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Bluetooth Communication Interface for EEG Signal
Recording in Hyperbaric Chambers
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Riccardo Gagliardi, Lucio Ricciardi, and Silvia F. Storti

Abstract—Recording biological signals inside a hyperbaric
chamber poses technical challenges (the steel walls enclosing it
greatly attenuate or completely block the signals as in a Faraday
cage), practical (lengthy cables creating eddy currents), and safety
(sparks hazard from power supply to the electronic apparatus
inside the chamber) which can be overcome with new wireless
technologies. In this technical report we present the design and
implementation of a Bluetooth system for electroencephalographic
(EEG) recording inside a hyperbaric chamber and describe
the feasibility of EEG signal transmission outside the chamber.
Differently from older systems, this technology allows the online
recording of amplified signals, without interference from eddy
currents. In an application of this technology, we measured EEG
activity in professional divers under three experimental conditions
in a hyperbaric chamber to determine how oxygen, assumed at
a constant hyperbaric pressure of 2.8 ATA, affects the bioelec-
trical activity. The EEG spectral power estimated by fast Fourier
transform and the cortical sources of the EEG rhythms estimated
by low-resolution brain electromagnetic analysis were analyzed
in three different EEG acquisitions: breathing air at sea level;
breathing oxygen at a simulated depth of 18 msw, and breathing
air at sea level after decompression.

Index Terms—Bluetooth, electroencephalogram (EEG), hyper-
baric chamber, oxygen toxicity, signal processing.

I. INTRODUCTION

S INCE the 1970s, signal recording in hyperbaric cham-
bers has presented numerous practical challenges in the

evaluation of biological parameters during training and in
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operational situations of professional and student divers. The
main limitation is that the chamber is enclosed in a steel casing,
like a Faraday cage that shields against electromagnetic waves
entering from the environment and blocks the electromagnetic
waves generated inside from propagating outside. This means
that an electromagnetic-wave generator placed inside the
chamber cannot be externally detected. The second limitation is
that the power supply of equipment inside the chamber cannot
be powered by alternating current as it may generate sparks,
creating a considerable safety hazard in the presence of a gas
such as hydrogen or oxygen. Therefore, the equipment needs
to be powered by low-voltage continuous current and special
safety precautions taken when opening and closing the power
supply circuit to prevent the occurrence of sparks.
Till now, the main problem with the steel casing shielding

electromagnetic wave propagation has been solved by running
wire connections from the biological signal sources, e.g., an
electrocardiogram (ECG) or an electroencephalogram (EEG),
to outside the chamber. A wire-to-wire connection embedded
in a pressure-resistant resin material links the two sockets,
one inside and the other outside the chamber. The apparatus
is screwed to the wall of the chamber. Even with this setup,
however, the recording of biological signals like EEG (order
of V) remains suboptimal. Steps to improve the EEG signal
quality entail keeping the cable length to a minimum to pre-
vent disturbance from eddy currents during EEG recording
and placing the human subject as close as possible to the
chamber wall. But because the EEG signals near the recording
source cannot be amplified owing to the potential hazard of
the occurrence of sparks from the device power supply, and
because separate units for signal amplification and recording
are not commercially available, the recording device needs to
be located as close as practical to the outer wall of the chamber
to reduce eddy currents, and the cables outside the chamber
shielded to reduce electromagnetic interference [Fig. 1(a)].
Given this myriad of difficulties in quantifying the EEG

signal, EEG studies in hyperbaric chambers are not so
common. EEG was first recorded in animals in 1945 and
in humans in 1969, and specifically for the study of the
high-pressure nervous syndrome (HPNS) in 1968–1969
[1]–[3]. In 1974, Rostain and Naquet performed EEG studies
in humans to identify the effects of helium and oxygen
(He/O ) gas mixtures [4]; Rostain continued this line of
research from 1974 until 1988, experimenting with He/O
mixtures in particular [5]. Only recently has Fourier analysis
been applied to human EEG recordings in a hyperbaric
chamber to quantify the EEG signal [6]–[8].
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Fig. 1. Different modalities of biological signal recording inside a hyperbaric chamber. (A) Old apparatus. Wired connections from the EEG signal sources to the
EEG acquisition unit are embedded in a pressure-resistant resin material. Since the device power supply inside the chamber is critical, EEG signals are amplified
outside the Faraday cage. (B) Holter apparatus. The device amplifies signals close to the subject and records them on a removable storage memory. The device
is powered by low-voltage direct current, which does not cause dangerous sparks during opening and closing of the power supply circuit. Signal recording is
possible only in off-line mode. (C) Bluetooth technology. The EEG system is composed of a portable recorder connected via Bluetooth wireless transmission to a
notebook that visualizes the EEG signal. The acquisition module acquires samples from the amplified signals coming from the channels on the cap. The hyperbaric
chamber has pressure-resistant Plexiglas portholes made from transparent resins through which the Bluetooth radio waves are transmitted outside the chamber.
The notebook, located outside the chamber, is placed next to the porthole to obtain more stable data acquisition. With this technology, the amplified online signals
can be recorded without interference from eddy currents caused by connection cables.

With the development of the Holter monitor, i.e., an am-
bulatory data collection device that amplifies signals (heart
rhythm) by means of sensors attached to the wearer's chest
and records them on a removable storage memory, were
many of these disadvantages resolved. The Holter monitor
is powered by low-voltage direct current (dc) which does
not generate sparks during opening and closing of the power
supply circuit. Furthermore, because the signals are ampli-
fied near their source, extremely short cables can be used,
thus minimizing interference from eddy currents; after am-

plification, the signals can be recorded with higher accuracy,
again, without eddy current interference. The older “off line”
recording method consisted of a mass memory recording that
could be read outside of the chamber; however, the sub-
ject could not be monitored in an “online” mode, precluding
prompt intervention if the EEG indicated a dangerous situa-
tion [Fig. 1(b)].
With the development of the Bluetooth communication pro-

tocol, signal transmission via low-length radio waves obviated
the need for cables. Using the same radio communication
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Fig. 2. (A) During the experiment, the subject reclines on a cot with his eyes closed. (B) The 32-channel EEG system is connected via Bluetooth wireless trans-
mission to a notebook that visualizes the EEG signal outside the hyperbaric chamber. (C) The EEG recording system is located outside the hyperbaric chamber,
near the porthole.

Fig. 3. (A) Thirty-two-channel HydroCel Geodesic Sensor Net Map. Each blue and red sensor corresponds to an amplifier channel, while the white ones are
stabilizer electrodes. (B) Electrode positions displayed on a head model. (C) A navy diver wearing the EEG cap outside the hyperbaric chamber.

system, multiple devices can communicate and exchange data
via cable-free connections over short distances.
Bluetooth applications are indoor environments, where at-

tenuation by walls and signal fading due to signal reflections
can both reduce the range. Applied to portable devices, Blue-
tooth technology allows to record online signals already ampli-
fied without the interference of eddy currents caused by cables
[Fig. 1(c)].
In this technical report, we present a Bluetooth device that al-

lows the recording of biological signals in a hyperbaric chamber
despite the presence of a Faraday cage. Although such sys-
tems can be used for a variety of purposes, here we focus on
their potential application in hyperbaric chambers. In detail,
32-channel EEG was recorded with a Bluetooth EEG system
in 11 professional divers. A 20-min EEG recording was carried
out under three different experimental conditions: air (baseline
at sea level, 1 atmosphere absolute pressure [ATA]); oxygen
breathing (at a simulated depth of 18 msw, 2.8 ATA); and air
(after decompression, 1 ATA). The Bluetooth low-length radio
waves can pass through the resin portholes of the hyperbaric
chamber walls. The advantages of wireless technology for trans-
ferring data outside a hyperbaric chamber are also discussed.

II. DEVICE DESCRIPTION

The EEG equipment used in this study is a portable recorder
connected via Bluetooth wireless transmission to a notebook
that visualizes the EEG signal (EBNeuro – ATES Medica De-
vice, Verona, Italy) (Fig. 2). The Bluetooth Neurotravel module
is an embedded Class 2 module with an integrated antenna.
The Bluetooth EEG system includes a cap with 32 channels,

an acquisition unit, and a data processing and storage unit. Al-
though the study was conducted using this acquisition system,
other Bluetooth systems can probably be used for the same pur-
pose (e.g., B-Alert X24 EEG SystemEmotiv EPOC, g.Nautilus
– g.tec's wireless EEG system, Enobio Wireless EEG, etc.).
The acquisition unit (Neurotravel GEM100/SMART) detects

signals on the subject by means of an acquisition module con-
nected to the notebook via Bluetooth. This module acquires
samples from the amplified signals coming from the channels
on the cap. An anti-aliasing filter precedes EEG signal digital-
ization at 250 Hz. Signals are recorded with 16-bit resolution.
The EEG cap (Electrical Geodesic Inc., OR, USA) (Fig. 3) is

composed of Ag/AgCl electrodes, which are soaked in a phys-
iological-potassium solution for about 5 min before beginning
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the recording. The solution creates a microclime between the
subject's scalp and the electrodes that keeps the impedances
low even during long EEG recordings. The net was adjusted
so that 18 (placed on the nasion), Cz, Oz, and the pre-auric-
ular points were correctly placed according to the international
10/20 system. By virtue of the net's geodesic tension structure,
all electrodes were evenly distributed over the scalp. The data
were recorded against a vertex electrode reference (Cz) at a
sampling rate of 250 Hz using the software package Geodesic
EEG System on Neurotravel technology (ATESMedica Device,
and Electrical Geodesic, Inc.), and subsequently re-referenced
using the average reference for the analysis. Electrode imped-
ances were verified and showed mean resistances in the range
of 20–80 k .

III. APPLICATIONS

A. Oxygen Toxicity
The use of an oxygen mixture and closed-circuit breathing

apparatus (CCBA) for diving at various depths augments the
risk of central nervous system oxygen toxicity (CNS O T). The
EEG pattern is known to significantly change during saturation
dives [6]. Oxygen poisoning can manifest itself with a range of
symptoms and complications: from nausea, dizziness, hearing
and visual disturbances, amnesia, vertigo, irritability, and local-
ized muscular twitching to loss of consciousness, tonic-clonic
seizures, as well as EEG alterations including an increase in
theta waves, a decrease in alpha waves, microsleep, and a de-
cline in psychometric performance. Prolonged exposure to hy-
perbaric oxygen (HBO) will result in permanent paralysis and
death [9]. To prevent this syndrome, prompt recognition of the
earliest symptoms, as described after dry or humidified hyper-
baric oxygen exposure, is vital. Therefore, one of the most im-
portant applications of a Bluetooth EEG technology in a hy-
perbaric chamber is to measure the EEG activity and determine
how oxygen and hyperbaric pressure variables affect bioelec-
trical brain activity in professional divers. As a first application,
we determined how oxygen, breathed at a constant hyperbaric
pressure of 2.8 ATA (simulated depth of 18 msw), affects the
bioelectrical activity in human professional divers. This EEG
activity was then compared with the pre- and post-oxygen con-
ditions at 1 ATA pressure breathing air.

B. Subjects and Experimental Protocol
The EEGwas recorded inside a hyperbaric chamber using the

Bluetooth wireless technology as described above [Fig. 1(c)].
The study population was 11 healthy male navy divers (mean
age, years). Exclusion criteria were a medical his-
tory of respiratory problems, sleep disturbances, smokers, and
overweight. The internal ethics committee of the University ap-
proved the experimental protocol, and oral and written informed
consent was obtained from the subjects before participating in
the study.
A simulated depth of 18 msw (2.8 ATA) was selected for the

study because exposure at this breathing depth is a routine part
of navy diver training courses. The hyperbaric chamber used in
the study complied with Italian Navy standards for safety equip-
ment and emergency procedures. All subjects were studied in-
dividually. They were accompanied during the simulated dive

by a technician who assisted the subject if needed and were
monitored by closed-circuit television. Arousal was maintained
throughout the whole recording session by administering an ex-
ternal acoustic stimulation as soon as one 30-s epoch showed a
reduction of more than 50% of the background alpha rhythm,
according to the American Academy of Sleep Medicine scoring
rules [10]. The procedure was carried out by an experienced
neurophysiologist who was also responsible for detecting any
epileptiform phenomena. Visual inspection of the EEG signals
showed no abnormalities. The divers had complete saturation of
blood haemoglobin; nonetheless, the true value of oxygen par-
tial pressure (pO ), which requires arterial sampling, cannot be
performed inside a hyperbaric chamber.
Each recording session lasted 20 min, during which the sub-

ject was reclined on a cot with eyes closed. A baseline 20-min
EEG recording was made at 1 ATA breathing air (AIRpre) in
an open chamber. A 2-min compression profile (descent rate,
9 m min ) breathing air was used to reach the oxygen stage
at a pressure of 2.8 ATA. At this pressure, the subject breathed
pure oxygen via an oronasal mask (O ) and a second 20-min
EEG recording was acquired. The atmosphere within the hy-
perbaric chamber was controlled to maintain a total pressure of
2.8 ATA. After decompression, back on air breathing, the EEG
of each subject was recorded for 20 min (AIRpost), discarding
the first 2 min (ascent rate, 9 m min ). The overall time of
EEG recording was about 1 h [Fig. 4(a)]. The chamber was com-
pressed with air and a separate breathing circuit was used for the
oxygen stage. As the chamber was equipped with a continuous
ventilation system, eventual oxygen leaks from the mask were
not thought to influence the atmosphere inside the hyperbaric
chamber [8].

C. Scalp Maps of EEG Spectral Power

The data were preprocessed and processed as described in [8].
The FFT relative power (%) was then estimated for the delta
(1–4 Hz), theta (5–7 Hz), alpha (8–12 Hz), beta1 (13–15 Hz),
and beta2 (15–30 Hz) frequency ranges.
Comparison of brain activity between air breathing at sea

level (1 ATA) and oxygen (2.8 ATA) conditions in the same
subjects showed a rapid and significant decrease in delta rela-
tive power in the posterior regions starting already in the early
minutes of the test, with a parallel and significant increase in the
alpha rhythm in the same regions [Fig. 4(b)]. After decompres-
sion (AIRpost), the delta relative power significantly decreased
from baseline (AIRpre) over all electrodes until minute 8. At
11'–12', this decrease was principally localized in the posterior
regions. The increase in alpha rhythmwas uniformly distributed
over the cerebral cortex until minute 8; this increase was still
significant in the posterior regions until the end of the 20 min.
Because a decrease in delta activity during oxygen breathing
may be a sign of reduced performance of cortical inhibitory
mechanisms, an increase in alpha activity can be detected in
the central regions where this activity is normally very low.
During prolonged exposure to hyperbaric oxygen, EEG changes
occurred in all subjects with good reproducibility. From this we
would assume that during oxygen breathing vasoconstriction is
followed by vasodilatation, with an increase in alpha activity in
the posterior regions [11]. This is consistent with the observa-
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Fig. 4. (A) Dive profile and recording sessions. A 20-min baseline EEG recording was made at 1 ATA breathing air (EEG1 – AIRpre) in the open hyperbaric
chamber. In the closed chamber, a 2-min compression profile (descent rate, 9 m min ) breathing air was used to reach the next stage at a pressure of 2.8 ATA
(compression). At this pressure, the subject breathed pure oxygen via the oronasal mask and a 20-min EEG was acquired (EEG2 – O ). After decompression,
back on air breathing, the EEG of each subject was recorded for 20 min (EEG3 – AIRpost), discarding the first 2 min (ascent rate, 9 m min ) (decompression).
(B) Power spectra density [ V Hz] of the EEG signal average of 20-min EEG recording (only 19 channels visualized in the international 10–20 system positions)
in one professional diver in the three different conditions: air (blue), oxygen breathing (green), and air after decompression (red).

tion that vascular response to hyperoxia leads to a reduction in
cerebral blood flow.

D. Cortical Source Analysis of the EEG Rhythms
1) Loreta Imaging: The data were preprocessed as before.

The EEG data for each condition (20 min for each) were
divided into epochs of 2 s. Because EEG spectral frequency
bands are known to reflect different functions and behave
statistically independently of one another, the analysis was
done separately in the following six bands: delta (1.5–6
Hz), theta (6–8 Hz), alpha (8–12 Hz), beta1 (12–18 Hz),
beta2 (18–21 Hz), and beta3 (21–30 Hz) [12]. In order to
localize the cortical sources of scalp EEG activity, standardized
low-resolution brain electromagnetic tomography (sLORETA;
http://www.unizh.ch/keyinst [13]) was used. The sLORETA
method is a properly standardized, discrete, 3-D distributed,
linear, minimum norm inverse solution. The particular form
of standardization used in sLORETA endows the tomography
with the property of exact localization to test point sources,
yielding images of standardized current density with exact
localization, albeit with low spatial resolution (i.e., neighboring
neuronal sources will be highly correlated) [13].
In the frequency domain, LORETA [14] can be computed

from EEG cross-spectra (see Appendix).
Under the three conditions, for each subject separately and

all subjects together, the EEG cross-spectra and then the corre-
sponding 3-D-cortical distribution of the electric neuronal gen-
erators were computedwith sLORETA for each frequency band.
The spectral current density was mapped into a 3-D representa-
tion: one map for each frequency band in the AIRpre condition
(1–20 min) and seven maps for the O and AIRpost conditions,
with seven intervals of analysis (1', 2', 5', 8', 11'–12', 16'–17', and

19'–20'). Minutes 19–20 from the EEG of subject no. 3, minute
5 from subject no. 8, and minute 2 from subject no. 9 were dis-
carded due to loss of the EEG signal via Bluetooth.
2) Statistical Analysis of the Loreta Solutions: Statis-

tical analyses were performed using the sLORETA software
package. The difference in source localization of cortical os-
cillations between the three experimental conditions (AIRpre,
O , AIRpost) in each frequency band was assessed by
voxel-by-voxel independent sample t-tests based on sLORETA
log-transformed current density power. Due to the non-Gaus-
sianity nature of the data, in the resulting statistical 3-D
images the cortical voxels showing significant differences
were identified by a nonparametric approach (statistical non-
parametric mapping [SnPM]) via randomizations [15], [16].
Using this randomization strategy, we determined the critical
probability threshold values for the actually observed t-values
with correction for multiple comparisons across all voxels and
all frequencies. A total of 5000 permutations were used to
determine the significance for each randomization test. Log of
ratio of averages were used and considered with a 0.95 level of
significance. The use of statistical nonparametric maps applied
to LORETA images has been validated in previous studies
[17]–[19]. As the LORETA method does not need any “distri-
butional assumptions,” it yields an adjusted t-critical value that
is effective for controlling type I error [20]. The LORETA im-
ages were statistically compared between conditions (O versus
AIRpre, AIRpost versus AIRpre). The t-values corresponding
to were plotted onto a magnetic resonance imaging
(MRI) template with a scale bar indicating statistical power.
3) Results: Average of LORETA solutions (i.e., relative cur-

rent density at cortical voxels) modelling the distributed EEG
sources for delta, theta, alpha1, alpha2, beta1, beta2, and beta3
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Fig. 5. Averaged sLORETA solutions (current density at cortical voxels) of EEG sources for each frequency band, delta (1.5–6 Hz), theta (6–8 Hz), alpha
(8–12 Hz), beta1 (12–18 Hz), beta2 (18–21 Hz), and beta3 (21–30 Hz), and for each condition (AIRpre, O , AIRpost). The left side of the maps (top view) cor-
responds to the left hemisphere.

bands presented specific spatial features during air breathing in
resting state condition, during oxygen breathing, and during air
breathing after the decompression stage.
As compared to baseline, during oxygen breathing (2.8 ATA),

the brain activity showed a rapid and significant decrease in
delta and theta sources in the posterior regions starting from
the early minutes of oxygen breathing and a parallel signifi-
cant increase in the alpha and beta1 sources in the same regions
(Fig. 5). As shown on the t-maps (O versus AIRpre), a sig-
nificant decrease was detected for the theta sources in partic-
ular and persisted throughout the entire recording during oxygen
breathing. The alpha sources markedly, albeit less significantly,
localized in the same posterior regions. The beta2 and beta3
bands were less involved during oxygen breathing as compared
to the baseline (Fig. 6).
After decompression (AIRpost), the delta and theta sources

significantly decreased from baseline (AIRpre) principally over
the posterior regions until minute 5. At 11'–12', the decrease was
still present but less significant over the posterior regions. After
20 min, the power resembled that of AIRpre even if it did not
completely return to the baseline (Fig. 5). This modification is
shown on the t-maps (AIRpost versus AIRpre). The alpha and
beta1 sources significantly increased in the same posterior re-
gions during the first 2min after decompression before returning
almost completely to baseline at 19'–20'. The beta2 and beta3
bands were less involved during AIRpost as compared to the
baseline (Fig. 6).
These results show that oxygen exposure can affect the cor-

tical sources of resting state rhythms, i.e., the slow rhythms sig-

nificantly decrease as a sign of vasoconstriction followed by va-
sodilatation, with an increase in alpha activity in the posterior
regions. They also suggest that it may be possible to define and
recognize landmarks of oxygen-induced brain activity, which
could inform decisions in the medical treatment of subjects re-
porting “diving-related problems.”

IV. CONCLUSIONS
Mobile EEG systems have been developed in biomedical

contexts for monitoring medical conditions and have also found
a particular place in neurological applications (i.e., epilepsy,
sleep, brain–computer interface). Here, we focus on their
potential application in hyperbaric chambers.
EEG studies in hyperbaric chambers are not common. The

main technical limitations are the practical problems with
recording the EEG signal inside a steel-enclosed chamber, i.e.,
a Faraday cage, and that the power supply of the equipment
inside the chamber cannot be powered by alternating current
because of the hazard of sparks.
The advantages of Bluetooth technology for recording bio-

logical parameters in a hyperbaric chamber are many: the EEG
signal quality is better than with older technologies because the
transmission of the amplified signals is less subject to envi-
ronmental interference and because it enables wireless connec-
tion without cables which can generate eddy currents. Hyper-
baric chambers are equipped with pressure-resistant Plexiglas
portholes through which Bluetooth radio waves are transmitted
outside the chamber. By placing the EEG system outside the
chamber next to the porthole, we can obtain more stable data
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Fig. 6. sLORETA statistical maps of delta, theta, alpha, beta1, beta2, and beta3 oscillations. Significant results are projected onto a cortical surface. Colored areas
represent the spatial extent of voxels with a significant difference (yellow and light blue-coded for , corrected for multiple testing) in source current
density in O versus AIRpre and AIRpost versus AIRpre. The color scale represents log F-ratio values ( ).

acquisition. In addition, so-called hull penetrators (consisting of
two sockets connected wire-to-wire and embedded in the pres-
sure-resistant resin), are generally no longer provided on hyper-
baric chambers.
Our preliminary experimental results indicate that this dedi-

cated system can create an EEG platform with a signal acquisi-
tion quality comparable to current EEG systems. The principal
results of EEG recording in professional divers during three dif-
ferent conditions (breathing air inside a hyperbaric chamber at
sea level, breathing oxygen at a simulated depth of 18 msw,
and breathing air at sea level after decompression) showed that
cortical sources are affected by oxygen breathing for at least
20 min. The oxygen condition was characterized by a marked
amplitude increase in the alpha and beta1 sources in the pari-
etal and occipital areas and an amplitude decrease in the oc-
cipital delta and theta sources. These results are in line with
those obtained from the scalp which showed a decrease in the
relative power of slow rhythms and an increase in the relative
power of fast rhythms. These findings support the hypothesis
that long-term oxygen exposure may differently affect cortical
sources of EEG.
There are many situations in which the human brain is

exposed to hyperoxia, including medical therapy, diving, indus-
trial health, and safety in toxic environments. The most widely
used technique to study hyperoxia in a normobaric condition
is perfusion-MRI. Several studies reported that steady-state
cerebral blood flow (CBF) decreases and cerebral vascular
resistance increases during acute exposure to normobaric
hyperoxia in healthy subjects [21]–[23]. The CBF decreased

independently of arterial partial pressure of carbon dioxide
(pCO ) indicating an independent cerebral vasoconstrictive
effect of hyperoxia. Supporting these observations, Visser and
colleagues monitored by transcranial Doppler (TDC) the blood
flow velocity in the right middle cerebral artery and found that
the mean TDC velocity decreased during hyperbaric oxygen
(HBO) exposure (30 min exposure to 2.8 bar pure oxygen)
probably due to vasoconstriction of the cerebral resistance
vessels, whereas it increased in the subject who experienced a
generalized seizure [24].
EEG has rarely been used for the evaluation of brain ac-

tivity during hyperoxia. Visser et al. described the effects of
HBO exposure on quantitative EEG and noted that the elec-
trical changes were minor and not considered indicative of a
HBO effect on the brain in the group of healthy subjects who
showed no signs of toxicity. Preconvulsive EEG changes were
detected in only one subject who experienced a seizure, but they
were too insignificant and did not clearly herald clinical signs
[25]. Kaskinoro and colleagues found that prolonged oxygen
administered at high concentrations under normal atmospheric
pressure and with normal ventilation does not cause significant
EEG slowing or produce any epileptiform activity in the EEG
in healthy subjects [26].
Differently, as observed by the significant changes in the

cortical neuronal activity assessed by our EEG recordings, we
would assume that the prolonged hyperoxia in these healthy
subjects induced vasoconstriction followed by vasodilatation,
with an increase in alpha activity in the posterior regions.
These findings could support the oxygen tolerance test (OTT)
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in military divers and the evaluation of subjects with sus-
ceptibility to CNS O T. In particular, the Italian Navy OTT
procedure exposes divers to 2.8 ATA (the same pressure as in
our experiment) for 15 min in a dry chamber while breathing
100% oxygen through a face mask. The EEG could be easily
used as a biomarker to investigate possible alterations in elec-
trical brain activity during the test, e.g., increased power in the
low-frequency bands (i.e., delta, theta) with reductions in the
higher frequency bands (i.e., alpha, beta) and abnormal source
localization (e.g., LORETA) analyses.
This first application has produced encouraging results; how-

ever, two major limitations of the study merit discussion. First,
we cannot completely exclude a slight increase in the alpha
components as a marker of increased drowsiness over the dura-
tion of the recording. Nonetheless, in our results we observed an
increase in alpha activity, especially during oxygen breathing,
and an almost complete return to the baseline at the end of
the AIRpost condition. From this transient modification we can
assume that the results were not significantly altered. More-
over, drowsiness-alpha activity is typically characterized by de-
creased amplitude over the occipital areas, as compared with the
wakefulness-alpha rhythm, simultaneous to the appearance of
a slower alpha pattern localized over the anterior regions [27].
Differently, our results showed that the alpha increase is local-
ized especially over the parietal and occipital regions.
The second limitation is that during oxygen breathing, the

subjects were simultaneously exposed to high pressure and pure
oxygen. These two variables were not independently manipu-
lated and we were unable to quantify the effects of each variable
on the results. Therefore, we are planning to include in the pro-
tocol of future studies an EEG evaluation during normobaric hy-
peroxia in order to determine how oxygen and hyperbaric pres-
sure, respectively, affect bioelectrical activity in human profes-
sional divers.

APPENDIX

Loreta in Frequency Domain: LORETA images corre-
sponding to the estimated neuronal generators of brain activity
within a given frequency band are defined as follows. For a
given subject, let denote a vector comprised of the scalp
electric potentials measured at each scalp electrode (any refer-
ence electrode is allowed), at time instant ( ),
and for EEG epoch ( ). Let denote the band
filtered EEG, where denotes the frequency band of interest.
The instantaneous current density estimate is computed as the
linear transformation

(1)

where T denotes the inverse of the transfer matrix or lead field
matrix K [18], [28]. The LORETA image for the frequency band
is then defined as the spectral density of estimated current

density signals. Based on Parseval's theorem on the equivalence
of power expressed in the time and frequency domains [29], the
LORETA image can be computed as:

(2)

where denotes the diagonal of a matrix, the superscript T
denotes vector transposition, and is, except for a scale factor,
the Hermetian EEG cross-spectral matrix [30]

(3)

where denotes the discrete Fourier transform at frequency
and the superscript denotes complex conjugate and vector

transposition [31].
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