidosis. Instead, these mechanisms are complementary to 
one another. The mechanisms (1) and (2) involve cumulative irrevers-
ible changes of receptors and enzymes, which take time to form and 
remedy (until a new receptor or enzyme is synthesized). Therefore, 
mechanisms (1) and (2) can explain the long-term increasing chance of 
convulsion occurrence with prolonged or frequent exposure to HBOT 
(Fig. 1B), but they do not explain the sudden onset and termination of 

3 High pressure did not significantly affect the narcotic potency of a few 
drugs within the pressure ranges of in vivo studies (e.g., zoxazolamine up to 4 
ATA [67] or gaboxadol up to 12 ATA [68]). However, these findings may be 
caused by the low “pressure sensitivity” of these drugs and too low range of 
pressures in the studies to produce significant changes in anesthetic potencies in 
vivo.

O. Groborz et al.                                                                                                                                                                                                                                



convulsions with changes of ambient pressure. In contrast, increased 
pressure directly alters the function of receptors (3). These alterations in 
receptor function manifest immediately and cease upon a decrease in 
pressure. In that sense, direct hyperbaric changes in receptors' function 
may explain convulsions' sudden onset and termination with increasing 
and decreasing pressure. High pressures (> 15 ATA) can cause a severe 
enough neurotransmitter imbalance to cause tremors or even convul-
sions on its own (HPNS), but even relatively low pressures (≈ 2 to 4 
ATA) [79] may serve as a ‘tipping point’ in a CNS that is already altered 
by ROS generated by hyperbaric oxygen and thus trigger the convul-
sions. Nevertheless, mechanism (3) alone does not easily explain the 
increasing chances of CNSOT with time of exposure and frequency of 
HBOT, nor does it explain why increasing partial pressure of oxygen 

shortens the typical onset of convulsions. Additionally, (4) the effect of 
acidosis on receptors explains why CO poisoning, exercise, low tem-
peratures, diving, and other factors that increase body metabolism rate 
may facilitate the onset of CNSOT. Combining these four mechanisms 
may explain most clinically and experimentally observed factors that 
affect the onset of CNSOT (Fig. 3). Moreover, this complexity of the 
mechanism underlying the CNSOT may explain (a) why so many 
seemingly unrelated internal and external factors may increase or 
decrease the risk of convulsions, (b) why each preventive strategy has 
only a limited effect on its own, and (c) why some studies come to 
conflicting conclusions about the efficacy of specific treatments (e.g., the 
effect of pyridoxin [64], [65]) depending on their experimental 
conditions.

Fig. 2. (A) Relative GABA-mediated chloride flow in brain tissues in vitro as a function of concentration of GABA. Effect of various positive (B, C, D, E, H, and I) and 
negative (F and G) allosteric modulators on GABA-mediated chloride currents in brain tissue in vitro under normal (air, 20.9 % of O2; pressure 1 ATA.; pO2 = 21 kPa) 
and high pressure (heliox mixture; 1.7 % O2, 98.3 % He; pressure 12 ATA.; pO2 = 21 kPa). Data compiled from previous studies, [37–39] recalculated, and expressed 
as mean ± standard error. Source data and recalculation methods are available in the supplement of this study.
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2.5. Additional pathophysiological pathways may be involved

Some factors that have been linked to increased or decreased risk of 
CNSOT are not explained by either mechanism (1), (2), (3), or (4). Some 
studies show that ammonia (NH3) [60] or nitrogen monoxide (NO), 
[58,100,101] among others [79] may be involved in the onset of CNSOT 
by altering the brain function in other ways (e.g., NO-mediated transient 
increase of cerebral blood flow may predispose to convulsions 
[58,101]). Both these molecules can also alter the function of receptors. 
[102,103] Specifically, NO belongs to ‘reactive nitrogen species’ (RNS), 
an analogue of ROS. Therefore, just like ROS, NO or other RNS may react 
with proteins and receptors and irreversibly alter their function (nitro-
sative stress). [104] However, it is not clear whether these changes in 
concentrations of small molecules truly contribute to convulsions or are 
just an independent consequence of a deeper underlying mechanism 
that increases both (a) subjects' sensitivity to HBOT and (b) the content 
of these molecules. Therefore, future research should enlighten the role 
of these endogenous molecules in CNSOT towards finding the best 
preventive treatment.

2.6. Low doses of inhibitory drugs prevent HBOT-associated convulsions

In line with the observation that CNSOT occur via a neurotransmitter 
imbalance, a pre-emptive administration of numerous direct and indi-
rect GABA activators (anticonvulsants / sedatives / anesthetics / 

hypnotics / anxiolytics / tranquilizers) have been shown to delay or 
even prevent HBOT-associated seizures and death in laboratory animals. 
Specifically, these include phenobarbital and other barbiturates, 
[27,105] diazepam and other benzodiazepines, [27,105] chloroform, 
[12] baclofen, [105] carbamazepine, [106] chlorpromazine, [1] and 
antagonists of excitatory amino acids, [107] and vigabatrin [108] 
(anticonvulsive inhibitor of GABA degradation [109,110]), among 
others. [68,91,111,112] Although pre-emptive administration of these 
compounds strongly limits CNSOT in animal model, they are not 
routinely administered in clinical practice before HBOT to prevent 
CNSOT. Administering sedatives and anticonvulsants to test animals 
significantly prolongs their survival, [27,105] which indicates that these 
compounds prevent convulsions rather than simply masking them. 
Accordingly, pre-emptively administered sedatives may enable exposure 
to higher pO2 during HBOT and/or decrease the necessary intervals 
between sessions (developing new hyperbaric treatment schedules), 
thus increasing HBOT efficacy. Low doses of inhibitory drugs may be 
particularly beneficial to patients with a high risk of convulsions (e.g., 
carbon monoxide poisoning patients [30]). Therefore, clinical trials 
should verify whether administering various inhibitory drugs may in-
crease the safety and efficacy of HBOT therapy.

2.7. Effective preventive therapies may encompass multiple compounds

A combination of sedatives, other drugs, antioxidants, and pyridox-
ine may be the best preventive therapy to reduce the risk of CNSOT and 
peripheral oxygen toxicity. HBOT causes many alterations in the or-
ganism, which may ultimately lead to convulsions and peripheral 
toxicity (Fig. 3). Pre-emptive administration of inhibitory compounds (e. 
g. anesthetics, sedatives, or tranquilizers to counter the effect of the 
pressure-altered function of receptors, discussed in Section 2.3), 
[27,105] some antioxidants (to scavenge ROS; discussed in Section 2.1), 
[1,17] pyridoxine (to boost synthesis of GABA; addressed in Section 2.2), 
[64] and blood pH adjustment (Section 2.4) [93] can prevent CNSOT and 
reduce mortality in animals or humans. The efficacy of most of these 
strategies was shown only in animal models and is yet to be verified in 
humans. However, as all these drugs are approved for human medicine 
and have minimal side effects (especially in a single-dose administra-
tion), their pre-emptive administration before HBOT should be consid-
ered, especially in patents with high-risk of CNSOT. While these 
compounds may have limited efficacy alone, their concurrent adminis-
tration may have a more profound protective effect due to the complex 
multi-pathway mechanism of CNSOT. Moreover, antioxidants, such as 
vitamin C [23–25] can reduce peripheral toxicity of HBOT, [11,51,113] 
which is yet another benefit to the patient. Thus, combining multiple 

Table 2 
List of four main pathophysiological mechanisms that lead to CNSOT, their 
pathophysiological censequences and their possible remedies.

# Mechanism Pathophysiological 
consequences

Remedy

1 ROS-induced 
irreversible 
alterations of cell 
surface receptors

Increasing cumulative 
chance of hyperbaric 
convulsions as a function of 
pO2 and time of exposure

Lowering pO2, time 
of exposure or 
administering ROS 
scavengers

2 Decreased activity 
of GD

Increasing cumulative 
chance of hyperbaric 
convulsions as a function of 
pO2 and time of exposure

Lowering pO2, time 
of exposure or 
administering 
pyridoxine

3 Pressure-induced 
changes in surface 
receptors

Reversible pressure-induced 
changes in receptors; may 
serve as a tipping that 
triggers convulsions

Lowering pressure, 
administering 
inhibitory drugs

4 Acidosis-induced 
changes in surface 
receptors (?)

(unknown, reversible 
acidosis-based changes of 
receptors may be involved)

Monitoring of blood 
pH and preventing 
acidosis

Fig. 3. Mechanisms of hyperbaric toxicity. Increased pressure and oxygen concentrations enhance the production of ROS, which damage peripheral organs and alter 
cell receptors. As these changes of receptors are irreversible, ROS-derived changes cumulatively decrease the threshold to convulsions. Moreover, ROS damages 
glutamic decarboxylase, thereby decreasing the synthesis of GABA, further predisposing to convulsions. Furthermore, pressure directly alters the functions of re-
ceptors, thereby reversibly facilitating convulsions. Finally, acidosis and other factors play a role in hyperbaric toxicity by yet unknown mechanisms. Consequently, 
CNSOT may be prevented by antioxidants, inhibitory drugs (e.g. sedatives or anticonvulsants), pyridoxine, and blood pH adjustments.
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compounds and maintaining adequate blood pH and ion concentrations 
[137] may prevent acute HBOT-associated toxicity to CNS and periph-
eral organs.

3. Several implications from deep-sea diving

Exposure of deep-sea divers to high pressures leads to significant 
risks. Foremost, when the breathing mixtures are not well balanced and 
pO2 is too high, divers can develop hyperbaric convulsions. Con-
cortantly, at high pressures, CNSOT (and HPNS) can occur even during 
breathing balanced mixture with limited pO2. As a result of these effects, 
divers may develop twitches, spasms, convulsions and or lose con-
sciousness. Because all these complications limit divers’ ability to react 
to their surroundings and adhere so safe diving protocols, their lives are 
in immediate danger. Unfortunately, divers cannot simply ascend to 
lower depths to alleviate the pressure, as a rapid decrease in pressure can 
trigger life-threatening barotrauma, decompression sickness, and other 
life-threatening health consequences. So, developing preventive strate-
gies to reduce the risk of CNSOT is crucial for divers' safety.

Experimental work that tries to determine the best ways to prevent 
CNSOT in human divers is very limited. Decades ago, several authors 
suggested that some inhibitory medications (sedatives, anticonvulsants, 
etc.) may prevent the risk of HPNS (and possibly other life-threatening 
effects of deep-sea diving) [18]. Unsurprisingly, the community of 
divers deems using sedatives as dangerous [114,115] because even 
medications with a low effect on divers' cognition can have unantici-
pated effects in elevated pressure. Still, a lot of helpful information can 
be extracted from the past 100 years of experimenting with various 
breathing and anesthetic gas mixtures.

Underwater divers in lower depths can breathe inexpensive com-
pressed air (78 % N2, 21 % O2). Nevetheless, nitrogen has anesthetic 
properties - its minimal alveolar concentration (MAC, i.e., partial pres-
sure of study gas, at which half of the test subjects were anesthetized) is 
around 35 ATA in rodents [116–119]. Fundamentally, even with partial 
pressures of nitrogen (pN2) much lower than its MAC (4 to 6 ATA), ni-
trogen can reduce cognitive ability and attention in humans; 
[36,120,121] this state is subjectively likened to a “drunk-like state” 
[122]. And for this reason, compressed air should not be used for diving 
below 40 m (pN2 > 4 ATA) to avoid nitrogen narcosis while diving [36]. 
In deeper dives, nitrogen‑oxygen mixtures are replaced by heli-
um‑oxygen mixtures, [36] because helium has extremely low anesthetic 
potency4 (MAC ≫ 100 ATA in rodents, [116–119,123,124]). Regretably, 
while these helium-oxygen mixtures can prevent nitrogen narcosis, their 
negligible inhibitory properties cannot entirely avert excitatory HPNS at 
great depth. Luckily, adding nitrogen into helium‑oxygen mixtures (He- 
N2-O2 mixture called “trimix”) in a balanced amount does not induce 
nitrogen narcosis and reduces the onset of HPNS, thereby allowing 
descent into much greater pressures [7,8]. Yet similarly, hydrogen has 
very mild anesthetic properties (MAC ≈ 100 ATA in rodents, [117–119] 
slight signs of hydrogen narcosis in hydrogen‑oxygen breathing mix-
tures have been reported at ≈ 50 ATA in divers [125], so adding 

hydrogen into helium‑oxygen mixtures (He-H2-O2 mixture called 
“hydreliox”) allows descent into even greater depths without narcosis or 
hyperbaric convulsions. [9]

Herein, we argue that nitrogen (and hydrogen) in breathing mixtures 
act as a low-potency anesthetics whose potency increases with their 
partial pressure. Consequently, very mild nitrogen (hydrogen) anes-
thesia can effectively reverse high-pressure-induced excitations of HPNS 
(including convulsions).56 Therefore, future studies should consider 
nitrogen (hydrogen) in these breathing mixtures as a low-potency 
anesthetic that helps the body's own protective inhibitory (adaptive) 
mechanisms to alleviate HPNS. Advantageously, increasing the ambient 
pressure increases the solubility of nitrogen and hydrogen (according to 
Henry's law), thereby increasing its inhibitory potency in higher pres-
sures, where it is most needed. Noteworthily, all anesthetic gases take 
some time to reach their equilibrium distribution in the body (usually 
≥10 minutes, depending on their biodistribution properties), [126,127] 
which explains why nitrogen (and hydrogen) protect against HPNS and 
possibly hyperbaric convulsions only when the increase of ambient 
pressure is slow. [128] In line with this slow kinetics of anesthetic gas 
distribution - HNPS is most pronounced when anesthetic gases are ab-
sent or the submersion rate is too fast for the anesthetic gases to 
distribute into CNS.

In that sense, future studies should investigate breathing mixtures 
containing multiple inert gases with various MACs, whose content and 
anesthetic profiles would enable the safest deep diving without risk of 
anesthesia or convulsions. Such mixtures could contain oxygen, carrier 
gases with negligible anesthetic potency5 (such as helium 
[116–119,123,124],4 or certain perfluorocarbons [130–132]) and low- 
potent anesthetic gases with various MACs, e.g. neon, [118,119] 
hydrogen, [117–119], tetrafluoromethane, [118,119,130] methane, 
[118,133] nitrogen, [116–118] argon, [116,118,119] sulphur hexaflu-
oride, [116,118] ethane [118,119,133] etc.

As such, new breathing mixtures should balance their narcotic effect 
at elevated pressures and the convulsive effect of hyperbaric exposure. 
Future studies should also ascertain whether low doses of non-volatile 
inhibitory drugs with only minor effects on divers' attention and 
cognition may improve their safety. Noteworthily, the knowledge of 
these medications and new breathing mixtures under high pressure is 
limited, and their efficacy and safety should be tested in a well- 
controlled setting.

4. Future perspectives

The lack of prevention strategies for CNSOT hinders attempts to 
broaden the clinical applications of HBOT. [1,2] Therefore, future 
studies should determine whether the combination of antioxidants, 
pyridoxine, and sedatives may prevent hyperbaric oxygen toxicity, as 
suggested in Section 2.2. Moreover, future studies should ascertain 
whether “pressure-resistant” drugs (whose effect is not antagonized by 
high pressure, e.g., neurosteroids, [37] zoxazolamine [67] or gaboxadol 
[68]3) are more effective than “pressure-sensitive” drugs (whose effect is 
antagonized under high pressures, e.g., phenobarbital or diazepam7) and 
compare those with the effects of direct GABAA agonists (e.g., progabide 
or γ-amino-β-hydroxybutyric acid) and indirect GABAA agonists (e.g., 
vigabatrin, or valproate [112]). Moreover, the efficacy of other 

4 Helium likely has a MAC as well, yet it is very high (≫ 100 ATA 
[116–119,123,124]) and, therefore, can be regarded as negligible for most 
purposes. Some authors describe tremors in test animals in helium 
[116,124,129] or neon [116,129] atmosphere around 75 to 95 ATA that 
occurred with fast pressurization (1.25 to 2 ATA / min). These tremors 
diminished on their own within 60 min and may be ascribed to HPNS rather 
than excitatory properties of helium or neon. [124] Some gases (per-
fluoropropane, perfluorobutane, perfluoropentane, perfluorohexane and per-
fluoroneopentane) have been suggested to lack MAC altogether. [130–132] 
Note that determining the MAC of a gas mixture involves increased pressure, 
which may antagonize the effect of the anesthesia. Consequently, a compound's 
“true” MAC (if no external pressure were applied) may be much lower than the 
MAC measured. It is also possible that the MAC of a gas would be so low that 
the high pressure would antagonize any signs of anesthesia altogether.

5 Helium is generally considered a biologically inert gas. Nevertheless, in 
silico simulations suggested that hyperbaric helium at 25 ATA may contribute to 
excitations in NMDA receptors [64], but these findings have yet to be verified in 
vitro and in vivo.

6 The reversal may be incomplete, some residual signs and symptoms of 
HPNS may remain

7 The effect of phenobarbital and diazepam were fully reversed at 12 ATA of 
pressure in vitro, but their inhibitory effects may remain unreversed at lower 
pressures (closer to those used in HBOT, 2 to 3 ATA).
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inhibitory compounds that do not directly affect ionotropic GABAA and 
glycine receptors (e.g. baclofen, melatonin, zoxazolamine, [67] chlor-
zoxazone, [111] mephensin, [91] ketamine, haloperidol, levomepro-
mazine, fentanyl, or suvorexant) should be investigated because their 
inhibitory effect may be (in some cases are known to be) pressure- 
independent and thus effective regardless of ambient pressure. 
Because even closely related compounds have shown vastly different 
properties in anesthesia reversal and convulsion prevention (Fig. 2),8

future studies must identify the best compounds (or their combinations) 
and their dosing9 for clinical applications.

The nitrogen content in HBOT breathing mixtures is often over-
looked, but as we discussed in Section 3, its narcotic properties can have 
a substantial protective effect. Similarly, carbon dioxide (CO2) concen-
trations should be monitored to avoid respiratory acidosis in patients, 
which can trigger convulsions. Moreover, future research should also 
aim to understand how increased pressure and low pH affect receptors to 
highlight the underlying mechanism of HBOT toxicity and avoid its 
adverse effects. Finally, future studies should elucidate why some factors 
(ammonia, nitrogen monoxide, etc.) increase the chances of convulsions. 
Only by gaining deeper insights into the underlying causes of CNSOT 
convulsions can we develop appropriate prevention strategies.

5. Conclusion

Hyperbaric oxygen convulsions (CNS toxicity of oxygen) originate 
from several intertwined mechanisms. First, increased pO2 increases the 
concentrations of ROS in tissues and thus may cumulatively and irre-
versibly alter the function of CNS, causing a long-term predisposition for 
convulsions (Section 2.1). Second, increased ROS in the brain reversibly 
decreases concentrations of GABA, further predisposing patients to 
convulsions (Section 2.2). Third, increased ambient pressure (≥ 2 ATA) 
reversibly alters the function of GABA, glycine and other receptors (a 
phenomenon closely related to pressure-reversal of anesthesia and 
HPNS), which may cause sudden and quickly reversible convulsions 
(Section 2.3). Fourth, acidosis increases patients' sensitivity to CNSOT 
(Section 2.4). Only a combination of these mechanisms explains why 
prolonged and repeated HBOT increases the chances of convulsions that 
can occur quickly with an increase of pO2 and/or ambient pressure but 
cease quickly upon reducing pO2 and/or ambient pressure (Section 2.5). 
Other mechanisms and molecules (e.g., ammonia and nitrogen monox-
ide) may also play a role, but the mechanism is unclear (Section 2.6).

Based on our proposed mechanism, we highlight possible preventive 
strategies that may reduce the risk of CNSOT towards increasing the 
efficacy of HBOT (Section 2.8). These preventive strategies include pre- 
emptive administration of antioxidants (ROS-scavengers), pyridoxine, 
inhibitory drugs (such as sedatives or anesthetics) and maintaining 
blood pH and ion concentrations. These preventive strategies have 
shown promising results in animal studies (and a few human studies, 

too) and, therefore, should be considered for future human trials. 
Additionally, we highlight that the breathing mixtures in deep-sea divers 
that contain mildly anesthetic gases successfully prevent the onset of 
hyperbaric convulsions (Section 2). Therefore, the development of new 
breathing mixtures for deep-sea diving and hyperbaric medicine may 
improve their safety and efficacy.
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