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Preface to ”Hyperbaric Medicine”

Oxygen (both its presence and absence) acts as a potent signaling mechanism in many, if not

most, cellular processes.

Oxygen has been used therapeutically mainly to alleviate or correct hypoxia, and has been

administered in supra-atmospheric doses in the form of hyperbaric oxygen (a method derived from

diving medicine practices, but has been used in non-diving applications since the 1960s).

Hyperbaric oxygen is, by definition, administered in an intermittent way, and in recent years,

even the effects of intermittent oxygen administration at non-hyperbaric doses have been investigated

and showed interesting results. Since the very beginning, because hyperbaric oxygen therapy relies

on pure physics and just applying increased environmental pressure will increase partial pressure of

the breathed gases (namely, oxygen), the therapeutic mechanisms involved were believed to be fully

understood.

Nowadays, all reported data demonstrate how hyperoxic and hypoxic states can potentially be

manipulated if oxygen is considered as a multifaceted molecule more than just a gas.

The certainties and the dogma of when hyperbaric medicine was in its adolescence are slowly

being replaced.

Hyperbaric medicine is slowly moving out of its infancy. However, as in real life, with the

progression away from infancy, the certainties disappear. It is now our task, as researchers, to reflect

upon these uncertainties and distil out of them a coherent, balanced advice towards readers. Let us

not jump to conclusions too fast, as our new “certainties”may very well prove to be “not the whole

story”again. This reprint is dedicated to increase knowledge in this very interesting field, and present

hyperbaric medicine in not so usual applications.

Costantino Balestra and Jacek Kot

Editors
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Abstract: Depending on the oxygen partial pressure in a tissue, the therapeutic effect of oxygenation
can vary from simple substance substitution up to hyperbaric oxygenation when breathing hyperbaric
oxygen at 2.5–3.0 ATA. Surprisingly, new data showed that it is not only the oxygen supply that
matters as even a minimal increase in the partial pressure of oxygen is efficient in triggering cellular
reactions by eliciting the production of hypoxia-inducible factors and heat-shock proteins. Moreover,
it was shown that extreme environments could also interact with the genome; in fact, epigenetics
appears to play a major role in extreme environments and exercise, especially when changes in
oxygen partial pressure are involved. Hyperbaric oxygen therapy is, essentially, “intermittent
oxygen” exposure. We must investigate hyperbaric oxygen with a new paradigm of treating oxygen
as a potent stimulus of the molecular network of reactions.

Keywords: oxygen; hyperbaric oxygen; epigenetics; normobaric oxygen paradox; hyperoxic-hypoxic
paradox

1. Background

The usual path in medical sciences is typically the same: starting with understanding
mechanisms; then conducting cellular tests using tissues, small animals, larger animals,
then small human studies; and finally extensive clinical studies. Nevertheless, hyperbaric
medicine has developed in an unusual way.

In fact, in the 1950s, a Dutch cardiac surgeon, Prof. Ite Boerema, began to use a
hyperbaric chamber that was considered efficient in curing divers affected with the so-
called “caissons’ disease” to help his newborn patients called “blue babies”. The procedure
to mend cardiac septal defects needed a cardiac arrest, and the time for such a cardiac arrest
was only minutes to secure a cardiovascular restart [1]. At that moment, an unacceptable
number of patients were not surviving the surgery, and this surgeon wanted to find a
method that would allow him to achieve better outcomes. His experiments were published
in a famous paper entitled “Life without blood”, and he proved that it was possible to
survive critical exsanguination while remaining in a hyperbaric chamber breathing high
oxygen pressures (3.0 ATA).

Increasing circulating oxygen levels in the body by increasing the barometric pressure
in the operating room permits survival even after a more prolonged cardiac arrest. Of
course, some years later, extracorporeal circulation became available, and the “hyperbaric
operating room” was no longer needed. Hyperbaric oxygen is no longer used for maintain-
ing general oxygenation levels, and its use has been somewhat limited for the treatment
of specific diseases that are not necessarily combined with hypoxemia. Since that very
moment, many hyperbaric centers have been developed, and a long list of indications and
procedures have been produced.

This medical field has been so “dispersive” that reactions arose, and hyperbaric
medicine was even “coined” as a “therapy in search of diseases” [2].

Significant progress has been made since the 1960s, and investigations into the mecha-
nisms that are underlying oxygen variations were awarded a Nobel prize in 2019 [3]. This
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is an essential milestone in the field as, today, we have sufficient understanding to tackle
two significant points that still need to be investigated in hyperbaric medicine: how much
and how often. Hyperbaric medicine should be called “oxygen medicine”; an extensive
range of oxygen levels may be used; and, according to these levels, repetitions of sessions
must be adapted.

2. The Challenge of Oxygen Partial Pressure

Depending on the oxygen partial pressure of tissues, the therapeutic effect of oxygena-
tion can vary from simple substance substitution, when normobaric hyperoxia is used to
restore tissue oxygen levels to normal values from (120 torr in arterial blood to approx.
30–40 torr in soft tissues), up to hyperbaric oxygenation when breathing of hyperbaric
oxygen at 2.5–3.0 ATA gives tissue hyperoxia well above 1000 torr.

Interestingly, the dose-effect relation is not linear but is instead “U-shaped”. It is
already the clinical standard that, at normobaric conditions, the arterial partial pressure
must be kept in the relatively narrow range of 10–20 kPa (75–150 torr), as increased mortality
was observed in critically ill patients exposed either to hypoxic or hyperoxic levels [4].

On the other hand, it is well known that exposing humans to hyperoxia induces
oxygen toxicity (Paul Bert’s effect on the brain and the Lorrain–Smith effect on the lungs).

3. The Challenge of Oxygen Toxicity

Today, the hyperbaric exposure dose (pressure and time) and repetitions are mainly
limited by pulmonary and neurological toxicity. To remain on the safe side and not harm
the patient, the OTUs (Oxygen Toxicity Units) or UTPDs (Units of Pulmonary Toxicity
Dose) are calculated, even if those units are challenged in new approaches [5–8]. Permanent
exposure to hyperbaric oxygen is not a clinical option. Fortunately, it seems that intermittent
switching between low and high oxygen pressure is sufficiently potent to induce significant
therapeutic molecular actions (Figure 1).

Figure 1. Oxygen levels and their therapeutic use (PO2, partial pressure of oxygen).

4. Oxygen as a Trigger

Surprisingly, new data show that even a minimal increase in the partial pressure of
oxygen efficiently triggers cellular reactions [9,10]. As we already expressed in previous
works, “some decades ago, on the physiological side, the two parameters that characterize
extreme environments were identified as eliciting the production of two particular elements:
hypoxia-inducible factors and heat-shock proteins. The two are ubiquitous and essential
for cellular life” [11,12].
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These “Hypoxia-Inducible Factors can trigger several hundred genes”, but it has been
shown that hyperoxia, more specifically, coming back to normoxia after hyperoxic exposure
(relative hypoxia), can trigger this essential factor responsible for vascular, cellular, and
metabolic homeostasis and apoptosis [10,13,14]. Its beneficial actions in the fight against
cancer cells have recently been advocated [12]. The second is a family of proteins acting as
chaperones for other proteins and resetting impaired proteic structures triggered by many
environmental stressors [15].

5. Epigenetics and the Challenge of Cellular Responses

Epigenetics seems to play a significant role in exercise and extreme environments [11].
Recently, it was shown that external stressors could indeed interact with the genome,
especially when changes in the oxygen partial pressure are involved [16].

This is may not be all that surprising as we know that physical exercise can produce
extensive cellular reactions, including epigenetic reactions. Physical exercise is actually an
intermittent oxidative stress variation. The oxygen level is very low in the mitochondria
(Figure 2) [17]. We can, therefore, understand how potent a minute variation of oxygen ten-
sion may be at that level. We may need to consider oxygen variations in the mitochondrion
as the most potent homeorhetic trigger in nature.

Figure 2. Oxygen cascade from ambient air down to mitochondria (figure taken from [17]).

Considering this no wonder that even variations of 10% of the inspired oxygen fraction
may be effective in humans and cultured cells [9,10,18]. It is now known that genes are
not always activated. They are not mandatorily expressed. They can be “turned on” or
“off” by external interferences that do not change the DNA sequence. There are two major
mechanisms for this: DNA methylation and histone modifications. Acute environmental
changes can induce epigenetic modifications; cells constantly receive all kinds of signals
informing them about their surrounding environment and adjust their activity to the
situation.

Recent data showed an epigenetic change through methylation in alpinists exposed to
hypoxia, demonstrating rapid changes that were even recently not considered possible in
the human epigenome following acute oxygen variation [16].
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Several other articles have discussed the fact that pulsed hyperoxia induces hypoxia-
inducible factor 1α (HIF-1α) activation and the expression of genes involved in the response
to low oxygen describing a “normobaric oxygen paradox” (NOP), i.e., that relative changes
of oxygen availability, rather than steady-state hypoxic (or hyperoxic) conditions, coordi-
nate HIF-1α transcriptional effects [14,19]. This phenomenon has different names, either
“Hyperoxic–Hypoxic Paradox” [17] or “Normobaric Oxygen Paradox” [20] depending on
the range of variation of PO2 imposed. Nevertheless, a general term could be a “relative
hypoxia” without reaching tissular hypoxic levels [20].

These studies investigated the activation of oxygen-sensitive transcription factors
in peripheral blood mononuclear cells (PBMC) obtained from a human after breathing,
increasing PO2, generating mild, high, and very high hyperoxia (30%, 100%, and 140% O2,
respectively). The responses were followed for 24 h post exposure. It is possible that, for
higher levels of hyperoxia (high and very-high), a longer time is needed to see reactive
adaptations, such as the expression of nuclear factor erythroid 2-related factor 2 (NRF2)
and HIF-1α. Further investigations are required with prolonged periods.

All treatments were associated with significant activation of NRF2 and HIF-1α. Con-
versely, the nuclear factor kappa B (NF-kB) transcription factor was significantly activated
only by higher oxygen concentrations. The intracellular levels of total glutathione paral-
leled the nuclear transfer of NRF2 and remained elevated up to the end of the experimental
observation time along with the plasmatic level of matrix metalloproteinase 9 (MMP-9).
We confirmed that mild hyperoxia is sensed as hypoxic stress in vivo within the first 24 h,
activating HIF-1α and NRF2, but not NF-kB.

Conversely, high hyperoxia was associated with a progressive loss of the NOP re-
sponse and increased oxidative stress signals leading to NRF2 and NF-kB activation,
accompanied by the synthesis of GSH. After very high hyperoxia, HIF-1α activation was
absent in the first 24 h, and the oxidative stress response accompanied by NF-kB activation
was prevalent. The glutathione (GSH) levels paralleled the nuclear transfer of NRF2 and
remained elevated during the observation time together with the MMP-9 plasma levels.
Further confirmation was published on the activation of microRNA during different oxygen
exposures [21].

Interestingly, several articles have been interested in increasing hemoglobin and
oxygen exposure [9,14,22–24]. To achieve such an increase in a fast way, small deltas were
elicited; for a more extended response, higher oxygen variations and more distant (less
frequent) variations were needed [21]. If the oxygen variations were relatively small, a
repeated and frequent exposure had a fast answer (a few days) [22].

6. New Levels of Oxygen

Recent data confirmed that, in vivo, the return to normoxia after mild hyperoxia is
sensed as hypoxic stress characterized by HIF-1α activation [10]. On the contrary, high
hyperoxia and very high hyperoxia induce a shift toward an oxidative stress response,
characterized by NRF2 and NF-κB activation in the first 24 h post-exposure.

Even though it is possible that higher levels of hyperoxia (high hyperoxia from
50% to 100%, very high hyperoxia at hyperbaric levels) may induce late responses to
recover homeostasis over a longer window of time, previous studies in cultured cells [14]
and in vivo [12,25] suggested that critical adaptive responses occur within shorter times.
However, further investigations are needed to investigate if pulsed hyperoxia induces
specific compensatory reactive adaptations at more extended periods. Future studies
should focus on the two components of this paradigm: the oxygen exposure (time and
PO2) and time between sessions (intermittent exposures) [12,23].

Overall, already published data [10] suggested the occurrence of a “hormetic” adap-
tion to high oxygen triggered by the activation of signaling cascades leading to the expres-
sion of antioxidant systems; this is in agreement with data obtained in rodents undergoing
either hyperbaric or normobaric oxygen that initially induced significant oxidative stress
that was eventually resolved after continued exposure [26].

4
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To optimize applicable clinical protocols from this paradigm, future studies are ex-
pected to focus also on the “down-stream” effects of HIF-1α transcriptional activation.
Depending on the therapeutic target, using mild hyperoxia (from 30% to 40–50%) may be
more desirable [12,27], or, on the other hand, eliciting oxidative stress utilizing HH/VHH
administration may be considered a more appropriate desirable effect.

7. Intermittent Oxygen, the Clue?

Hyperbaric oxygen therapy is, by essence, “intermittent oxygen” exposure. It is clear
from previous data that we must investigate this direction with a new paradigm of treating
oxygen rather as a potent stimulus of the molecular network of reactions. The vital task
is answering the questions of “how much”, “how long”, and “how often” this stimulus
should be given. The non-linearity of the dose-response curve complicates the picture.
Still, to the end, we should be able to answer what oxygen dose should be given to reach a
specific clinical or molecular effect.

We hope that the authors of the papers in this special issue of Medicina and active read-
ers using those ideas in their research will help to shape the future of “oxygen medicine”.
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Abstract: Hyperbaric oxygen therapy (HBOT) consists of using of pure oxygen at increased pressure
(in general, 2–3 atmospheres) leading to augmented oxygen levels in the blood (Hyperoxemia) and
tissue (Hyperoxia). The increased pressure and oxygen bioavailability might be related to a plethora
of applications, particularly in hypoxic regions, also exerting antimicrobial, immunomodulatory and
angiogenic properties, among others. In this review, we will discuss in detail the physiological rele-
vance of oxygen and the therapeutical basis of HBOT, collecting current indications and underlying
mechanisms. Furthermore, potential areas of research will also be examined, including inflammatory
and systemic maladies, COVID-19 and cancer. Finally, the adverse effects and contraindications asso-
ciated with this therapy and future directions of research will be considered. Overall, we encourage
further research in this field to extend the possible uses of this procedure. The inclusion of HBOT
in future clinical research could be an additional support in the clinical management of multiple
pathologies.

Keywords: hyperbaric oxygen therapy (HBOT); Hyperoxia; wound healing; antimicrobial properties;
Coronavirus Disease-19 (COVID-19)

1. Introduction

Hyperbaric oxygen therapy (HBOT) is a therapeutical approach based on exposure to
pure concentrations of oxygen (O2) in an augmented atmospheric pressure. According to
the Undersea and Hyperbaric Medical Society (UHMS), this pressure may equal or exceed
1.4 atmospheres (atm) [1]. However, all current UHMS-approved indications require that
patients breathe near 100% oxygen while enclosed in a chamber pressurized to a minimum
of 2 ATA [2].

The first documented use of hyperbaric medical therapy was in 1662 by Henshaw,
a British physician who placed patients in a container with pressurized air. Interestingly,
it was conducted before the formulation of the Boyle-Mariotte Law, which described the
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relationship between the pressure and volume of a gas, and prior to the discovery of O2 by
John Priestly over 100 years later [3]. Afterwards, the pathway of HBOT in medical care was
retarded by the observation of possible O2-derived adverse effects at 100% concentrations
by Lavoisier and Seguin in 1789. Years later, in 1872 Paul Bert, considered the “father of
the hyperbaric physiology”, described the physiological basis of pressurized air in the
human body, also defining the neurotoxic effects of O2 in the human body, consequently
named the Paul Bert effect [4], followed by the description of the pulmonary toxicity of
O2 by Lorrain Smith [5]. Simultaneously, a growing interest in the use of HBOT in the
treatment of different affections was reported, including treatment for divers who suffered
decompression sickness during World War II [6]. Since then, a plethora of studies were
prompted, with hundreds of facilities based on HBOT being established at the beginning
of the 21st century [7].

Currently, there are 14 approved indications for HBOT, including a wide variety
of complications like air embolism, severe anemia, certain infectious diseases or idio-
pathic sensorial hearing loss. In addition, in the last European Consensus Conference on
Hyperbaric Medicine highlighted the use of HBOT as a primary treatment method for
certain conditions according to their moderate to high degree of evidence (e.g., after carbon
monoxide (CO) poisoning), or as a potential adjuvant to consider in other conditions with a
moderate amount of scientific evidence (e.g., Diabetic foot) [8]. In this work we will review
in detail the basis of O2 as a therapeutical agent and the principles of hyperbaric medicine
regarding most relevant applications concerning HBOT, and potential implications for
different approaches including COVID-19.

2. Physiological Role of Oxygen in the Organism

O2 is a frequently disregarded nutrient because of its particular access inside the
human body, through the lungs instead of the gastrointestinal tract, typical of all other
nutrients [9]. O2 is key for human cells to perform so-called aerobic respiration, which
takes places in the mitochondria. Here, O2 acts as an electron acceptor finally leading to
ATP synthesis in a process known as oxidative phosphorylation. From an evolutionary
perspective, the uptake of O2 was the origin of eukaryotic cells, emerging as a result of
an endosymbiotic relationship between prokaryotic cells (archaea and eubacteria) which
were capable of using this nutrient [10]. This fact represented an adaptative advantage
with regard to those cells unable to utilize it, complex organisms were coevolving with O2,
thus becoming an essential nutrient for our cells [11].

In a simple manner, O2 is introduced in our body by two distinguished process: ven-
tilation, in which gases are transported from the environment to the bronchial tree and
diffusion, where an equilibrium in the distribution of O2 between alveoli space and blood
is reached. Given that the partial pressure of O2 (PO2) here is low, and rich in carbon
dioxide (CO2), gas exchange occurs [12]. Simultaneously, the difference in the pressure
and volume in the chest wall and lungs are essential to permit the oxygen flow, as atmo-
spheric pressure does not vary at all [13]. Once in the bloodstream, O2 is mostly bound
to haemoglobin (Hb) in the erythrocytes, and to a little extent in a dissolved form, being
systemically distributed. Then, oxygen exchange is produced between the microcirculatory
vessels—Not only capillaries, but also arterioles and venules-and the rest of the tissues,
due to the different partial pressure of O2 and the Hb oxygen saturation (SO2), which is
also dependant on other variables like temperature, PCO2 and pH, among others [14].
If, however there is a lack of oxygen in the tissue it may appear a condition designed as
hypoxia. This may be due to low O2 content in the blood (Hypoxemia), which may be a
consequence of either a disruption in the blood flow to the lungs (Perfusion), airflow to
the alveoli (Ventilation) or problems in the gas diffusion in the haemato-alveolar barrier.
Furthermore, low blood supply (ischaemia) or difficulties in the O2 delivery, may also be
responsible for tissue hypoxia [15]. Consequently, within cells there are specific sensors
named as Hypoxia-inducible factors (HIF) that under hypoxic conditions will bind to
the hypoxia response element (HRE), thereby regulating a wide variety of cellular pro-
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cesses [16]. Occasionally, hypoxia might provide favourable implications for health, for
instance during early developmental stages [17] or in the case of intermittent exposures [18].
Nonetheless, hypoxia mostly induce a pathological stress for cells that is closely related
with the appearance and progress of a broad spectrum of diseases [19]. As a result, oxygen
has been proposed as a potential therapeutic agent for patients undergoing different acute
or chronic conditions [20,21]. As targeting cellular hypoxia is a promising, but still an
emerging approach [22], clinical management of hypoxia is directed to modulate global
hypoxemia and oxygen delivery within the tissues [23]. In this context, HBOT arises as an
extraordinary support in the handling of hypoxia and other hypoxia-related phenomena
by increasing blood and tissue levels of oxygen [24]. Hereunder, we will describe the
principles and mechanisms of action of HBOT, regarding its therapeutical basis and specific
considerations of this therapy.

3. Principles of Hyperbaric Oxygen Therapy. Therapeutical Basis

As above mentioned, HBOT consist of the supply of pure oxygen under augmented
pressure. This procedure is conducted in a monoplace or multiplace chamber if there are
only one or various patients undergoing this procedure, respectively. In the first case, the
chambers are usually compressed with O2 whereas in the second, people breath oxygen
individually through a face mask, hood, or an endotracheal tube [25]. In the case of
critically ill patients, it seems that multiplace chambers allow a better monitoring of the
vital functions in comparison to monoplace chambers, although the use of the latter are
also safe and well tolerated by patients [26,27]. Depending on the protocol, the estimated
duration of session varies from 1.5 to 2 h and may be performed from one to three times
daily, being given among 20 to 60 therapeutical doses depending on the condition [28].
Frequently, this method utilizes between 2 to 3 atms of pressure. Nevertheless, it has
also been obtained promising results in some studies from <2 atms (1.5 atms) for certain
conditions [29,30], although according to all UHMS currently approved indications it is
required a chamber pressurized to a minimum of 2 ATA [2]. Despite some protocols accept
the use of 6 atms (i.e., treatment of gas embolism), little benefits are usually reported from
>3 atms as it may be associated with a plethora of adverse effects [31]. Moreover, it is
not possible to breath pure O2 at higher pressures than 2.8 atm, and in those cases it is
accompanied with other gases like helium, nitrogen or ozone. The alternative, normobaric
oxygen therapy (NBOT), utilizes oxygen at 1 atm of pressure. In comparison with HBOT,
NBOT is cheaper and easier to apply, and it could be found in almost all hospitals, as it does
not require hyperbaric chambers [32]. However, some studies have reported a reduced
efficacy of NBOT in comparison with HBOT [33,34], therefore showing the relevance of
HBOT for certain conditions. Conversely, the use of NBOT could be critical for patients
suffering from some maladies in absence of HBOT facilities.

The therapeutical basis of hyperbaric oxygenation are consequence of three main
factors: (1) By breathing 100% O2, a positive gradient is created, hence favouring diffusion
for hyperoxigenated lungs to hypoxic tissues; (2) due to the high pressure, O2 concentration
in the blood raises according to Henry’s Law (the amount of dissolved gas within a liquid
is directly proportional to its partial pressure) and (3) it decreases the size of gas bubbles
in the blood following Boyle-Mariotte Law and Henry’s Law [6]. In other words, the
creation of a hyperbaric environment with pure oxygen permits a significant increment of
the oxygen supply to blood (Hyperoxemia) and to the tissues (Hyperoxia) even without
the contribution from Hb [35]. Thus, HBOT provides multiple effects in the organism, and
it could be used to correct tissue hypoxia, chronic hypoxemia and to aid in the clinical
management of different pathological processes including wound healing, necrosis, or
reperfusion injuries [36].

Contrary to hypoxia, the human body has not developed any specific adaptation
to hyperoxia. Interestingly, the exposure to intermittent hyperoxia, share many of the
mediators and cellular mechanisms which are induced by hypoxia. This is called the
hyperoxic-hypoxic paradox [37]. Importantly, it does not have to be considered a negative
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property. As occurring with intermittent hypoxia, the submitting of short-term hyperoxia
may provide favourable outcomes in the cell. The explanation resides in a crucial concept
in biology, the hormesis, which correlates the type of response obtained with the dose
received [38]. From a molecular perspective, high PO2 in the tissues may have important
implications in the cellular signalling, particularly through increasing the production of
reactive oxygen species (ROS) and reactive nitrogen species (RNS). These changes induce
multiple effects in the organism, including the synthesis of different growth factors, improv-
ing neovascularization or showing immunomodulatory properties, among others, therefore
exerting its clinical efficacy [39,40]. Moreover, HBOT upregulates HIF, by ROS/RNS and
Extracellular Regulated Kinases (ERK1/ERK2) pathway [37,41]. In the same manner, an
excessive production of ROS and RNS due to hyperoxia may lead to the appearance of
oxidative stress, DNA damage, metabolic disturbances, endothelial dysfunction, acute
pulmonary injury and neurotoxicity [42]. As hyperbaric O2 may provide both beneficial
and adverse effects, it is essential to balance the different factors to clinically recommend or
reject HBOT [43]. Due to the physics of HBOT, it is not easy to design adequate studies and
clinical trials to fully endorse its use. Despite this, there are some predictive models that
may be an additional tool to evaluate what patients may benefit the most from receiving
this therapy, considering distinct therapeutical approaches if necessary [44].

In Figure 1 conditions and characteristics of hyperbaric chambers are illustrated,
besides the main effect of pressurized O2 administration. Below, main applications and
translational applications of HBOT will be subsequently discussed, in order to review the
actual importance of this procedure in current clinical practice and potential uses.

Figure 1. Illustration of a monoplace hyperbaric chamber and the effect of hyperbaric O2. Pressurized O2 (2–3 atm) at
100% concentration is administered normally during 1.5–2 h per session and repeated three times a day. Depending on the
clinical condition sessions vary in number, from 20 to 60. The inhalated air comes from an external elevated PO2, hence
positive gradient allows higher O2 entry, which per diffusion will be higher also in alveoli, bloodstream and therefore there
will be greater arrival to tissues. This effect of “hyperoxemia” and “hyperoxia” is independent from haemoglobin (Hb),
then will lessen hypoxia in tissues. This will result in a major supply of reactive oxygen species (ROS) and reactive nitrite
species (RNS), with a consequent higher expression of growth factors and promotion of neovascularization and enhanced
immunomodulatory properties.
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4. Approved Indications for HBOT

Due to the multiple characteristics of HBOT, the possible applications of this proce-
dure are numerous. For instance, HBOT may be used as an urgent treatment for acute
pathologies but also as an additional support for chronic diseases [41]. Currently, there
are 14 approved indications for HBOT are represented in Table 1. Most of these uses,
can be grouped according to three main effects (a) in the wound healing acceleration
and angiogenesis enhancement (b) exerting antimicrobial effects, and (c) as a medical
emergency.

Table 1. Approved indications for HBOT.

Air or gas embolism
Acute thermal burn injury

Carbon monoxide poisoning
Carbon monoxide poisoning complicated by cyanide poisoning

Central retinal artery occlusion
Clostridial myositis and myonecrosis (gas gangrene)

Compromised grafts and Flaps
Crush injury, Compartment Syndrome and other acute traumatic ischemia

Decompression sickness
Delayed radiation injury (soft tissue and bony necrosis)

Enhancement of healing in selected problem wounds
Idiopathic sudden sensorineural hearing loss

Intracranial abscess
Necrotizing soft tissue infections

Refractory osteomyelitis
Severe anaemia

4.1. HBOT and Wound Healing: The Angiogenesis Enhancement

In clinical practice, it has been observed how HBOT can speed wound healing. As
wounds need oxygen to regenerate tissues properly, an exposure of 100% oxygen accelerates
this process. The application in this field is quite extensive, comprising microbial-infected
wounds (e.g., Clostridial myonecrosis and Fournier’s gangrene), traumatic wounds, ther-
mal burns, skin grafts, radiation-induced wounds, diabetic and vascular insufficiency
ulcers [45].

In the field of diabetes, there is a critical complication called “diabetic foot ulcers”,
an open wound at the bottom of the foot that affects 15% of patients. HBOT has been
specially regarded for this injury, being implicated many inflammatory and tissue repairing
parameters. For instance, there was some evidence that HBOT may improve the healing
rate of wounds, by increasing nitric oxide (NO) levels and the number of endothelial pro-
genitor cells, in the non-healing vasculitis, calcific uremic arteriolopathy (CUA), livedoid
vasculopathy (LV), pyoderma gangrenosum (PG) ulcers [46]. Some trials show a prominent
angiogenesis while reducing inflammation: angiogenic markers like epithelial growth
factor (EGF) and VEGF become enhanced, and positively associates to Nrf2 transcription
factor increase [47]. Furthermore, anaerobic infections have a lower occurrence and ampu-
tation rates immensely decrease [48,49]. Different systematic reviews support the adjuvant
use of systemic but not topical HBOT in the wound healing of diabetic foot ulcers [50,51].
However, studies results are quite heterogeneous, and it is still necessary to define which
group of patients may benefit most from this intervention [52]. For instance, patients with
diabetic foot ulcers and peripheral arterial occlusive disease may not improve wound
healing [53]. Another recent study demonstrated that the use of HBOT may be associated
with improved six-year survival in patients with diabetic foots [54]. Further studies and
greater samples are required to identify the most suitable candidates for HBOT.

Additionally, HBOT may be an excellent adjuvant in surgery injuries resolutions, and
it is key as it may provide better outcomes if it is earlier administered. When wounds
do not follow conventional treatments for healing, an extra aid can be found in HBOT.
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Animal models have described the importance of this procedure in the wound healing
by the acceleration of epithelialization and neovascularization [55,56]. Reported effects
on these events resides in the up-regulation of host factors like tumour necrosis factor-α
(TNF-α), matrix metallopeptidase 9 (MMP-9) and tissue inhibitor of metalloproteinase-1
(TIMP-1) [57]. In a rabbit model of irradiated tissue, NBOT O2 was compared to hyperbaric
demonstrating once again that O2 is required at higher pressures to provoke an angiogenic
effect [56]. More studies in vivo have alleged tension exerted by hyperbaric O2 modulates
proliferation rate of stem cells in small intestinal crypts and raises angiogenesis in chorio-
allantonic membrane in Gallus gallus embryos [58]. In a clinical trial of patients with chronic
non-healing wounds (more than 20 months without healing), HBOT was standardized for
20 sessions (five sessions/week). The results were increased levels of vascular endothelial
growth factor (VEGF) and interleukine-6 (IL-6), and lower levels of endothelin-1. These
facts entail an activation of host wound resolution factors, angiogenesis and vascular
tone [59]. Vasculogenesis gains efficiency thanks to HBOT upregulation of nitric oxide
(NO) and associates to a decrease in lesions area [60].

Multiple lines of research have also been opened to evaluate the enhanced angio-
genesis and healing of tissues following HBOT. For instance, a phase 2A clinical trial
demonstrated the possible benefits from HBOT in combination with steroids for patients
with ulcerative colitis in terms of achieving higher rates of clinical remission, and a reduced
probability of progression to second-line therapy during the hospitalization [61]. However,
there are few studies in this field, and soon an updated meta-analysis and systematic review
of the available evidence will be published [62]. Similar conclusions might be extrapolated
to radiation-induced hemorrhagic cystitis and proctitis [63]. Osteoradionecrosis is also a
frequent and worrisome condition in oncological patients after receiving radiotherapy. Fre-
quently, this condition affects to the jaw and consists of the development aseptic, avascular
necrosis which can lead to infection, tooth loss, and even pathological fracture of the jaw.
Moreover, it often results in an ulceration and necrosis of the mucosa with exposed bone.
HBOT plays a critical role in the treatment of this condition, improving the tissue response
to surgical wounding, and even as prophylactic approach in patients with previous head
and neck irradiation undergoing dental extractions or complete exodontia [64]. The en-
hancing angiogenesis and wound healing make HBOT an adequate adjuvant treatment in a
wide variety of conditions, although future studies should be directed to evaluate the most
effective dose and to identify the most suitable candidates for submitting this procedure.

4.2. HBOT and Infections: The Antimicrobial Activity

The use of HBOT as an antimicrobial adjuvant is particularly useful in healing con-
text now that microbial infections are the most important cause of non-healing wounds:
meta-analysis affirm that prevalence of bacterial biofilms in chronic wounds is 78.2% [65].
HBOT is considered a non-conventional strategy for non-healing wounds consisting in
a modification of biophysical parameters in the wound microenvironment, breaking the
bacterial biofilms [66]. HBOT upregulates HIF that induces the expression of Nitric Oxide
Synthases (NOS) and virus killing peptides (defensins and cathelicidins such as cathelin-
related antimicrobial peptide) with consequent neutrophil and monocyte phagocytosis of
the microbes [67–69]. Increased cathelicidins in mice lungs provide a better response to the
flu virus [70]. Cathelicidin-deficient mice show higher susceptibility to viral damage [71].

The most important applications of the antimicrobial activity of HBOT are under
necrotizing soft tissue infections (NSTIs), including necrotizing fasciitis, Fournier’s gan-
grene and gas gangrene. There is a calamitous soft tissue infection implying a wide variety
of gram-positive, gram-negative, aerobic and anaerobic bacteria. It happens under condi-
tions of trauma or minor lesions that become more complicated, normally, due to systemic
problems like diabetes or vascular disfunctions [45,72]. An early and combined HBOT
therapy plus current practices may be crucial as a lifesaving and cost-efficacy therapy,
particularly in the most critical patients [73]. Clinical practice agrees on the necessity of
HBOT in the event of an anaerobic infection, as anaerobic bacteria are killed by a much
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higher amount of pressurized O2 [74,75]. For instance, the use of HBOT in the anaerobic
Clostridium perfringens bacteria is specially recommended [76]. This bacterium produces
more than 20 recognized toxins. However, two toxins, alpha and theta are the main media-
tors of the infection caused by this agent. Clostridium perfringens growth is restricted at O2
tensions up to 70 mm Hg, and alpha-toxin production is halted at tensions of 250 mm Hg,
also achieving bacteriostasis and other antimicrobial effects. Thus, recommended treatment
is O2 at 3 ATA for 90 min three times in the first 24 h and twice a day for the next 2 to 5 days,
always in combination with proper antibiotic use [77]. The anti-inflammatory potential of
HBOT also aids to lessen tissue damage and infection expansion [72], also explained by
a decrease in neutrophil activation, eviting rolling and accumulation of white blood cells
(WBCs), hence limiting the production of ROS by neutrophils and avoiding reperfusion
injury [45]. Moreover, this is observed in In vitro studies, having been demonstrated the
biofilm shrinkage ability with the significant decreases in cellular load of anaerobic bacteria
and fungi after HBOT [75]. A sepsis mouse model showed a significant increase in survival
rate, >50%, with early HBOT compared to a control group that did not receive the treatment
and was associated with lower expression of TNF-α, IL-6 and IL-10 [78]. Translation to
clinical experience reports that the improvements in oxygenation follow the neovascular-
ization, which avoid undesired events like amputation [28]. This is the case, for example,
of Fournier’s gangrene, where bacteremia and sepsis are top factors of fatality, which can
be avoided by adjuvant HBOT, providing much higher survival rates in clinical trials [79].
Sometimes unwanted events are underestimated until it is late and polymicrobial infection
has bursted into surgical bone and joint lesions [80]. For that reason, molecular assessments
of bacterial identification like mass spectrometry, are every time more accomplished to
consider if HBOT is worthy for patients’ better recovering.

On the other hand, the use of HBOT might provide a central therapeutical option
in the intracranial abscess (ICA). ICA presentation includes cerebral abscess, subdural
empyema, and epidural empyema, and it is caused by an encapsulated infection in which
the proper inflammatory response may damage the surrounding brain parenchyma [81].
The etiological agent might be bacteria, fungi, or a parasite, and it might appear as a
consequence of a dissemination of previous infections like sinusitis, otitis, mastoiditis,
dental infection; hematogenous seeding or cranial trauma [82]. Due to the high morbidity
and mortality, along with the urgency of a non-invasive and effective method, HBOT has
been proposed as a well-accepted adjunctive therapy for ICA, being regarded as a safe
and tolerated method [83]. The main mechanisms by which HBOT represent an additional
tool in the management of ICA resides on the impairment of the acidotic and hypoxic
environment in ICAs due to the proper infection and the use of antibiotics [84]. Similarly,
osteomyelitis is a chronic infection in the bone marrow frequently caused by bacteria or
mycobacteria. It is a difficult condition to treat, as many antimicrobials do not penetrate
in the bone properly. When this condition does not respond to the treatment or reemerge
after receiving the therapy it is designed refractory osteomyelitis [85]. HBOT is a potential
indication of refractory osteomyelitis as it provides synergist antibiotic activity, while
enhancing angiogenesis, leukocyte oxidative killing and osteogenesis process [86]. A recent
systematic review [87] reported that adjuvant HBOT provided almost a 75% of therapeutic
success in patients with chronic refractory osteomyelitis, hence showing the importance
of this treatment in bacterial infections. Malignant otitis externa, another infection, a
necrotizing infection of the soft tissue of the external auditory canal which may rapidly
cause skull base osteomyelitis may also benefit from the use of HBOT, although further
studies are needed to conclude its effects [88].

Finally, some authors have also proposed a potential clinical use of HBOT as a medical
emergency treatment of mucormycosis, a fungal infection [89]. Despite there still being
few studies supporting its use, a compelling evidence show its potential use in a similar
manner than necrotizing fasciitis, although further research is needed in this area.
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4.3. HBOT in Medical Emergencies

Apart from the previously discussed applications, there has been further conditions
in which HBOT may be considered. Some of them are designed as medical emergencies, in
which the use of HBOT is an urgent indication for these patients. These are the cases of some
infections above mentioned, decompression sickness, air or gas embolism, acute arterial
insufficiencies such as central retinal arterial occlusion (CRAO), crush injury, compartment
syndrome and acute traumatic ischemia, along with CO/Cyanide poisoning [89]. In this
context, the central role of HBOT is derived from the rapid and effective response of the
tissues under certain conditions that may be severe and even life-threatening [90].

A. Decompression sickness is a condition occurring due to the formation of bubbles
caused by a reduction in ambient pressure that introduced dissolved gases within the body
accidents. In turn, these bubbles drive to mechanical disruption of tissues, blood flow
occlusion, endothelial dysfunction, platelet activation and capillary leakage. [91]. However,
the term decompression sickness has been abandoned by the ECHM to be replaced by
“Decompression illness” (DCI) [92], so in this article we will refer this malady as DCI.
Clinical manifestations are at least one of more of the following: generalized fatigue or rash,
joint pain, hypesthesia and in serious cases motor weakness, ataxia, pulmonary edema,
shock and death [71]. DCI can occur in aviators, divers, astronauts, compressed air workers
and, in some cases, it may appear due to iatrogenic causes [93]. HBOT/recompression
therapy tables (US Navy Treatment Table 6 or helium/oxygen (Heliox Comex Cx30 or
equivalent) are recommended for the initial treatment of DCI (Type 1 recommendation,
Level C evidence). US Navy Treatment Table 5 can be used as the first recompression
schedule for selected mild cases [94]. Therapies at higher pressure could be administered
in exceptional cases, but it entails higher difficulties and risks. To maximize its efficacy,
different adjunctive therapies are used in combination with HBOT including fluid adminis-
tration, non-steroidal anti-inflammatory drugs and prophylactic agents to prevent venous
thromboembolism events, particularly in paralyzed patients [93,95]. Overall, because of
the high pressure, HBOT provide the opposite effects of the pathological mechanisms of
DCIs, therefore exerting its therapeutical efficacy.

B. Air embolism. Apart from DCI, bubble formation of large arterial air embolism
during operations are unusual occurrences but also ruinous and life-threatening. For
bubble gas formation in veins from lung biopsy, arterial catheterization, cardiopulmonary
bypass, HBOT is strictly necessary as there are no better alternatives in time. It provides
tissue oxygenation by promoting gas reabsorption, and hence reduces ischemic injuries [96].
In this context, retrograde cerebral air embolism is a worrisome condition that may appear
in major procedures (neurosurgery and cardiovascular operations, endoscopy), or during
minor interventions (peripheral or central venous access), being particularly lethal when
presented with encephalopathy [97]. The therapeutic basis of air embolism is similar to
DCS, with HBOT as first-line therapy [98]. Some reports have emphasized the importance
of an early HBOT, in the first 6 h since diagnosis, for this complication to obtain better
outcomes, less sequelae or death rate [99]. However, there is some evidence of late benefits
from its use, up to 60 h after the onset [100]. Even when there is no gas seen in on image
test, patients may benefit from the use of HBOT [101]. On the other hand, recent data
indicates that less cases appears to be treated by HBOT probably by the lack of belief of
some physicians in HBOT, particularly in UK [102]. However, available evidence supports
the use of this therapy to prevent and improve the outcome of such a dangerous condition.

C. CRAO is an ophthalmological complication caused by a permanent occlusion of
the central retinal artery, mostly due to a embolus at its narrowest part that is typically
associated with a sudden, massive loss of vision in the affected eye [103]. Prognosis for
visual recovery is poor, as the retinal tissue is not tolerant to hypoxia, and it presents the
highest oxygen consumption rate in the body at 13 mL/100 g per min [104]. As a result,
HBOT is a robust indication for patients with CRAO and many studies have reported en-
couraging results from its use, minimum at eight sessions, with some advantages presented
in comparison to other lines of treatment such as being a non-invasive method with low
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adverse effects [104–107]. However, and despite these benefits, HBOT is rarely offered for
patients with CRAO [108], probably due to the lack of facilities in the hospital services.

D. Another approved indication for HBOT is crush injury and acute ischemia occurred
as result of a trauma. Presentations of these damage vary from mild contusions to limb
threatening damage, involving multiple tissues, from skin to muscles and bones. A severe
consequence of trauma is the skeletal muscle-compartment syndrome (SMCS), a condition
affecting both muscle and nerves [1]. Subsequently to trauma, the affected tissue will suffer
from hypoxia, edema and ischemia. Here, the efficacy of angiogenesis has been also proved
to be boosted by HBOT in animal models for ischemic limbs when combined with bone
marrow derived mononuclear cells transplantation [109]. Some translational studies of
multicenter randomized trials did not show a significant complete progress of healing [110],
but in contrast, other trials showed the advantage of HBOT as adjunct for ischemic limbs
when reconstructive surgery was not possible [111]. Evaluating skin peripheral circulation
as well, the outcomes showed significant improvements in revascularization [112], therefore
demonstrating the important role of HBOT in this condition.

E. CO poisoning is a problem that happens when household devices which use gas or
coal produce CO due to an uncomplete combustion. Inhalation of this gas can be lethal
and cause long-term problems particularly cognitive and brain deficits, presented up to a
40% of the patients and approximately one in three people develop cardiac dysfunction,
like arrhythmia, left ventricular systolic dysfunction, and myocardial infarction [113]. To
address these problems, HBOT has been applied [114] being associated to neurological
sequelae reduction [115] and when applied in the first 24 h can reduce the risk of cognitive
sequelae months later more efficiently [116]. In general, NBOT is immediately used after
CO poisoning until HBOT is available [117]. Evidence indicates that HBOT should be
considered for all cases of serious acute CO poisoning, loss of consciousness, ischemic
cardiac changes, neurological deficits, significant metabolic acidosis, or COHb greater than
25% [113]. Another kind of poisoning in which HBOT has its application is cyanide toxicity.
This issue appears with uncomplete combustion, this time, of materials like plastics, vinyl,
acrylics, nylon, etc. HBOT is the primary treatment, but it exceeds when is combined with
the antidote hydroxycobalamin, ameliorating mitochondrial oxidative phosphorylation
function [118,119]. Potential uses of HBOT in a wide range of urgent conditions at least
might be considered as an important tool in medical emergencies.

F. Severe anemias and idiopathic sudden sensorineural hearing loss. Despite not being
considered a medical emergency, the use of HBOT is also indicated for these conditions [89].
In the first case, as Hb levels critically drops, O2 delivery to the tissues may be impaired. In
this line, the use of 100%, hyperbaric O2 might solve this issue, simultaneously exerting a
wide range of favorable effects in the hematological profile [120]. This could be especially
important in patients who cannot be transfused for religion, immunologic reasons, or
blood availability problems. Idiopathic sudden sensorineural hearing loss or acute acoustic
trauma (AAT) are also important conditions in which HBOT could be a valuable tool. In
fact, a recent systematic review and meta-analysis conducted by Rhee et al. [121] showed
that the addition of HBOT to standard medical therapy is a valuable treatment option
particularly for patients with severe to profound hearing loss and in those patients which
received, at least 1200 min of HBOT. Apart from the regulation of ROS and inflammatory
response, previous research has demonstrated the protective role of HBOT in the hair cell
stereocilia, probably through hormetic mechanisms [122].

G. Finally HBOT can significantly improve symptoms and quality of life of patients
affected by femoral head necrosis (ECHM recommendation type II level of evidence
B) [123] as well as the previously mentioned NSTI, gas gangrene and urgent HBO alpha
toxin neutralized
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5. Translational and Potential Applications of HBOT

Besides approved indications, further lines of research have demonstrated the po-
tential applications and translation of HBOT in the field of inflammatory and systemic
conditions, cancer, COVID-19 and other conditions are summarized.

5.1. HBOT and Inflammation: Immunomodulatory Properties

HBOT might also be applicated in the regulation of inflammatory responses and its
derived complications. Among the most important immunomodulatory effects, HBOT
drives an alteration in CD4+:CD8+ ratio, a reduced proliferation of lymphocytes, and an
activation of neutrophils with migration to hyperoxic regions [124]. Thus, HBOT might be
used in a wide variety of conditions presenting an altered immune system as part of its
pathogenesis. In this sense, it has been proposed the role of HBOT in the management of
autoimmune diseases (ADs). A study conducted by Xu et al. [125] observed the overall
effect of HBOT in general immune populations and particular Th1 and B lymphocytes
subsets, proving its promising role in certain ADs. Furthermore, long-term exposure
to HBOT was proven to supress the development of autoimmune symptoms, including
proteinuria, facial erythema and lymphadenopathy [126]. In the same manner, the use of
HBOT in early and middle stage of disease mice also show a significant increase in survival
with a decrease in inflammatory cells, anti-dsDNA antibody titers, and amelioration of
immune-complex deposition in comparison to later stage of disease [127] The use of HBOT
has also proven its efficacy on rheumatoid arthritis, particularly due to the polarization of
Th17 cells to T reg, with a significative reduction of cell hypoxia [128].

Similarly, these results could be extrapolated to other inflammatory conditions. For
instance, HBOT provides an anti-inflammatory response in DSS-induced colitis. Through
direct effects on HIF, HBOT induces antioxidant expression and the downregulation of
proinflammatory cytokines like IL-6, therefore reducing colonic inflammation [129]. In vitro
studies with lymphocytes from type 1 diabetes mellitus have proved effects of HBOT on
inducible NOS expression, observing lower activity with a consequent decreased levels of
NFkB [130]. Additionally, HBOT comprises another potential approach regarding muscu-
loskeletal dysfunctions. Fibromyalgia represents an incapacitant disorder characterized
by a widespread muscle and joint pain, frequently accompanied by systemic symptoms
including cognitive dysfunction, mood disorders, fatigue, and insomnia [131]. HBOT
exerts direct effects on brain activity, chronic pain and immune dysregulation, therefore im-
proving quality of life of affected patients [132]. Interestingly, Woo et al. [133] also observed
that HBOT could be considered an interesting alternative to attenuate exercise-induced
inflammation and muscle damage.

Overall, previous research has indicated the favourable effects of HBOT in the immune
system and also on the whole body.

5.2. Role of HBOT in the COVID-19 Pandemic

COVID-19 pandemic has challenged healthcare systems worldwide, overloading
them with a huge burden in economy and our normalcy [134,135]. The urge of conducting
massive vaccination programs besides finding better therapies for clinical management,
have been the focus these months. In this context, HBOT has been proposed as an adjuvant
for clinical practice in severe patients, and also for recovery after SARS-CoV-2 infection.
Results from clinical trials have already demonstrated the potential uses of this treatment
to redirect O2 diffusion avoided by hypoxemia, and its ability to eliminate inflammatory
cytokines.

Nevertheless, not only hyperbaric O2 may be worthy for severe patients, but also for
treating the named “silent” hypoxemia in those patients that do not have a bad clinical
course yet [136]. This silent hypoxemia is not characterized by typical respiratory distress
in critically ill patients, but it may be dangerous if it is not sooner detected as a prompt
deterioration can occur without noticing [137]. In fact, previous studies have demonstrated
the association between hypoxemia with fatal outcomes in patients with COVID-19 [138].
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In the same manner, physicians observed that patients exhibit hypoxemia without dyspnea,
being crucial to find care solutions to anticipate a problem with more patients at important
risk [139]. Some cases of people with mild or even without symptoms, that contracted
multi-organ failure and then died, have emphasized the importance of self-monitoring of
pulse oximetry, which typically presents reduced readings in these patients [140]. Collected
data from patients that did not present problems of breathing at admission, agreed with the
suggestion of utilizing pulse oximetry to predict the outcome of hypoxemia/hypocapnia
syndrome that defines asymptomatic hypoxia [141]. Steps forward in the understanding of
our complex respiratory system have also launched reviews about the higher oxygenation
rate in prone position, concerning variables like gravity, lung structure and the higher
expression of nitric oxide (NO) in dorsal lung vessels than in ventral ones [142]. It has
been demonstrated that HBOT increases the production of NO and ROS/RNS, inhibiting
SARS-CoV-2 replication in previous In vitro models [41].

Moreover, all these facts have shed a light on finding better treatments to prevent
fast hypoxia, fatality or even the need for mechanical ventilation [143,144] being HBOT a
suggested adjuvant for its promising outcomes from previous animal models and clinical
cases of sepsis and inflammatory diseases [145]. Preliminary comparisons of HBOT ap-
plications in COVID-19 to other maladies, like livedoid vasculopathy, have exposed the
possible mechanisms that may occur: anti-inflammatory actions (decreased ICAM-1, proin-
flammatory cytokines and neutrophil rolling), anticoagulant actions (boosted fibrinolysis
and increased plasminogen activator) and tissue healing actions (increased fibroblasts and
stem cells) [146].

First studies in a severe patient affirmed that, compared to normobaric oxygen supply,
the better empiric outcome agreed with the theoretic expectance of the potential uses of
HBOT in COVID-19 [147]. Although it is still being evaluated scientifically, positive results
are arising for COVID-19 treatment, finding an attenuation of the innate immune system,
and increasing hypoxia tolerance [148]. In every report, this therapy has been rated as a
potential support in the relieving of cytokine storm [149]. Now that mechanical ventilation
may be long lasting and, preferably, avoided, in a controlled trial, safety and efficacy of
HBOT for COVID-19 patients was successfully evaluated [150]. Another preliminary study
showed rapid alleviation of hypoxemia from the beginning of the treatment in patients
with COVID-19 pneumonia [151].

Anatomically, pathologic examinations of lung with early-phase COVID-19 have
shown edema, proteinaceous exudate, inflammatory cellular infiltration, and interstitial
thickening that entails a disproportional gas exchange. This is due to CO2 diffuses through
tissues much faster than O2, about 20 times, what leads to hypocapnia [152]. Alveolar
structure is altered in the COVID-19 patient, there is also hyaline membrane formation,
there is thickness in alveolar membrane and the space for the diffusion of oxygen generates
a lot of exudate and inflammation. Hence, diffusion from the alveolus through the haemato-
alveolar membrane does not occur correctly, the concentration of oxygen in the blood
and in the tissues begins to fall and the exchange of the dioxide also becomes difficult.
Due to possible viral interactions with Hb [153] and a hypoxemia-induced shift in the
oxyhemoglobin dissociation curve to the left, there is O2 saturation but low arterial blood
pressure [154].

Clinical evidence from few studies about COVID-19 patients undergoing HBOT, notes
that this therapy may make possible to contribute to reverse hypoxemia and ameliorating
the pulmonary capillary circulation diffusion despite the thickness in alveolar membrane in
disease. According to Henry’s Law, HBOT allows to increase pressure of O2 in the alveoli
above ambient pressure. In this way, there will be a large increase of O2 diffusion into the
pulmonary capillary circulation, more than 10 times, for its arrival in the plasma and reach
the tissues independently of Hb. There will be a gain of O2 supply to the tissues mediated
by the increase in pressure. Experimentally, hematological, biochemical and inflammatory
parameters were significantly improved after HBOT. In first trials the observation of
lymphocyte count was increased, whereas lactate and fibrinogen were decreased [147,151].

17



Medicina 2021, 57, 864

However, during this procedure patients may suffer from desaturation reflexes. Despite
the etiology of this reflex is unclear, it might be probably caused by a vasoconstriction
affecting the pulmonary arteries, due to the oxidative stress as well as direct damage in
type II pneumocytes and thrombus associated with COVID-19 [124].

Notwithstanding the ongoing clinical trials and the efforts of standardize better pro-
tocols for safety, COVID-19 is not yet an accepted indication for HBOT, but this may be
recommended for post-viral sequelae [155]. In order to guarantee its beneficial effects, there
is still a need of more controlled trials to measure different inflammatory and hematologi-
cal parameters that demonstrate that exudate and inflammation are reduced besides the
improvements in alveolar circulation diffusion. This would confirm the potential of this
adjuvant, also for considering the financial investment in hyperbaric chambers in hospitals.

5.3. HBOT and Cancer

Cancer is a complex entity which encompasses a broad spectrum of unique patholo-
gies that share the following hallmarks: Immune system evasion, tumor-promoting in-
flammation, genome instability, enabling replicative immortality, activating invasion and
metastasis sustaining proliferative signaling, evading growth suppressors, resisting cell
death, inducing angiogenesis, and metabolic reprogramming [156]. Tumor-hypoxia plays a
central role in many of these carcinogenic features, promoting an aggressive phenotype
besides limit the effectiveness of radiotherapy, chemotherapy, and immunotherapy thereby
worsening prognosis in the oncological patients [157]. Thus, targeting tumoral hypoxia
and its downstream effectors have been proposed as a potential therapeutical approach
in cancer management [158–160]. In this line, accumulating evidence supports the role of
HBOT in the inhibition of tumor growth and therapy success, by three main mechanisms:
(1) By limiting cancer-associated hypoxia, (2) through the generation of ROS and RNS
and (3) restoring immune function [161]. Actual investigations show the promising role
of HBOT in a wide variety of malignancies, including breast cancer, prostate cancer, head
and neck cancer, colorectal cancer, leukemia, brain tumors, cervical cancer and bladder
cancer [162]. Main applications derived from HBOT in oncology may be (a) As part of the
treatment (b) as a radiotherapy adjuvant and (c) as a chemotherapy adjuvant [163].

The use of HBOT as part of the cancer therapy is not currently an approved indication,
although some promising results have arisen recently. In this context, Thews & Vaupel [164]
compared the efficacy of NBOT (1 atm) versus HBOT (2 atm) oxygenation reporting broader
reductions of hypoxia under hyperbaric conditions. However, even at high pressure
oxygenation, tumor hypoxia was not completely removed, hence showing that HBOT
alone efficacy is limited. Importantly, as previously described HBOT was associated
with increased angiogenesis, these effects are not significative in tumour cells, so its use
could be important in the cancer management [165]. Conversely, a study conducted by
Pande et al. [166] revealed that notwithstanding HBOT-treated mice initially induced a
decrease in tumor progression, a tumorigenic effect was observed post-therapy, probably
due to impaired DNA repair, mutagenicity and chromosomic aneuploidies together with
an altered blood supply and nutrients. On the other hand, some authors suggest that
the lack of therapeutical efficacy of HBOT might be due to the difficulty on creating a
hyperoxic environment in the tumor and that, by combining HBOT with other methods
it could act a as a potential cure in certain types of cancer. In this line, Lu et al. [167]
proposed a combined use in prostate cancer patients of HBOT with ultrasound guided
transrectal prostate puncture, in order to create a hyperoxic environment within the tumor,
which may lead to DNA damage and a detention in the G2/M cycle, hence establishing
the basis for future research. Similarly, tumor hypoxia is associated with the metabolic
reprogramming of tumour cells, also known as the aerobic glycolysis or “Warburg effect”.
This consists of a glycolytic switch of cancer cells, which refrain from performing oxidative
phosphorylation [168]. In this sense, Poff et al. [169] described the combined effects
of HBOT in combination with ketogenic diet in a murine model, preventing tumoral
metastasis while expanding overall survival. Furthermore, HBOT alone or combined with

18



Medicina 2021, 57, 864

low glucose and ketone supplementation also exert multiple benefits against late-stage
metastatic cancers, by increasing the production of ROS and oxidative stress [170]. Despite
the encouraging results, further research is required to establish the efficacy of HBOT in
the different types of cancer, also searching for the most adequate use of this therapy in a
global context.

Radiotherapy (RT) is a central component in cancer management, with approximately
50% of patients receiving this therapy contributing up to a 40% of curative success for
cancer [171]. Through ionizing radiation, it creates a ROS and RNS overproduction, leading
to double strand breaks, chromosomal aberrations and rearrangements with subsequent
cell death or dysfunction, thus exerting its anti-tumoral effects. The effect of HBOT on
human glioblastoma (GBM) was investigated, in laboratory, on patient-derived cells and on
microglia cell biology (CHME-5). The results obtained from the combination of HBO and
RT clearly showed a radiosensitising effect of HBO on GBM cells grown [172]. Hypofrac-
tionated stereotactic radiotherapy (HSRT) after HBO (HBO-RT) appears to be effective for
the treatment of recurrent high-grade glioma (rHGG), as pointed out on a cohort of 9 adult
rHGG patients. It could represent an alternative, with low toxicity, to systemic therapies
for patients who cannot or refuse to undergo such treatments [173]. However, although
non-tumour cells are less sensitive, radiation could also affect them, altering multiple
cellular signaling pathways or inducing apoptosis, hence explaining its multiple adverse
effects [174] One of the most severe consequences resulted from irradiation is the appear-
ance of post-radiation injuries, a process starting during radiotherapy that involves the
dysregulation of multiple bioactive compounds, particularly fibrogenic cytokines like TGF-
β [175]. Similarly, almost all tissues with delayed irradiation injury present a histological
feature named as obliterative endarteritis, finally leading to a tissue damage characterized
by hypoxia, hypovascularity and hypocellularity [176]. In this line, HBOT has consistently
demonstrated its therapeutical effectivity against radiation-induced injury also approved
by the UHMS [177] and the ECHM [8]. Last 2016 Cochrane review [178] evidenced that the
use of HBOT in head, neck, anus and rectum injured tissues were associated with improved
outcomes and, at some extent with osteoradionecrosis following tooth extraction in an
irradiated field. According to ECHM recommendation the use of HBOT is recommended in
the treatment of radiation proctitis (Type 1 recommendation, Level A evidence), mandibu-
lar osteoradionecrosis and haemorrhagic radiation cystitis (Type 1 recommendation, Level
B evidence) and suggested in the treatment of osteoradionecrosis of other bone than the
mandible, for preventing loss of osseointegrated implants in irradiated bone and in the
treatment of soft-tissue radionecrosis (other than cystitis and proctitis), in particular in
the head and neck area (Type 2 recommendation, Level C evidence). Furthermore, it
would be reasonable to use HBOT for treating or preventing radio-induced lesions of the
larynx, in the treatment of radio-induced lesions of the central nervous system (Type 3
recommendation, Level C evidence) [8]

Finally, the combined use of HBOT plus chemotherapy have reported certain benefits.
In this line, a recent study conducted by Brewer et al. [179] demonstrated the effectiveness
of using HBOT to prevent chemotherapy-induced neuropathy In vivo. This fact appears to
be due to the various implications of HBOT in the neuronal activity and signaling [180–182]
Kawasoe et al. also observed [183] that an integrative strategy of carboplatin plus HBOT
significantly reduced mortality in C3H mice with inoculated osteosarcoma cells Similar
results were obtained with HBOT and chemotherapy in lung cancer cultures and animal
models [184]. In particular, the combination of paclitaxel and carboplatin plus HBOT and
hyperthermia show promising results for treating patients with non-small cell lung cancer
and multiple metastasis [185]. Despite these results, the use of HBOT and chemotherapy
may also represent a contraindication for the patients. For instance, the combination of
HBOT with doxorubicin, bleomycin, or cisplatin may exert synergic cardiotoxicity, pul-
monary toxicity or impaired wound healing, respectively [186]. This is an important issue
to address in the oncologic patient. In these cases, it is important to separate chemotherapy
from the use of necessary HBOT, to avoid undesired effects. In addition, further strategies
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could be considered targeting tumour hypoxia and functioning as therapeutic adjuvants
like physical activity [187]. Overall, the benefits of HBOT in cancer management is a
potential field to keep on exploring.

5.4. Other Applications

In the same manner, other novel lines of research are exploring potential uses of
HBOT in a plethora of conditions. For instance, some studies related to microvascular
or macrovascular insufficiencies causing erectile dysfunction (ED) have hypothesized
the effects of HBOT in patients with this problem. Empirical data suggests that it can
induce penile angiogenesis and improve erectile function in men suffering from ED. This is
due to vasodilatation relies on proper blood vessels in corpora cavernosa. Then, being a
major concentration of oxygen in tissues, there is an increased angiogenesis by VEGF and
endothelial cells differentiation [188]. This application has not provided significant data on
rehabilitation after prostatectomy [189] but it has obtained good symptoms resolution for
other clinical manifestations like ED in diabetes mellitus [190] or in recovery after urethral
reconstruction [191]

Equally, the use of HBOT for ischemic stroke and brain injury is an interesting point of
study. For instance, different studies have demonstrated the importance of this procedure as
a prophylactic approach for sequestration of inflammation inherent in stroke and traumatic
brain injury, preventing neuronal death [192]. Other uses such as brain preconditioning
before stem cells transplantation have also been explored [193]. However, the efficacy and
safety of HBOT in these conditions remains to be fully elucidated, although some basic
and clinical research have shown encouraging results [194].

Finally, the use of HBOT could be potentially extended to novel fields like aging.
Hachmo et al. [195] reported the effect of hyperbaric oxygen in the prevention of telomere
shortening and immunosenescence by the clearance of senescent immune cells. In this
line, other studies have reported the same results in the aging skin, through the accelera-
tion of epidermal basal cells proliferation [196], in the endothelial cells, where it induces
antioxidants expression [197] and also in the brain, where HBOT appears to improve the
cerebral blood flow [198], restoring cognitive parameters, hippocampal functions and even
improved insulin resistance in both normal-weigh and obese aging rats [199].

As summarized in Figure 2, the main consequences of HBOT and its related hyperox-
emia and hyperoxia in the human body could be related with the angiogenesis enhance-
ment, antimicrobial properties and immunomodulatory effects. Approved indications for
this therapy could also be grouped according to its emergency.
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Figure 2. Summary of top properties of HBOT and its clinical applications. Firstly, it can provide an angiogenesis
enhancement, observed by the prime production of NO which subsequently brings an upregulation of Nrf2 and growth
factors like epidermal growth factor (EGF), vascular endothelial growth factor (VEGF) and endothelin-1. TNF-α, matrix
metallopeptidase 9 (MMP-9) and tissue inhibitor of metalloproteinase-1 (TIMP-1) will be boosted too. Secondly, the
antimicrobial activity is visible due to bacterial killing by O2, removing biofilm and lessening white blood cells (WBCs)
rolling and neutrophils recruitment, hence promoting a downregulation of proinflammatory cytokines (TNF-α, IL-6 and
IL-10). The immunomodulation properties are observed by a downregulation of transcriptional factor NFkB, involving a
proinflammatory response switch off (IL-6) and a polarization from Th17 lymphocytes to Treg. Summarized applications
include: indications for which HBOT is approved (mostly wound healing and infections), primary emergencies (like CO/CN
poisoning or air embolism), and translational research (comprising COVID-19, cancer, inflammatory conditions or aging
among others).

6. Adverse Effects and Contraindications

Notwithstanding the multiple benefits and applications of HBOT, there are important
adverse effects that may appear during this procedure. As a result of the hyperoxia and the
hyperbaric environment, there are some issues when using this therapy. The two most com-
mon complications during HBOT are claustrophobia and barotrauma. Both occur during
monoplace or multiplace chamber compression [200]. In the case of barotrauma, it could be
defined as an injury caused by an inability to equalize pressure from an air-containing space
and the surrounding environment. Ear barotrauma is the most frequent condition affecting
the middle ear, although sinus/paranasal, dental or pulmonary barotrauma could also be
reported [201]. Despite the incidence of this complication being extremely rare [202], its
seriousness should be taken into account, considering clinical history of patients at risk of
suffering from these complications while implementing different strategies to prevent this
complication, such as anti-epileptic therapy, prolonged air brakes or controlling treatment
pressure [203]. The last event is associated with the appearance of the Paul Bert effect
because of the formation of seizures that may bring transient but negative consequences
for cognitive functioning and behavioural patterns [204]. These effects are primarily due
to the toxic properties of oxygen at high concentrations. However, to date, no threshold
has been described to precisely assess the pathological levels of oxygen, which could be an
important issue for critical patients [205]. Pulmonary toxicity is not associated with the use
of repeated hyperbaric oxygen following current protocols [206]. Ocular manifestations
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from HBOT may also be described, particularly hyperbaric myopia, transitory in most cases.
Other ophthalmological complications less frequent observed are cataracts, keratoconus or
retinopathy of prematurity, in the case of pregnant women exposed to HBOT [207,208]. All
these adverse effects may be ameliorated prominently by an adequate screening, through
the use of certain devices and the adjustment of the treatment protocols [200,201]

On the other hand, there are certain conditions in which HBOT might be absolutely
contraindicated or relatively contraindicated. The first case is exclusively represented
by untreated pneumothorax, as it could be a life-threatening procedure [209]. The rest
of contraindications are relative, its indication will depend on the real necessity of this
therapy. Aside from the chemotherapheutic agents previously described other treatments
like sulfamylon (Mafenide), could also share the same action than cisplatin impeding
wound healing effects derived from HBOT, and it should also be interrupted before this
therapy [45]. If patient has a pacemaker or any type of implantable devices, it is neces-
sary to verify its safety with increased pressure or with pure concentrations of oxygen.
Hereditary spherocytosis may also be a contraindication, as hyperbaric oxygen could cause
severe haemolysis [43]. Pregnancy is another potential contraindication for this therapy in
exception of CO poisoning [210]. Although rare in non-diabetic individuals, patients may
also suffer from hypoglycaemia during this procedure, and it is important to evaluate their
blood glucose levels before HBOT, as it could aggravate their hypoglycaemic profile [211].
Similarly, patients with underlying respiratory pathologies like chronic obstructive pul-
monary disease (COPD), asthma and even upper respiratory infections might be also
possible contraindications from receiving HBOT, as it could increase the risk of hypercap-
nia, pulmonary barotrauma and sinus or middle ear barotrauma, respectively [209]. An
additional effect derived from HBOT is the increment of blood pressure [212]. Hyperbaric
oxygen may also induce pulmonary oedema and cardiovascular difficulties in patients
with heart failure or in patients with reduced cardiac ejection fractions [213]. Finally, the
history of epilepsy, hypoglycaemia, hyperthyroidism, current fever, and certain drugs such
as penicillin and disulfiram are also thought to lower the seizure threshold during this
therapy [214]. Diabetic patients may be warned from regulating its doses of HBOT in order
to prevent the hypoglycaemic effect of this therapy.

To summarize, despite the multiple applications of HBOT it is equally important to
consider its potential adverse effects and underlying conditions in which this therapy is
not going to exert its efficacy, also representing a potential risk for these patients.

7. Conclusions and Future Directions

HBOT is an effective method to increase blood and tissue oxygen levels, indepen-
dently from Hb transportation. Its therapeutical basis could be understood from three
different perspectives: Physical (Hyperbaric 100% oxygen), physiological (Hyperoxia and
hyperoxemia) and cellular/molecular effects. All these effects provide HBOT its efficacy in
the management of hypoxia derived conditions and hypoxemia, respectively, also exerting
direct effects in infectious agents and immune cells, modulating a wide variety of cellular
signaling pathways, cytokine production and tissue processes such as angiogenesis. Herein,
the use of HBOT might be extended to a broad spectrum of pathologies, from infections
and inflammatory/systemic maladies to wound healing and vascular complications, also
reporting its efficacy in the management of medical emergencies like air embolism or
gas poisoning. Although respiratory infections and diseases have been mentioned as
contraindications for HBOT, the case of SARS-CoV-2 is an exception. Nowadays, the
potential use of HBOT in the COVID-19 has been specially regarded, exposing results in
numerous controlled clinical trials. Moreover, the use of this procedure in different types of
malignancies represents an important support in the delayed radiation injury. In the same
manner, the use of HBOT as a therapeutical agent have shown promising results in trials
as an adjunctive substance with other approved treatments like chemotherapy and even,
recent research have also reported significative improvements in nanomedicine approaches
when combined with HBOT [215].
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Despite its benefits, there are still certain challenges which need to be overcome to im-
prove the current and potential applications of HBOT. In this line, a worrisome issue would
be to develop sophisticated strategies to address tissue hypoxia, as for certain conditions
like tumoral cells, the HBOT induced hyperoxia does not completely eliminate tumour
hypoxia. An adequate combination of HBOT with another procedure might be interesting
to targeting this problem [167]. On the other hand, it is equally important to determine
and quantify potential adverse effects derived from HBOT, as well as potential contraindi-
cations from receiving this therapy. Future research should be destinated on developing
accurate systems to determine potential benefits and risks for patients before submitting
HBOT. In this line, the development of predictive models as previously mentioned or novel
strategies could be interesting approaches in these fields.

Currently, there are only 14 approved indications for this therapeutical approach. We
encourage further studies to extend the possible uses of this procedure, always considering
individual benefits and risks from receiving this therapy. The inclusion of HBOT in future
clinical research could be an additional support in the clinical management of multiple
pathologies.
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Abstract: Background and Objectives: Vascular cell adhesion molecule-1 (VCAM-1) was identified as
a cell adhesion molecule that helps to regulate inflammation-associated vascular adhesion and the
transendothelial migration of leukocytes, such as macrophages and T cells. VCAM-1 is expressed
by the vascular system and can be induced by reactive oxygen species, interleukin 1 beta (IL-1β)
or tumor necrosis factor alpha (TNFα), which are produced by many cell types. The newest data
suggest that VCAM-1 is associated with the progression of numerous immunological disorders, such
as rheumatoid arthritis, asthma, transplant rejection and cancer. The aim of this study was to analyze
the increase in VCAM-1 expression and the impact of exposure in a hyperbaric chamber to VCAM-1
levels in human blood serum. Materials and Methods: The study included 92 volunteers. Blood for the
tests was taken in the morning, from the basilic vein of fasting individuals, in accordance with the
applicable procedure for blood collection for morphological tests. In both groups of volunteers, blood
was collected before and after exposure, in heparinized tubes to obtain plasma and hemolysate, and
in clot tubes to obtain serum. The level of VCAM-1 was determined using the immunoenzymatic
ELISA method. Results: The study showed that the difference between the distribution of VCAM-1
before and after exposure corresponding to diving at a depth of 30 m was at the limit of statistical
significance in the divers group and that, in most people, VCAM-1 was higher after exposure. Diving
to a greater depth had a much more pronounced impact on changes in VCAM-1 values, as the
changes observed in the VCAM-1 level as a result of diving to a depth of 60 m were statistically
highly significant (p = 0.0002). The study showed an increase in VCAM-1 in relation to the baseline
value, which reached as much as 80%, i.e., VCAM-1 after diving was almost twice as high in some
people. There were statistically significant differences between the results obtained after exposure
to diving conditions at a depth of 60 m and the values measured for the non-divers group. The
leukocyte level increased statistically after exposure to 60 m. In contrast, hemoglobin levels decreased
in most divers after exposure to diving at a depth of 30 m (p = 0.0098). Conclusions: Exposure in
the hyperbaric chamber had an effect on serum VCAM-1 in the divers group and non-divers group.
There is a correlation between the tested morphological parameters and the VCAM-1 level before
and after exposure in the divers group and the non-divers group. Exposure may result in activation
of the endothelium.
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1. Introduction

Vascular cell adhesion molecule-1 (VCAM-1) is an endothelial cell adhesion factor.
It is expressed on endothelium activated by cytokines, but may also occur in a soluble
form in serum [1]. VCAM-1 was identified as a cell adhesion molecule that helps regulate
inflammation-associated vascular adhesion and the transendothelial migration of leuko-
cytes, such as macrophages and T cells. VCAM-1 is expressed by the vascular system and
can be induced by reactive oxygen species, interleukin 1 beta (IL-1β) or tumor necrosis
factor alpha (TNFα), which are produced by many cell types. The newest data suggests
that VCAM-1 is associated with the progression of numerous immunological disorders,
such as rheumatoid arthritis, asthma, transplant rejection and cancer [1]. Homeostasis is a
necessary condition for health and the proper functioning of the body, and hence, diseases
result from disturbances in mechanisms that maintain homeostasis [2]. Commercial satura-
tion divers work in high-pressure environments, in which their bodies must acclimatize to
a variety of physiological stress factors [3].

Research shows that intercellular adhesion molecule-1 (ICAM-1) and VCAM-1 adhe-
sive molecules are potential markers of changes in the endothelium [4]. These molecules
are of great interest both in order to understand the mechanisms of their action and their
usefulness in the diagnosis and treatment of diseases [4,5]. Brubakk et al. [6], in their studies
on vesicle formation and endothelial function in human and animal models, showed a
decrease in the arterial endothelial function after a single dive using air.

The researchers [7–9] indicated that the endothelium was sensitive to oxidative stress
and the shear rate, leading to vascular remodeling and a release of micro molecules. Ac-
cording to Freyssinet [9], endothelial microparticles are constantly shed into the circulation
of healthy individuals and have been shown to be elevated in many diseases, most notably
those characterized by endothelial dysfunction. This was supported by Horstman et al. [10].

It would be interesting to deepen the knowledge of the role of the VCAM-1 biomarker
in the human body during decompression. The aim of this study was to analyze the
increase in VCAM-1 expression and the impact of exposure in a hyperbaric chamber to the
VCAM-1 level in human blood serum.

The research problem was to answer the following questions:

1. Does exposure in the hyperbaric chamber affect the VCAM-1 level in the divers group
and non-divers group (a group who stayed in the same chamber for the same time
period and breathed in the same pattern with the same breathing mix to best reflect
the effect of the same pressure during exposure and decompression)?

2. Is there a correlation between the blood cell counts (BCC) and VCAM-1, before and
after exposure in the chamber, in the divers group?

The following hypotheses were formulated:

1. Exposure in a hyperbaric chamber has an effect on the serum VCAM-1 level in the
divers group and the non-divers group.

2. There is a correlation between tested BCC and VCAM-1 before and after exposure in
the chamber in the divers group.

2. Materials and Methods
2.1. Design of the Study

The cross-sectional study involved four exposures. Short-term simulated hyperbaric
air exposures corresponding to diving at a depth of 30 and 60 m were carried out. The
exposure corresponding to a 60 m dive was chosen because it was the maximum allowable
depth for a dive using air as a breathing mixture, and 30 m as half the maximum depth. Air
was used for breathing in the hyperbaric chamber during dives. This was an experimental
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chamber complex DGKN 120 belonging to the Department of Underwater Works Technol-
ogy of the Naval Academy in Gdynia. It consists of 3 chambers located at the same level:
dry, wet and transient. In a dry chamber, where the study was carried out on short-term
exposures, there may be 7 people, with longer ones—4, and with saturated ones—2. The
maximum working pressure is 120 m of water column, i.e., 12 at or 13 ata. Additional
inhalers (beeps) allow you to breathe, e.g., oxygen in a different atmosphere in the chamber.
Pressure unit converters were the following: 760 mmHg = 760 tracks ~ 1 atm. = 1.033227
at. = 1.01325 N/m2 = 1.01325 Pa = 14.69 psi.

Exposures were based on the Naval Table for the decompression and recompression
of divers (Table 1). Exposures were carried out by compressing the subjects in a hyperbaric
chamber to a pressure of 400 kPa, corresponding to a dive at a depth of 30 m, and to a pressure
of 700 kPa, corresponding to a dive at a depth of 60 m. This pressure was maintained for
30 min. The entire time of exposure to 4 atm was 1 h, and to 7 atm—2 h. The plateau of
both exposures was 30 min. The pressure exposure profiles are shown on Figures 1 and 2.
Exposures were performed at the Department of Underwater Works Technology of the
Naval Academy in cooperation with the Department of Maritime and Hyperbaric Medicine
of the Military Medical Institute in Gdynia. Exposures were carried out by a qualified
physician and a technical employee of the Department of Underwater Works Technology
of the Naval Academy in Gdynia.

Table 1. 3 MW decompression tables.

Exposition
Depth Bottom

Time

Time
to First
Stop

Decompression Stops (mH2O)
Total Ascent Time

42 39 36 33 30 27 24 21 18 15 12 9 6 3

Time on the Stops (min) Air Oxygen

(mH2O) (min) (min) Air Air or (Oxygen) (h) (min) (h) (min)

30 m 33 35 3 6(3) 10(5) 16(8) 35 19

60 m 63 35 6 9 13 16 18(9) 22(11) 32(16) 47(24) 58(29) 3 41 2 13
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2.2. Characteristics of Subject Population

Volunteers also completed a questionnaire, providing information concerning their
age, sex, place of residence, education, seniority, type of work, type of physical exertion,
smoking status, coffee consumption and a self-assessment of their physical condition. A
total of 45 professional divers volunteered to participate in the study. They were subjected to
hyperbaric exposure in a pressure chamber. A total of 47 volunteers—non-divers who had
never been subjected to hyperbaric exposure—were also included. The non-divers group
stayed in the same chamber for the same time period and breathed in the same pattern
with the same (identical) breathing mixture to best reflect the effect of the same pressure
during exposure and decompression. The non-divers group, who were not exposed, sat in
the in the same chamber, with the same temperature and lighting conditions and breathed
the same breathing mixture.

Criteria for inclusion in the divers group were professionally active diver, mentally
and physically healthy and aged from 24 to 55 years. Exclusion criteria were respiratory
tract infection, age under 24 and over 55 years, using intoxicating drugs, using any other
medications and resignation from participation in the study. Ultimately, 18 people par-
ticipated in the study. Inclusion criteria for the non-divers group were non-divers, who
had never been subjected to hyperbaric exposure before, mentally and physically healthy
and aged 24 to 55 years. Exclusion criteria were respiratory tract infection, aged under 24
and over 55, using intoxicating drugs, using any other medications and resignation from
participation in the study Ultimately, 14 people participated in the study.

All the people who participated in the study breathed air and were not subjected to
physical exertion.

Basic information about the divers group (N = 18) and the non-divers group (N = 14) is
presented in Table 2. There were statistically significant differences between the sex (p = 0.0391),
type of work (p = 0.0436) and physical effort (p = 0.0043) between the groups. In the divers
group, manual workers predominated. The descriptive statistics presented below show that
both groups were completely comparable in terms of age and occupational seniority.
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Table 2. Demographic and occupational status of subjects.

Demographic and Occupational Status

Group

pDivers (N = 18) Non-Divers (N = 14)

N % N %

Sex
0.0391 *female 0 0.0% 3 21.4%

male 18 100.0% 11 78.6%
Age (years) 33.9 ± 6.6 33.0 ± 8.4 0.5521

Place of residence

0.0515
Rural 5 29.4% 0 0.0%

municipality up to 50,000 inhabitants 8 47.1% 5 35.7%
municipality 50,000–100,000 inhabitants 1 5.9% 1 7.1%

municipality over 100,000 inhabitants 3 17.6% 8 57.1%
Education

0.1739Secondary 8 44.4% 3 21.4%
Higher 10 55.6% 11 78.6%

Occupational seniority (years) 10.4 ± 7.3 10.6 ± 7.8 0.9254
Type of work

0.0436 *physical 15 83.3% 7 50.0%
mental 3 16.7% 7 50.0%

Type of physical effort

0.0043 **

Intensive 3 17.0% 2 14.3%
Moderate 4 22.0% 2 14.3%
Variable 3 17.0% 0 0.0%
Aerobic 0 0.0% 8 57.1%

None 8 44.0% 2 14.3%

Abbreviations: *—p < 0.05; **—p < 0.01.

2.3. Methods

Blood for the tests was taken in the morning, from the basilic vein of fasting individuals,
in accordance with the applicable procedure for blood collection for morphological tests.
Tests were performed by a certified medical analytical laboratory. VCAM-1 measurements
were performed with serum and BCC with plasma.

In both groups, blood was collected at the same time, before and after exposure, to
heparin anticoagulant tubes to obtain plasma and hemolysate and to clot tubes to obtain
serum. The level of VCAM-1 was determined using the immunoenzymatic ELISA method,
with the DIACLONE kit.

2.4. Procedural and Ethical Considerations

The study was performed from September 2018 to June 2019 and the study obtained
ethical approval from the Bioethics Committee of the Medical University in Bialystok,
Poland (R-I-002/237/2015). Members of the research team provided oral and written
information about the study. Subjects gave their informed consent for participation in
the study. Each participant received written and oral information about the possibility of
withdrawing from the study at any time and without any consequences. The research con-
formed with the Good Clinical Practice guidelines, and the procedures were in accordance
with the principles of the 1975 Declaration of Helsinki, as revised in 2000, and with the
ethical standards of the institutional committee on human experimentation.

2.5. Statistical Analysis

To present listings as elements of the description of both groups, summary tables contain
numbers and percentages, and for age and occupational seniority—means (M) ± standard
deviations (SD); the p-value was calculated using the chi-square test of independence
(for comparison of percentage structure) or the Mann–Whitney U test (for comparison of
numerical values—age and occupational seniority of the subjects).
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Selected numerical characteristics of the examined parameters were determined: arith-
metic mean (M), median (Me), the highest (maximum) and the lowest (minimum) value
and standard deviation (SD).

A test of the statistical significance of the relationship under study was performed.
For all statistical analyses, the significance level was set at p < 0.05.

Additionally, information on the 95% confidence interval for the average VCAM-
1 level measured in the four tested situations is presented. The normality of VCAM-1
level distribution in various tested situations was assessed using the Shapiro–Wilk test.
The statistical significance of differences in the distribution of VCAM-1 before and after
exposure was analyzed. As the measurements were made on the same group of divers, the
Wilcoxon test was used for the analysis. Results were graphically illustrated using scatter
plots. The Mann–Whitney U test was used to compare the distribution of VCAM-1 among
non-divers (in various tested situations). The difference between the results obtained in
both groups was assessed using the Mann–Whitney U test. The Wilcoxon test was also used
to examine the significance of changes between tests performed before and after exposure.

Spearman’s rank correlation coefficient (rS) was used to assess the strength of relation-
ships between the BCC and VCAM-1.

3. Results

There were no significant differences between the divers and non-divers groups in
terms of coffee consumption, smoking status or self-assessment of physical condition.

The p-value calculated for “coffee consumption” was p = 0.3365, for “smoking status”
—p = 0.7876 and for “self-assessment of physical condition”—p = 0.0842 (Table 3).

Table 3. Subject lifestyle.

Lifestyle

Group

pDivers (N = 18) Non-Divers (N = 14)

N % N %

Drinking coffee

0.3365

None 6 33.3% 4 28.6%

Once a day 4 22.2% 3 21.4%

Twice a day 6 33.3% 2 14.3%

More 2 11.1% 5 35.7%

Tobacco smoking

0.7876Yes 2 11.1% 2 14.3%

No 16 88.9% 12 85.7%

Self-assessment of physical condition

0.0842

Ideal 1 5.6% 4 28.6%

Good 17 94.4% 8 57.1%

Intermediate 0 0.0% 1 7.1%

Hard to tell 0 0.0% 1 7.1%

The table below (Table 4) provides information on the 95% confidence intervals for the
average level of VCAM-1 in the four tested situations.
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Table 4. 95% confidence intervals for the average level of VCAM-1 parameter measured in four tested
situations in the divers group.

VCAM-1 (ng/mL) 95% CI

Before exposure—30 m (10.7; 20.5)

After exposure—30 m (12.3; 21.9)

Before exposure—60 m (9.2; 16.4)

After exposure—60 m (12.8; 24.6)
Abbreviations: CI—confidence interval; VCAM-1—vascular cell adhesion molecule-1.

The difference between the VCAM-1 distribution before and after the exposure with a
diving depth of 30 m was on the limit of statistical significance (p = 0.0582). In most people,
VCAM-1 after exposure was higher, on average, by about 1.5 ng/mL (but a decrease in
the VCAM-1 level was also noted in some people). Diving to a greater depth had a much
more pronounced impact on the changes in the VCAM-1 value. In all the subjects, VCAM-1
increased after exposure by at least 0.8, and at most by 24.2 ng/mL. On average, the change
was about 5.9 ng/mL, although the average was somewhat overestimated by the quite
outlying peak value of VCAM-1 growth of 24.2. Therefore, a median of 4.2 ng/mL may be
a better measure of the average level of VCAM-1 changes after a dive (Table 5).

Table 5. Distribution of VCAM-1 before and after the exposure corresponding to a 30 m and 60 m
dive in the divers group.

VCAM-1
[ng/mL] 30

M Me SD Min. Max.

Before dive 15.6 14.6 9.9 5.6 46.1

After dive 17.1 16.6 9.6 6.7 41.5

Change (p = 0.0582) 1.5 1.1 2.8 −4.6 6.6

VCAM-1
[ng/mL] 60

Before dive 12.8 12.4 7.2 5.0 31.1

After dive 18.7 17.5 11.8 6.7 55.3

Change (p = 0.0002 ***) 5.9 4.2 5.3 0.8 24.2
Abbreviations: M—mean; Me—median; SD—standard deviation; Min.—minimum; Max.—maximum; ***—p < 0.001.

The changes in VCAM-1 as a result of diving to a depth of 60 m were highly statistically
significant (the p-value determined using the Wilcoxon test was 0.0002).

As seen in the chart below, the relative increase in VCAM-1 in some people was as
high as 60% of the initial value (Figure 3).
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As presented in the graph below (Figure 4), the relative increase in VCAM-1 over
the baseline was as high as 80% (i.e., in some subjects, VCAM-1 was almost twice as high
after diving).
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The distribution of results obtained before and after exposure to the conditions corre-
sponding to diving at a depth of 30 m did not differ in a statistically significant way from
the distribution of results in the non-divers group.

Statistically significant differences existed between the results obtained after exposure
to diving conditions at a depth of 60 m and the values measured for the non-divers group
(p = 0.0494; Table 6).

Table 6. Values of descriptive statistics characterizing the distribution of VCAM-1 in the
compared groups.

VCAM-1 (ng/mL)

Group

pDivers (N = 18) Non-Divers (N = 14)
¯
x Me s Min Max ¯

x Me s Min Max

before exposure—30 m 15.6 14.6 9.9 5.6 46.1

11.1 9.9 4.5 7.2 25.0

0.2666
after exposure—30 m 17.1 16.6 9.6 6.7 41.5 0.1251

before exposure—60 m 12.8 12.4 7.2 5.0 31.1 0.8662
after exposure—60 m 18.7 17.5 11.8 6.7 55.3 0.0494 *

Abbreviations: *—p < 0.05.

The graph (Figure 5) shows the values of position statistics of the VCAM-1 distribution
in the compared groups and test series.

The leukocyte count increased in a statistically significant manner after exposure to
a 60 m dive. However, exposure to the conditions corresponding to diving at a depth
of 30 m did not affect the unequivocally directed change in the leukocyte count. Longer
exposure results in greater tissue saturation with gases (among others with nitrogen) during
decompression, which lasts significantly longer; in this case, many more microbubbles are
formed, which activate the immune system. The hemoglobin level decreased in most divers
after exposure to a 30 m dive (p = 0.0098). Detailed data presenting the distribution of
leukocytes and hemoglobin counts in individual tests, showing the significance of changes
between the tests completed before and after exposure, are presented in Table 7.
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Table 7. Descriptive statistics characterizing the distribution of leukocytes and hemoglobin counts
in individual tests, showing the significance of changes between tests completed before and
after exposure.

M Me SD Min. Max.

Leukocytes
[G/L]

Before dive 30 m 6.20 6.19 1.05 4.23 9.03
After dive 30 m 6.43 6.22 1.23 4.42 8.87

Change (p = 0.2485) 0.23 0.18 0.74 −0.76 1.56
Before dive 60 m 5.95 6.01 0.96 3.70 7.56
After dive 60 m 7.10 7.26 1.28 4.55 9.33

Change (p = 0.0004 ***) 1.17 0.94 0.85 0.12 3.20

Hemoglobin
[g/dL]

Before dive 30 m 15.2 15.3 0.8 14.0 16.8
After dive 30 m 15.0 15.0 0.9 13.4 16.8

Change (p = 0.0098 **) −0.2 −0.2 0.3 −1.0 0.4
Before dive 60 m 15.2 15.2 0.8 13.8 16.4
After dive 60 m 15.0 15.1 0.8 13.8 16.3

Change (p = 0.1673) −0.1 0.0 0.3 −0.9 0.3
Abbreviations: G/L—billion per liter; M—mean; Me—median; SD—standard deviation; Min.—minimum;
Max.—maximum; **—p < 0.01; ***—p < 0.001.

The results of BCC after the exposure of the subjects in the divers group to conditions
corresponding to a 30 m dive were not correlated with the VCAM-1 values. All the
correlation coefficients were statistically insignificant (p > 0.05). Those few correlations
that were close to the level of statistical significance, and also in a single case that was
statistically significant, occurred between BCC and VCAM-1 after exposure to conditions
corresponding to a 60 m dive.

These relationships were as follows:

• Relationships between the neutrophil count and VCAM-1—the higher the level of
neutrophils was, the lower the value of VCAM-1 was (p = 0.0456, R = −0.51);

• A similar relationship existed between the leukocyte count and VCAM-1 (it was
slightly weaker and only close to the level of statistical significance);

• VCAM-1 was higher in subjects with a higher lymphocyte ratio (R = 0.44)—this
correlation was close to the level of statistical significance (p = 0.0848).
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Changes in the BCC and VCAM-1 level after exposure to conditions corresponding to
a 30 m dive were not statistically significantly correlated with each other.

More statistically significant relationships existed between the changes in BCC and
the changes in VCAM-1 after exposure to the conditions corresponding to a 60 m dive.

There were the following relationships:

• Higher increases in VCAM-1 were associated with a greater increase (in some cases,
a smaller decrease) in the mean corpuscular hemoglobin (MCH) and the mean cor-
puscular hemoglobin concentration (MCHC)—these were relationships of average
strength and statistical significance;

• Quite a strong correlation occurred between the changes in the neutrophil counts and
the changes in VCAM-1—the greater the increase in the number of neutrophils was,
the smaller the increase in VCAM-1 was;

• In turn, the increase in the lymphocyte count after exposure to the conditions cor-
responding to a 60 m dive was correlated with the increase in VCAM-1 (R = 0.54;
p = 0.0304);

• Similar correlations (i.e., positive) were found for VCAM-1 and the lymphocyte and
monocyte ratio (although the latter relationship was no longer statistically
significant—p = 0.1156).

4. Discussion

The aim of this study was to analyze the increase in VCAM-1 expression and the
impact of exposure in a hyperbaric chamber on VCAM-1 in human blood serum. We
believe that the results that have been obtained will allow for a better understanding of the
biological changes that take place in our body during pressure changes at various depths, a
deeper knowledge about the role of the VCAM-1 biomarker in our body and the possible
impact of exposure in a hyperbaric chamber on human blood serum.

Madden and Laden [11], in their study, suggested that endothelial microparticles (MP)
can be used as a decompression sickness (DCI) stress marker by assessing the antigenic
markers of circulating MP that not only allow a specific origin, but also reflect endothelial
integrity. According to these researchers, after endothelial disruption, the expression of
adhesion molecules was expressed in accordance with the adopted configuration, and one
such molecule, the VCAM-1 molecule, is an attractive marker due to the fact that it was
only expressed on the activated endothelium, which was achieved after vascular trauma
and is therefore a prognostic marker of a pro-inflammatory endothelium.

In this study, the statistical significance of differences in the distribution of VCAM-1
before and after exposure was analyzed. The difference between the VCAM-1 distribution
before and after the exposure corresponding to a 30 m dive was on the limit of statistical
significance (p = 0.0582). For most people, VCAM-1 was higher after exposure; on average, it
was around 1.5 ng/mL, but there were also subjects who experienced a decrease in VCAM-1.
The relative increase in VCAM-1 in some subjects was as high as 60% of the baseline value.
Vince et al. [12] reported a significant increase in VCAM-1 positive microparticles (VCAM
+ MP), observed 1 h after diving using air compared to the non-divers group (p = 0.013),
which was not observed after oxygen diving (p = 0.095).

The discussed study showed that diving at a greater depth had a much more pro-
nounced effect on changes in VCAM-1 values. In all the subjects, VCAM-1 increased after
exposure—at least by 0.8, and at most by 24.2 ng/mL. The average change was about
5.9 ng/mL. The changes in VCAM-1, as a result of diving to a depth of 60 m, were highly
statistically significant. A study by Bao et al. [13] found that diving caused significantly
reduced VCAM-1 levels.

Our research showed that the relative increase in VCAM-1 compared to the base-
line value was as high as 80%, i.e., VCAM-1 after diving almost doubled in some sub-
jects. A study performed by Zhang et al. [14] showed that VCAM-1 levels increased
post-decompression in DCI rats.
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In the presented study, a comparison of VCAM-1 distribution among divers before
and after exposure to a 30 m and 60 m dive and the non-divers group was performed.

The distribution of the results obtained before and after exposure to the conditions
corresponding to a 30 m dive did not statistically significantly differ from the distribution of
results in the non-divers group. The research showed that there were statistically significant
differences between the results obtained after exposure to conditions of a 60 m dive and the
values measured for the non-divers group (p = 0.0494). VCAM-1 is expressed exclusively
on the activated endothelium following vascular insult, and therefore, is a marker of a
proinflammatory endothelium, as a study by Bao et al. [13] showed.

Research by Vince et al. [12] in which the VCAM + MP was quantified before diving
(09:00 a.m. and 1:00 p/m.) and after diving (+1, +3 and +15 h), showed that both for diving
with air and oxygen, and compared to control samples collected from the same subjects,
VCAM + MP showed a similar trend in all the experiments. However, both dives resulted
in a change in endothelial status as measured by VCAM + MP. A significant increase in
VCAM + MP was observed 1 h after diving using air compared to the controls (p = 0.013),
which was not observed after oxygen diving (p = 0.095). The researchers [12] observed
an increase in the circulating VCAM + MP population after simulated diving with both
compressed air and oxygen, compared to their non-dive controls taken at the same time of
day. Due to its expression only on the activated endothelium, VCAM + MP can be used as
a sensitive marker of endothelial function/dysfunction. Researchers hypothesized that the
increase in circulating VCAM + MP could reflect changes in the state of the endothelium
and could be potentially used as a biomarker of sensitivity to, for example, decompression
sickness, when vascular mechanisms are involved [12].

This research showed that the results of BCC after the exposure of the subjects in
the divers and non-divers group to conditions corresponding to a 30 m dive were not
correlated with values of VCAM-1. However, the leukocyte count increased in a statistically
significant manner after exposure to a 60 m dive, and exposure to conditions corresponding
to a 30 m dive did not affect the unequivocally targeted change in the leukocyte count,
which could be explained by an insufficient number of subjects in the divers group. A
study performed by Glavas et al. [15] showed that the microbubbles produced during the
decompression process induce endothelial damage and affect leukocyte mobilization.

In our study, the hemoglobin level decreased in most divers after exposure to diving
conditions at a depth of 30 m and this effect should be considered as not accidental
(p = 0.0098), and after a stronger exposure—to conditions corresponding to a depth of
60 m—such effects were not observed. The scale of the decrease in hemoglobin levels was
small—only 0.2 g/dL on average; therefore, it was not a change affecting the health of
the divers. Several studies have reported an altered hematological status and hemoglobin
reduction after saturation diving [16–19].

A decrease in the number of neutrophils in the blood in our study is unlikely to indicate
inflammation. Most likely, these results decrease from the fact that microbubbles are treated
as hostile pathogens by neutrophils; as a result of the so-called oxygen burst (respiratory
burst), microbubbles are eliminated, and thus the neutrophil cells are destroyed. This
would confirm the increased generation of reactive oxygen species and the intensification
of oxidative stress (we also observed an increase in oxidative stress in our volunteers).

More statistically significant relationships existed between the changes in the BCC
parameters and the changes in VCAM-1 after exposure to conditions corresponding to
a 60 m dive in the non-divers group. The relationships that occurred were as follows:
higher increments of VCAM-1 were associated with a greater increase (in some cases a
smaller decrease) in MCH and MCHC—these were relationships of average strength and
statistically significant; quite a strong correlation was found between changes in neutrophils
count and changes in VCAM-1—the greater the increase in the number of neutrophils is,
the smaller the increase in VCAM-1 is.

Our study showed that the number of blood platelets decreased in a statistically
significant (p = 0.0382) manner after exposure to the conditions corresponding to a dive to
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a depth of 60 m, and the level of neutrophils increased in a statistically significant manner
after exposure to conditions corresponding to a dive to a depth of 60 m. Olszański et al. [20]
demonstrated in his study that the diving technology employed did not generate substantial
changes in the examined parameters of blood in divers, and the increase in neutrophils,
blood platelets and the fibrinogen concentration in the blood plasma immediately after
diving is of a temporary character, being a typical reaction observed during diving.

In turn, the increase in the number of lymphocytes after exposure to conditions
corresponding to a 60 m dive correlated with the increase in VCAM-1 (R = 0.54; p = 0.0304);
similar (i.e., positive) correlations apply to VCAM-1 and the lymphocyte ratio. This research
also showed that those few correlations that were close to the level of statistical significance,
and in one case statistically significant, occurred between BCC and VCAM-1 after exposure
to conditions corresponding to a 60 m dive in the divers group. The relationships were
as follows: there was a relationship between the neutrophils count and VCAM-1—the
higher the number of neutrophils was, the lower the value of VCAM-1 was (this correlation
was statistically significant—p = 0.0456; its strength was average—R = −0.51); a similar
relationship was found between the number of leukocytes and VCAM-1 (it was slightly
weaker and only close to the level of statistical significance); VCAM-1 was higher in
the subjects with a higher lymphocyte ratio (R = 0.44)—this correlation was close to the
level of statistical significance (p = 0.0848). In a study performed by Bao et al. [13], deep
heliox diving caused a significant decrease in red blood cells (RBC) but had no significant
effect on hemoglobin (HGB) levels. These changes can be explained by the oxidative
damage-induced fragility of the RBC membrane. A study by Perovic et al. [21] showed that
neutrophils increased, and monocytes decreased immediately after 30 m-depth compressed-
diving using air. Since the number of intermediate cells in humans is small, the reduction
in the percentage of intermediate cells may be a transient response to external stimuli.
Obad at al. [22] have shown in their study that this may be caused by trans-endothelial
migration due to altered vascular/endothelial function after diving. Sureda et al. [23] has
shown in his study that scuba diving at 50 m deep for a total time of 35 min was enough to
induce a post-diving neutrophil mobilization in normobaria, suggesting the initiation of an
immune-like response, similar to that which occurs after an infection or an acute bout of
exercise. Exactly these results could be expected, because VCAM-1 is a key cell adhesion
molecule involved in inflammation that is closely implicated in various immunological
disorders [24,25]. The VCAM-1 protein mediates the adhesion of neutrophils, monocytes,
eosinophils and basophils to the vascular endothelium [14,26]. It is also active in the signal
transduction of leukocytes and endothelial cells [24,27–29]. A study by Glavas et al. [15]
showed that the absolute number of monocytes was slightly, but not significantly, increased
after a dive, and this study suggests that biochemical changes induced by scuba diving
primarily activate existing monocytes rather than increase the number of monocytes at a
time of acute arterial endothelial dysfunction.

Strengths and Limitations of the Study

A strength of this study was the well-matched divers and non-divers groups.
The limitations of the present study should be noted. Due to the small sample size, the

present study has limited power. We believe that further research with a larger population
is required and warranted. In searching for the relationship between the BCC results of
blood counts and the values of VCAM-1 in the test group (conditions corresponding to a
30 m dive), the lack of a relationship with white blood cells can also be explained by the
group of respondents being too small.

5. Conclusions

1. The results confirm our hypothesis that exposure to a hyperbaric chamber has an
effect on VCAM-1 in blood serum in the divers group.

2. There is a correlation between the tested BCC and VCAM-1 before and after exposure
in the chamber in the divers group.
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3. We believe that exposure in a hyperbaric chamber may result in the activation of the
endothelium.
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Abstract: Background and Objectives: Gum disease represents the condition due to the dental plaque
and dental calculus deposition on the surfaces of the teeth, followed by ulterior destruction of the
periodontal tissues through the host reaction to the pathogenic microorganisms. The aim of study
was to present aspects regarding the efficacy of hyperbaric oxygen therapy (HBOT) as an adjuvant
therapy for the treatment of periodontal disease, started from the already certified benefits of HBOT
in the general medicine specialties. Materials and Methods: The participant patients in this study (71)
required and benefited from specific periodontal disease treatments. All patients included in the trial
benefited from the conventional therapy of full-mouth scaling and root planing (SRP) within 24 h.
HBOT was performed on the patients of the first group (31), in 20 sessions, of one hour. The patients
of the control group (40) did not benefit from HBO therapy. Results: At the end of study, the included
patients in HBOT group presented significantly better values of oral health index (OHI-S), sulcus
bleeding index (SBI), dental mobility (DM), and periodontal pocket depth (PD) than the patients
of the control group. Conclusions: HBOT had beneficial effects on the oral and general health of all
patients, because in addition to the positive results in periodontal therapy, some individual symptoms
of the patients diminished or disappeared upon completion of this adjuvant therapy.

Keywords: periodontal disease; oral health index; dental mobility; periodontal pockets depth;
hyperbaric oxygen therapy

1. Introduction

Dental biofilm is the main etiologic factor for caries, periodontal and peri-implant
infections. Gum disease represents a disease with dental plaque and calculus formation on
the surfaces of the teeth, followed by ulterior destruction of the periodontal tissues due to
the host reaction to pathogenic microorganisms [1,2].

The spreading of periodontal disease is between 20 and 50% in the world, and repre-
sents one of important causes of indentations, which jeopardize the functions of oro-facial
system, including mastication, aesthetics, self-reliability, and life quality [3]. This preva-
lence of periodontal disease is presumed to be rising in future years because of increased
aging in population and of maintenance of natural teeth of dental arches in the elderly [4,5].
The development of periodontal disease in the context of the 2017 World Workshop on
the Classification of Periodontal and Peri-Implant Diseases and Conditions presents four
stages, defined based on severity (primarily periodontal breakdown with reference to root
length and periodontitis-associated tooth loss), complexity of management (pocket depth,
infrabony defects, furcation involvement, tooth hypermobility, masticatory dysfunction)
and additionally described as extent (localized or generalized). The grade of periodon-
titis is estimated with direct or indirect evidence of progression rate in three categories:
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slow, moderate and rapid progression (Grade A–C). Risk factor analysis is used as grade
modifier [6,7].

Cellular oxygenation is carried out by transporting the oxygen (that is fixed to
haemoglobin), from inspired air to the tissues and cells, through the circulatory sys-
tem. Disruption or interruption of oxygen transport induces hypoxia through changes in
haemoglobin, capillary network, or blood flow [8–10]. Oxygen has a very small molecule,
which allows its increased diffusibility in tissues, in comparison to any other substance [11].
Increasing the oxygen pressure in the environment over a certain point, increases the
amount of dissolved oxygen in the plasma (quantitative increase) and the penetration rate
of oxygen into the tissues (qualitative increase) [12].

The Undersea and Hyperbaric Medical Society (UHMS) defines hyperbaric oxygen
therapy (HBOT) as a treatment in which the patient intermittently inspires 100% oxygen, in
a pressurized treatment chamber at a higher pressure than at the sea level (1 atm absolute,
ATA) [11,13,14]. In HBO therapy, the patient inspires pure or enriched oxygen, which causes
a reduction in the amount of nitrogen in the blood [15]. The mechanisms of therapeutic
action of HBOT are based on raising the partial pressure of inspired oxygen and increasing
hydrostatic pressure, by compressing the gas in all spaces in the body, according to Boyle’s
law [16,17]. Increasing the oxygen’s partial pressure raises its diffusibility in tissues. Even
if there is a similar amount of oxygen in the plasma and in the transported oxygen by
haemoglobin, by increasing the oxygen’s partial pressure, its effectiveness is enhanced
at a cellular level [18]. Increasing the pressure of the oxygen in the environment over a
certain point induces the rising of the amount of oxygen dissolved in the plasma (increase
in volume), and the penetration of the oxygen in the tissues (increase in quality) [19,20].
Therefore, HBO treatment leads to a considerable development in bone formation, so that
the lamellar bone grows [21].

In the study effectuated by Giacon et al. [22], the authors consider that through HBO
therapy pre-treatment, the protection proteins of oxidative stress are activated and tissues
are prepared for surgery entailing transient ischemia. They presented a case report of an
immediate dental implant, which depicted the utilisation of HBO therapy and of advanced
platelet-rich fibrin (A-PRF) for pre-treating the implant site in a case of severe periodontitis
with tooth attachment loss. Three sessions of HBO therapy effectuated for preconditioning
by increasing the positive results, presumably through sterilization of surgical site and
development of antioxidant protection. The authors underlined that future studies should
specifically address this topic.

Altug et al. [23], studied the consequences of HBO therapy on implant osseointe-
gration in experimental diabetes rabbits. The authors concluded that the disclosures in
histomorphometry hint that HBO therapy has a certain impact on the osseointegration of
dental implants, in the early healing time in diabetic rabbits. The authors underlined that
dental implant stability is not influenced by HBO therapy.

The administration of oxygen in HBOT is realized in hyperbaric chambers, which
can be multiplace (type A), and monoplace (type B, that provides treatment for a single
patient) [24]. Both chambers are used to treat various diseases, from simple injuries to
serious illness [25].

The comparative study started from the already certified benefits of HBOT in the
general medicine specialties. The aim of this comparative study was to find out if the
adjuvant HBO therapy presents beneficial effects in the treatment of adult patients af-
fected by periodontal disease, after the conventional therapy of performing professional
dental hygienization measures, and of full-mouth scaling and root planing (SRP) with
EMS Piezon device and EMS Air-Flow Master. The expected result of the trial should
potentially contribute to an advanced treatment strategy for periodontal disease, with an
ideal clinical outcome.
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2. Materials and Methods

The study was realized in conformity to the ethical principles of the Declaration
of Helsinki and of the good clinical practice. The protocol was approved by the Ethics
Committee of Dental Medicine Faculty, Titu Maiorescu University of Bucharest (No. 2
of 5 May 2017). All patients were informed about the research requirements, attended
only by those that entered voluntarily in the research program. The study phases were
explained to each recruited patient, including the need for monitoring. Included patients
signed the written informed consent prior to the beginning of this study. The working
hypothesis started from the premise that the benefits of HBOT are already certified in
general medicine specialties, but can it be used as an adjuvant therapy in Romanian
patients with periodontal disease?

The study was conducted in the Clinics of Dental Medicine Faculties, between of May
2017 and May 2021, but the COVID-19 pandemic epidemiological context determined a
12-month intermission. The authors followed calibration trainings to ensure: the precision
and correctness of patients’ anamneses, of clinical examination and diagnosis; the proper
use of EMS Piezon and EMS Air-Flow Master Device; the use of the same standardized
clinical measurements. The calibration trainings were realized in order to ensure the
validity and reliability of clinical study and of obtained results. Adjuvant HBO therapy
was performed in Hypermed Care SRL Clinic, by using the Revitalair®430 monoplace
equipment, produced by Biobarica (Medley, FL, USA).

Clinical examinations and interviews were accomplished to evaluate eligibility. Pa-
tients were randomly screened, and then asked to participate in the study. Study initially
enrolled 89 patients, but 12 subjects withdrawn voluntarily during the study and 6 subjects
were excluded for lack of cooperation. The remaining patients in the study (71), had the age
range of 38–59 years (means 48.5 years, ±10.5 years). Table 1 presents the sample patients
and Figure 1 presents the flow diagram of the study.

Table 1. Sample patients.

Group 1 Group 2

No of patients 31 40
Age (mean ± years) 48.5 ± 10.5 48.5 ± 10.5

Gender M/F 16/15 21/19
Confirmed periodontal disease Mild to moderate Mild to moderate

Oral examinations and X-rays were effectuated at the time of patients selection, to
differentiate the periodontal affection from other diseases (e.g., apical periodontitis, tooth
fracture, etc.). The oral examinations consisted of the assessment of periodontal status
by determination of the oral hygiene conditions and of Simplified Oral Health Index
(OHI-S), Sulcus Bleeding Index (SBI), examination of clinical attachment level (CAL),
checking for dental mobility degree (MD), of the pocket depth (PD), and of furcation
involvement. All periodontal examinations were effectuated by using mirrors, tweezers,
probes, and a calibrated periodontal UNC-PCP15 Color-Coded Probe (Hu-Friedy Europe,
The Netherlands) probe.

Inclusion criteria for this study consisted of non-smoking patients aged 38–59 years
old, having at least 6 natural teeth on a half dental arch (excluding third molars), having pe-
riodontal symptomatology at the presentation in the dental office (like gum redness or/and
bleeding, gum swelling, persistent metallic taste, halitosis, painful chewing, sensitive teeth,
minimum 4 teeth with first or second degree of dental mobility, periodontal pockets), or
with a confirmed diagnosis of mild to moderate periodontal disease.
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All selected patients for admission into the first group of patients with HBO therapy
completed and signed a fact sheet with information regarding their general and specific
health conditions (which contained affections which determined the exclusion criteria of
study). Inclusion criteria of patients are depicted in Table 2.

Table 2. Inclusion criteria of patients in study.

Inclusion Criteria

Male and female patients between 38 and 59 years of age
Non-smokers

Having at least 6 natural teeth on a half dental arch, excluding third molars
Periodontal symptomatology/confirmed diagnosis of moderate periodontal disease

Patient’s acceptance to participate in the study, with signed informed consent

Exclusion criteria for this study were represented by smoker patients, maximum
scores of all studied periodontal indices, periodontal treatment and antibiotic therapy in
the last six months, aggressive periodontitis, endodontic affections, orthodontic patients,
patients with infections, systemic disorders, upper respiratory and pulmonary disorders
(e.g., untreated pneumothorax, pneumonia, asthma, chronic obstructive pulmonary disease,
etc.), cataract, Eustachian tube dysfunction, hereditary spherocytosis, fever, claustrophobia,
convulsions, cardiac simulators or other implanted or external devices that control body
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functions, patients with unstable cardiovascular disease, pregnant woman, hospitalized
patients, those with cancer, with uncontrolled diabetes mellitus, with parafunction of
chewing habit, with severe malocclusion, those with missing data, patients with mental
disability, uncooperative patients, and patients who refused to be included in the study.

According to the safety requirements of patients, those with general medical conditions
presented in exclusion criteria of patients cannot be accepted for HBO therapy, thus patients
with these affections were not be admitted in study group 1 (with HBOT). Exclusion criteria
are presented in Table 3.

Table 3. Exclusion criteria of patients in study.

Exclusion Criteria

Smoker patients Hereditary spherocytosis
Maximum scores of all studied periodontal indices Fever
Periodontal treatment and antibiotic therapy in the

last six months Claustrophobia

Aggressive periodontitis Convulsions
Endodontic affections Cardiac simulators

Orthodontic patients Implanted or external devices that control body
functions

Infections Pregnancy
Systemic disorders Hospitalized patients

Upper respiratory and pulmonary disorders Patients with mental disability
Cataract Uncooperative patients

Eustachian tube dysfunction Patients who refused to be included in the study

Supra- and subgingival debridement, scaling, and root planing with EMS Piezon
device and EMS Air-Flow Master device, followed by manual root planing were effectuated
in every selected patient in 24 h. Guided Biofilm Therapy with EMS device is a treatment
protocol built in conformity of each patient diagnosis and risk evaluation for achieving
optimum outcomes. The treatment is realized in a minimally invasive way, with the highest
comfort, safety and efficiency for the patients. Oral hygiene instructions were presented to
every participant patient, and dental plaque disclosing gel (GC Tri Plaque ID Gel) was used
before any assessment sessions. Patients included in the study used the same toothpaste
(Colgate Total Gum Protection Toothpaste), same dental brush (Colgate Gum Health Extra
Soft Toothbrush for Sensitive Gums with Deep Cleaning Floss-Tip Bristles), and same
interdental pick (GUM-6326RA Soft-Picks Original Dental Picks, small). Participants
brushed their teeth twice a day, morning and evening, at least two minutes each time
(in conformity with the American Dental Association (ADA) suggestions), with Stillman
method of tooth brushing. An amount of 1 cm tooth paste was used. The inter-dental
pick was indicated to be utilized only in the evening, before teeth brushing. Two tubes of
plaque revealing gel were handed to the patients participating in the study, for checking
their dental hygiene 3 times weekly. The gel was applied after tooth brushing, and if the
sanitization was not correct, the patients had to perform their tooth brushing again. At the
end of the study, the used quantity of the plaque disclosing gel from the tubes was verified,
in order to verify the compliance of participants to the study protocol.

The selected patients (71), were divided into two groups, the first group of patients
(group I) who agreed upon and benefited of HBOT adjuvant therapy (31 patients, 15 women
and 16 men), and the second group of patients (group II / control group), who did not
undergo HBO therapy (40 patients, 19 women and 21 males). Both patient groups were
selected according to the same inclusion/exclusion criteria and benefited from the same
dental treatment protocol for periodontal disease, excepting HBO adjuvant therapy (which
was realized only in 1st group of patients). The type of study design was simple randomized
trial, by centralized randomization into groups, than participant patients were divided into
the two groups by centralized randomization.

The applied clinical protocol to all patients consisted of: consultation and comple-
mentary radiographic examinations; diagnosis of general health and of oral/periodontal
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tissues; first clinical evaluation and registration of dental and periodontal status by de-
termination of OHI-S index, of the sulcus bleeding index, the pathological tooth mobility
and the depth of periodontal pockets; establishing of the treatment plan; filing the general
and specific information sheet (by the patient for admission in the HBOT group), and
signature on the informed consent; awareness of patients on the state of periodontal illness
at presentation; training and insisting upon artificial oral hygiene procedures by using the
Stillman technique of tooth brushing; taking of the same brand and type of toothbrushes,
toothpastes, interdental brushes, and dental plaque disclosing gel; conducting of the cor-
rective treatment (performing professional oral hygiene, and of specific therapy for dental
and periodontal diseases with EMS devices); second clinical evaluation of the patients at
1 month after periodontal treatment; applying HBO therapy in the first group of patients;
third clinical evaluation at 2 months after the completion of HBO therapy and recording of
the results; comparison of results. Figure 2 depict the flow chart of the clinical study.
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Figure 2. Flow chart of the clinical study.

After the effectuation of specific periodontal treatment in all patients, each patient
belonging to the first group (with HBO adjuvant therapy) was set to perform 20 sessions
of hyperbaric oxygen therapy for one hour, with the applied pressure of 1.4 ATM. The
frequency of the therapy sessions was three sessions per week. HBO therapy was performed
at the Biobarica Hypermed Care Clinic in Bucharest, in a monoplace hyperbaric chamber
(Figure 3).
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Stillman method of tooth brushing consists of thoroughly brushing around and under
the gum line, and it helps to clean the debris deposited between the teeth, because the
toothbrush bristles reach under the gums [25].

Oral hygiene status can be determined by using the oral health index (OHI), calculated
by the oral debris score and the dental calculus score found on the buccal and lingual
surfaces of each of the three segments of the dental arches. The calculation of the numerical
values of simplified oral health index (OHI-S) is in conformity to the existing dental plaque
and calculus deposits. The simplified oral hygiene index (OHI-S) allows the separate
evaluation of the soft and hard deposits, present on the buccal/labial or oral dental crown
surfaces of 6 teeth of both dental arches, one tooth for each sextant: maxillary dental arch,
teeth 1.6, 1.1, 2.6 on buccal/labial surfaces, respectively mandibular dental arch teeth 3.6,
3.1, 4.6 on lingual surfaces (enumerated teeth are noted after FDI notation system). The
selected surfaces used for scoring were the buccal for maxillary molar and the lingual for
mandibular molars, respectively, the labial for the maxillary right central incisors and for
the mandibular left central incisors. In the absence of first molar, the second or third molar
were examined, and in the case of the incisors, the neighbouring incisor.

The quantification of dental deposits can be performed visually or by staining solution.
The surfaces of dental crowns are examined with the probe, extending the examination
to the level of contact points of the proximal coronary surfaces, including the subgingival
area. Debris index-simplified (DI-S) calculation method: 0 = absence of dental plaque;
1 = microbial plaque present up to 1/3 of the tooth surface; 2 = microbial plaque present
between 1/3 and 2/3 of the tooth surface; 3 = microbial plaque present over 2/3 of the
tooth surface. Calculus index-simplified (CI-S) calculation method: 0 = absence of dental
calculus; 1 = calculus present up to 1/3 of the tooth surface; 2 = calculus present between
1/3 and 2/3 of the tooth surface; 3 = calculus present over 2/3 of the tooth surface. The
averages for the plaque and tartar indices will be calculated and then added together; their
sum will represent the OHI-S index [26,27]. OHI-S score is summed and then divided to
the number of examined dental crown surfaces, for the mean oral hygiene score [28,29]. An
arithmetic mean of the individual scores for debris and calculus index was performed, and
subsequently the highest determined score was taken into consideration. The values of
OHI-S index, necessary for interpretation, are: excellent 0; good 0.1–1.2; satisfactory 1.3–3.0;
and unsatisfactory 3.1–6 [30]. Index interpretation of OHI-S scores used in this study was:
excellent = 0; good = 1; satisfactory = 2; and unsatisfactory = 3. The scores were calculated
according to the results of the determinations performed on each patient. An arithmetic
mean of the individual scores was performed on each tooth, and subsequently the highest
determined final score was taken into consideration.

Sulcus Bleeding Index (SBI, Műhlemann and Son) on gentle probing of the sulcus
represents one of the initial signs of periodontal disease. In SBI, four gingival units are
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scored systematically for each tooth: the labial and lingual marginal gingival (M units) and
the mesial and distal gingival papilla (P units). After probing, the examiner should wait
for 30 s for scoring. Scores for these units are summed and then distributed to 4. Adding
the obtained scores of the studied teeth and dividing them by the number of studied teeth
establishes the sulcus bleeding index (SBI). Criteria of SBI scoring are: 0—healthy aspect
of papilla and of marginal gingiva, without bleeding on probing; 1—healthy gingival
aspect, but bleeding on probing; 2—bleeding on probing, modified colour, without edema;
3—bleeding on probing, modified colour, slight edema; 4—bleeding on probing, modified
colour, evident edema; 5—spontaneous bleeding, modified colour, pronounced edema.
SBI scoring is effectuated on the eight upper and lower anterior teeth, and four gingival
areas are included for each tooth: mesial-labial, mesial-lingual, oro-mesial, oro-distal [31].
Index interpretation of BSI scores in this study was: excellent = 0; very good = 1; good = 2;
satisfactory = 3; and unsatisfactory = 4.

The clinical sign of dental/tooth mobility depicts the periodontal destruction degree
determined by local affections of gums and surrounding structures of the teeth. Tooth
mobility presents 4 degrees: grade 0 represents the physiological mobility; in grade 1,
the teeth present more than 1 mm mobility in a buccal-oral direction: in grade 2, the
teeth present more than 1 mm mobility in buccal-oral and mesial-distal direction; and
in grade 3, the teeth present mobility in three directions, buccal-oral, mesial-distal and
incisal/occlusal-apical direction. Tooth mobility can represent a possible aggravation factor
of the establishment of periodontal disease [32].

Periodontal pockets represent a pathological feature characterized by the displacement
of the gingival attachment, respectively, the deepening of the gingival sulcus apically, due
to the expansion of dental plaque and dental calculus towards the dental root. It can be
classified as supra-alveolar (when the bottom of the pocket is situated at the crown of the
alveolar bone), and intra-alveolar (when the bottom of the periodontal pocket is situated
apical to the alveolar bone). Periodontal pockets can imply one or more tooth surfaces,
and they can present various depths on different surfaces of the tooth. Periodontal pocket
depth (PD) is a primary sign of periodontitis. The size and severity can be divided into
normal (1 to 3 mm), early/mild periodontitis (4 to 5 mm), moderate periodontitis (5 to
7 mm), and severe periodontitis (7 to 12 mm). Periodontal examinations are effectuated
with a periodontal probe [33]. In this study, an arithmetic mean of the individual scores for
pockets was performed on each tooth, and subsequently the highest determined score was
taken into consideration. Rationale of classifying periodontal pockets is to realize a correct
evaluation, and then a correct prognosis of periodontal disease after the stage and grade of
the disease, including the contributory factors, and after that, to effectuate the adequate
treatment management of disease [6].

All the statistical analysis were performed in SPSS 24 Software. The considered level
of significance is 0.05, otherwise mentioned. Data was analysed through means of the
Chi-Square test for group differences.

3. Results

Two months after the end of HBO therapy in the first group of patients, we summarized
and compared the recorded data of all patients. The obtained results in both studied groups,
according to the three clinical examinations, are presented in Table 4.
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Table 4. Obtained results in the studied groups, according to the three clinical examinations.

Selected Patients (71) Group I HBOT
31 Patients

Group II
Control

40 Patients

First clinical examination,
at patients presentation

Oral health index
(OHI-S)

Score 0 - -
Score 1 3 (=9.67%) 5 (=12.50%)
Score 2 12 (=38.40%) 17 (=42.50%)
Score 3 16 (=51.61%) 18 (=45.00%)

Sulcus bleeding index
(SBI)

Score 0 - -
Score 1 2 (=6.45%) 3 (=7.50%)
Score 2 5 (=16.12%) 7 (=17.50%)
Score 3 17 (=54.83%) 21 (=52.50%)
Score 4 7 (=22.58%) 9 (=22.50%)

Dental
mobility degree (DM)

0-Physiological
mobility - -

1st degree mobility 15 (=48.38%) 19 (=47.50%)
2nd degree mobility 16 (=51.61%) 21 (=52.50%)

Pockets depth (PD)
Normal - -

Early/mild
periodontitis 12 (=38.40%) 15 (=37.50%)

Moderate periodontitis 19 (=61.29%) 25 (=62.50%)

Second clinical
examination of both

groups patients, at 1 week
after the finalization of
periodontal treatments

Oral health index
(OHI-S)

Score 0 4 (=12.90%) 6 (=15.00%)
Score 1 8 (=25.80%) 11 (=27.50%)
Score 2 10 (=32.25%) 12 (=30.00%)
Score 3 9 (=29.03%) 11 (=27.50%)

Sulcus bleeding
index (SBI)

Score 0 3 (=9.67%) 5 (=12.50%)
Score 1 5 (=16.12%) 7 (=17.50%)
Score 2 7 (=22.58%) 9 (=22.50%)
Score 3 14 (=45.16%) 16 (=40.00%)
Score 4 2 (=6.45%) 3 (=7.50%)

Dental mobility degree
(DM)

Physiological mobility 4 (=12.90%) 7 (=17.50%)
1st degree mobility 16 (=51.61%) 19 (=47.50%)
2nd degree mobility 11 (=35.48%) 14 (=35.00%)

Pockets depth (PD)
Normal 3 (=9.67%) 5 (=12.50%)

Early/mild
periodontitis 17 (=54.83%) 19 (=47.50%)

Moderate periodontitis 11 (=35.48%) 16 (=40.00%)

Third clinical examination
of both groups patients, at

2 months after the
finalization of HBOT in
first group of patients

Oral health index
(OHI-S)

Score 0 12 (=38.40%) 9 (=22.50%)
Score 1 11 (=35.48%) 12 (=30.00%)
Score 2 5 (=16.12%) 11 (=27.50%)
Score 3 3 (=9.67%) 8 (=20.00%)

Sulcus bleeding
index (SBI)

Score 0 8 (=25.80%) 5 (=12.50%)
Score 1 9 (=29.03%) 8 (=20.00%)
Score 2 8 (=25.80%) 11 (=27.50%)
Score 3 6 (=19.35%) 14 (=35.00%)
Score 4 - 2 (=5.00%)

Dental
mobility

degree (DM)

Physiological mobility 8 (=25.80%) 9 (=22.50%)
1st degree mobility 17 (=54.83%) 20 (=50.00%)
2nd degree mobility 6 (=19.35%) 11 (=27.50%)

Pockets depth (PD)
Normal 9 (=29.03%) 8 (=20.00%)

Early/mild
periodontitis 16 (=51.61%) 18 (=45.00%)

Moderate periodontitis 5 (=16.12%) 14 (=35.00%)
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By comparing the listed values in Table 4, we found the following:

- Oral health index (OHI-S): at the presentation, the patients of both groups had only
values of 1, 2, and 3 in OHI-S score, without value 0; in the second clinical examination,
we found that OHI-S scores were reduced in both study groups (HBOT and control),
because of SRP treatment, but probably also as a result of patient awareness in the
need for correct oral hygiene through brushing exercises (initially done at the clinic,
until all patients have acquired the correct technique), respectively, by revealing the
bacterial plaque (performed at each presentation of the patient in the practice); at the
second and third determination, we found that the OHI-S decreased in the patients of
both groups, to 0, 1, and 2; and in the third assessment, the OHI-S values were lower
in the first group (which benefited from HBOT) compared to the control group. In
Figure 4, the patient distribution based on OHI-S index, are presented at the first (a),
second (b), and third (c) examination.

- Sulcus bleeding index (SBI): at their presentation, the patients of both groups had only
values of 1, 2, 3, and 4 in SBI score, without value 0; in second clinical examination
we found that SBI scores were significantly reduced in both study groups (HBOT and
control), because of the same reasons (SRP treatment, correct teeth brushing); at the
second and third determination, we found that the SBI scores decreased in the patients
of both groups; and in third assessment, the SBI values were lower in the first group
(HBOT) compared to the control group. In Figure 5, the patient distribution based on
SBI index at first (a), second (b), and third (c) examination are depicted.

- Dental mobility (DM): We found that the DM has diminished in both groups; at the
presentation all of patients had I-st and II-nd degree dental mobility; in the other
two clinical examinations, we found that DM was reduced till physiological mobility,
especially in patients who received HBO adjuvant therapy. Figure 6 depicts the patient
distribution based on DM index at first (a), second (b), and third (c) examination.

- Pockets depth (PD): the measurements were effectuated with the periodontal probe
and registered in the patients’ record; we found that the PD values were reduced in
both groups of patients in the second and third clinical examination, but the reduction
of PD was more significant in patients belonging to the HBOT group. In Figure 7, the
patient distribution based on PD index at first (a), second (b), and third (c) examination
is presented.
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In conformity with the inclusion criteria, only patients with mild and moderate peri-
odontal disease were admitted in study. Only two patients out of a total of 71 had a slight
involvement of the furcation, therefore assessment of the involvement of furcation was not
introduced in the study.

Table 5 present Chi-Square test p-values for test differences between control and test
groups for all variables, at all three levels of investigation, with p-values. There are no
significant differences, at any level, between the frequencies of the control and test groups,
for any of the observed variables, no matter the treatment type.
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Table 5. Chi-Square test p-values for test differences between groups, for all variables, at all “three
levels of investigation”.

Variable p-Value Variable p-Value Variable p-Value Variable p-Value

OHI-S1 0.75 SBI1 0.99 DM1 0.65 PD1 0.91
OHI-S2 0.99 SBI2 0.91 DM2 0.82 PD2 0.81
OHI-S3 0.27 SBI3 0.21 DM3 0.66 PD3 0.28

In Table 6, Chi-Square test p-values are presented for test differences between groups
for all variables, for test and control groups. The significance level is 0.1. Exceptions appear
for the SBI index in the control group, which is significant at a 0.1 significance level, and
all differences are significant at a 0.05 level. It can be noticed that there are significant
differences in the effect of the three assessments, both in test or control groups.

Table 6. Chi-Square test p-values for test differences between both groups (SRP+HBOT and SRP) for
all variables.

Variable
p-Value

Test Control

OHI-S 0 0.016
SBI 0 0.078 *
DM 0.018 0.013
PD 0 0.026

* Significance level 0.1.

At the finalisation of study, it was noted that, although patients did not initially
mention their mild vertigo, mild tinnitus, and fatigability, at the end of HBO therapy,
21 patients (= 67.74%) stated, without being asked, that they no longer had mild vertigo,
mild tinnitus symptoms and that they no longer present signs of chronic fatigue.

4. Discussion

The current standards of periodontal disease for the assessment of periodontitis is
based primarily upon attachment and bone loss, and classifies the disease into four stages
based on severity (I, II, III or IV) and three grades based on disease susceptibility (A, B or
C). Therefore, is possible to create a staging and grading system for periodontitis [34].

Complete radiographic examination represents a part of the initial periodontal assess-
ment for establishing the degree of horizontal and vertical alveolar bone loss. According
to the 2017 World Workshop on the Classification of Periodontal and Peri-Implant Dis-
eases and Conditions, a new periodontitis classification categorizes the disease based on a
multi-dimensional staging and grading system [6,7]. Staging is determined by the sever-
ity of the disease at initial presentation and the complexity of disease management [35].
Wandawa et al. [36] applied 16 HBOT meetings after SRP, and their results were not sig-
nificant from a statistical point of view. Soranta et al. [37] studied the action of HBOT on
MMP-8 level in the saliva of chronic periodontitis patients. They applied 8 HBOT sessions,
and observed that the results were meaningfully better than in monotherapy with SRP. The
study of Robo et al. [38] and Chen et al. [39] proved that HBOT meaningfully decreases
the anaerobic flora in subgingival sulcus. In their research, Balestra et al. [40] consider that
studies in reference with HBOT should be extended, because this therapy can produce a
strong stimulus at the level of the molecular reactions, but the requirements are in reference
with “how much”, “how long”, and “how often” should this adjuvant therapy be used.

HBOT has a triggering role in bone remodelling, and the research effectuated by
Lu et al. [41] demonstrated that the major impact of oxygen pressure is at the incipient
phase of differentiation of osteoblasts. Salmón-González et al. [42] consider that there is a
correlation between increasing oxygen pressure and increasing osteoblastic and osteoclastic
activity. Studies of Huang et al. [43] mention that HBOT stimulates the fibroblast activity,
the angiogenesis, and proceeds on leukocyte function for promoting lesion healing. In the
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article published by El-Baz et al. [44], it is highlighted that HBOT is a treatment that has
become quite popular in the community of autistic patients and that this type of therapy
has many benefits. In the research conducted by Bennett et al. [45], it is emphasized that
there was some evidence of HBOT efficacy in the treatment of acute migraine, although
study participants belonged to an unselected population. Devaraj et al. [46] believe that
although HBOT has broad indications in various medical cases, the effective use of this
type of dental treatment requires evidence, so research should also be undertaken in the
field of dentistry to develop adjunctive therapy options with hyperbaric oxygen.

During the Tenth European Consensus Conference on Hyperbaric Medicine, recom-
mendations for accepted and non-accepted clinical indications and practice of HBOT have
been established [47]. In certain situations, it is necessary to assess the cost–benefit ratio,
especially when patients pay full treatment or in case of presumably long treatments.

HBOT can be used as a monotherapy, or as a multimodal therapeutic variant. After a
study published in 2017, Chhabra et al. [48] concluded, that ensuring the local hyperbaric
oxygen atmosphere, the administration of growth factors, skin-substitutes, electric stim-
ulation and local drainage, may constitute the conditions for local wound healing, a fact
which may be applicable in the treatment of periodontal diseases. Marcinkowska et al. [49]
consider that through properly addressing and evaluating methodological issues referring
to HBOT, this therapy may have potential for the treatment of neuropsychological deficits
in a wide range of neurological states, with importance in the treatment of trigeminal
nerve affections.

HBOT as a preventive therapy may diminish the peril of dental implant failures in the max-
illofacial area, including the irradiated patients [50,51]. The research of Hollander et al. [52],
show that HBOT could be beneficial in nonirradiated patients with intraoral compro-
mised wound healing. The healing of wounds after application of HBOT is underlined by
Re et al. [21], Hollander et al. [52], and Shih et al. [53], especially in periodontal disease and
oral submucous fibrosis. HBOT as adjuvant therapy in dentistry, associated with the other
specific dental treatments, has benefits and facilitates the healing process, notwithstanding
the potential complications that may appear [21,54].

According to the safety requirements of patients, HBO therapy should not be accepted
to those with general medical conditions presented in exclusion criteria of patients. Adverse
effects and complications that may arise during HBO therapy can be absolute, relative or
potential [55,56]. The most common complications during HBO therapy are represented
by middle and inner ear barotrauma, pulmonary barotrauma, sinus/paranasal and dental
barotrauma, claustrophobia, and ophthalmological manifestations (as progressive my-
opia, new cataracts) [56–58]. Potential contraindications of HBOT are represented by the
presence of pacemakers or any implantable devices, hereditary spherocytosis, pregnancy,
hypoglycaemia, chronic obstructive pulmonary disease, allergic rhinitis, asthma, upper
respiratory infections, and acute pulmonary edema. In defiance to its numerous uses,
potential adverse effects of HBOT, which represent a possible hazard for patients, should
be taken into account. All these impose that this knowledge referring to the complications
and adverse effects of HBO therapy should be presented in the informed consent [59,60].

Medical conditions along with the comprehension of necessity in preservation of
dental and gingival health represent the potential predictable of general and oral health
status [61]. Diseases of the periodontal tissues also affect the tooth mobility degree [2,62].
The mobility of the teeth represents a utilized symptom in the evaluation of the health
status of periodontal tissues, respectively, in obtaining success or failure of the periodontal
treatment [35,63]. The extension of periodontal disease cannot be correctly estimated
without the evaluation of the mobility degree [64]. The used clinical method for determining
the tooth mobility is based on individual’s perception of tooth movement by application of
a force on the tooth crown [65].

The acquaintances regarding the periodontal disease are significant for the prevention,
and also for the preservation of the periodontal tissues health, in order to prevent severe
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subsequent disease. Incorrect oral hygiene induces the triggering of oral cavity tissue
diseases, in particular of periodontal affections [5,66].

Future research directions will be correlated with the inclusion of a larger number of
patients in clinical trial, longer duration of follow-up, thoroughgoing study of HBOT effects
in severe periodontitis, respectively, by the enlargement of the researched items (such as
patients which presents gingival recession, TMJ disorders).

The absence of assessments referring to severe periodontitis represents a limitation of
this study. Another limitation of this clinical trial is represented by the relatively reduced
number of patients in groups. The cost of HBO therapy is rather high, and represents
another limitative reason. Additionally, because the price of HBO therapy in oral diseases
is not discounted by the Romanian health care insurance system, the implementation of
HBO therapy in real life presents difficulties.

5. Conclusions

Within the limits of the study, we concluded that the HBOT group of patients pre-
sented better values of OHI-S, SBI, DM and PD two months after the completion of HBO
adjuvant therapy than patients in the second control group, but Chi-Square test p-values
for test differences between groups, for all variables, at all the three levels of investigation,
with p-values shown that there are no significant differences, at any level, between the
frequencies of the control and test groups, for any of the observed variables, no matter the
treatment type.

The majority of the patients of the first group declared that HBOT had beneficial
effects on their general health status in symptoms prior to this adjuvant therapy, as tinnitus,
vertigo, chronic fatigue, and migraines, but it is necessary to emphasise that all these are
subjective statements.

Clinical trials with a greater the number of patients and longer follow-up time
are required.
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Abstract: Background and Objectives: Frostbite is a freezing injury that can lead to amputation. Current
treatments include tissue rewarming followed by thrombolytic or vasodilators. Hyperbaric oxygen
(HBO) therapy might decrease the rate of amputation by increasing cellular oxygen availability to the
damaged tissues. The SOS-Frostbite study was implemented in a cross-border program among the
hyperbaric centers of Geneva, Lyon, and the Mont-Blanc hospitals. The objective was to assess the
efficacy of HBO + iloprost among patients with severe frostbite. Materials and Methods: We conducted
a multicenter prospective single-arm study from 2013 to 2019. All patients received early HBO in
addition to standard care with iloprost. Outcomes were compared to a historical cohort in which all
patients received iloprost alone between 2000 and 2012. Inclusion criteria were stage 3 or 4 frostbite
and initiation of medical care <72 h from frostbite injury. Outcomes were the number of preserved
segments and the rate of amputated segments. Results: Thirty patients from the historical cohort were
eligible and satisfied the inclusion criteria, and 28 patients were prospectively included. The number
of preserved segments per patient was significantly higher in the prospective cohort (mean 13 ± SD,
10) compared to the historical group (6 ± 5, p = 0.006); the odds ratio was significantly higher by
45-fold (95%CI: 6-335, p < 0.001) in the prospective cohort compared to the historical cohort after
adjustment for age and delay between signs of freezing and treatment start. Conclusions: This study
demonstrates that the combination of HBO and iloprost was associated with higher benefit in patients
with severe frostbite. The number of preserved segments was two-fold higher in the prospective
cohort compared to the historical group (mean of 13 preserved segments vs. 6), and the reduction of
amputation was greater in patients treated by HBO + iloprost compared with the iloprost only.

Keywords: frostbite; classification; hyperbaric oxygen therapy; cold disease; prognosis; amputation;
medical outcome

1. Introduction

Frostbite is an injury caused by freezing of the skin and underlying tissues. Severe
frostbite is a relatively uncommon event that can lead to early arthritis, tissue loss, or
amputation. Frostbite comprises on average 2% of mountain emergencies in the western
Alps [1]. Frostbite takes place in three phases: pre-freeze/freezing, thawing/rewarming,
and mummification.

65



Medicina 2021, 57, 1284

Pre/freeze is an acute ischemia with peripheral vasoconstriction. During freezing, cell
death is triggered by intracellular dehydration and direct damage to cell membrane by ice
microcrystals. Thawing is best accomplished by the immersion of frozen limbs in warm
water. After blood flow is restored, cyanotic lesions can occur. During rewarming, there
is a vascular stasis with a prothrombotic environment (hypoxia and acidosis), interstitial
edema, and ischemia–reperfusion injuries. It leads to the destruction of microcirculation
and cell death [2,3]. Frostbite outcome is related to the initial cyanotic lesion. The Cauchy
classification defines four grades that predict the amputation risk after rapid thawing in
warm water when there is no targeted frostbite care [3]. It is based on the extent of the
initial cyanotic lesion. Frostbite is classified as grade 1 if cyanosis disappears, grade 2 if
only distal phalanges are cyanotic (amputation risk below 1%), grade 3 if cyanosis involves
the intermediate or proximal phalanges (amputation risk: 30–83% greater in the hands
than feet), and grade 4 if cyanosis involves the metacarpals or metatarsals (amputation
risk: 99%) [3] (Figure 1).

Figure 1. The frostbite classification by E. Cauchy (drawings@copyright ifremmont).

The goal of treatment is to limit tissue damage from hypoxia and acidosis, mitigate the
subsequent prothrombotic cascade, reduce edema and the inflammatory response, and min-
imize the impact of the ischemic–reperfusion syndrome. Prior studies have demonstrated
the efficacy of thrombolytics such as recombinant tissue plasminogen activator (rt-PA) [4]
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and vasodilator such as iloprost [5–7] in improving outcome [8]; medical care must be
initiated within 24 h for rt-PA [9,10] and 48 h for iloprost [11]. Currently, the Wilderness
Medical Society guidelines do not recommend HBO treatment for frostbite [8]. However,
HBO may improve frostbite outcome by increasing the cellular oxygen availability to the
damaged tissues. This may help to mitigate the negative impact of the inflammatory
cascade and the ischaemia–reperfusion syndrome [12]. Few case reports suggest that HBO
might improve frostbite injury outcome [13–23]. There are no randomized controlled trials
(RCT) with HBO conducted so far. It is arduous to carry out a double-blinded RCT for
HBO because frostbite is uncommon, and blinding subjects to HBO or not HBO could
be difficult.

We implemented a cross-border European program (INTERREG-IV FRANCE-SUISSE)
to foster and coordinate the care management of patients who suffer frostbite in the French
and Swiss Alps.

2. Materials and Methods
2.1. Study Oversight

The SOS-Frostbite research program was a multicenter prospective, non-randomized
study from 2013 to 2019. The study was conducted by the hyperbaric centers of Geneva and
Lyon, and the Mont-Blanc hospitals in Chamonix and Sallanches. The statistical analysis
was performed independently by the unit of methodological support from the CTU of
Geneva University Hospital. The study aim was to assess whether the early addition of
HBO to standard care with iloprost (prospective group) was associated with better frostbite
outcomes compared to standard care alone (retrospective group).

2.2. Setting and Participants

Patients were eligible for the SOS-Frostbite protocol after screening determined no
contraindication to aspirin, iloprost, or HBO. The inclusion criteria for both groups were
grade 3 or 4 frostbite according to the Cauchy classification [3] and start of medical care
within 72 h from frostbite injury, which was defined previously in the historical cohort
as the onset of frostbite. Physicians involved in the study systematically searched for the
onset of loss of sensitivity in the fingers or toes through the medical history to determine
this time period.

To identify the historical cohort, we retrospectively collected data of all frostbite medi-
cal files treated at the Mont-Blanc hospital from 2000 to 2012. Before 2000, as the Cauchy
classification had not yet been established, no patients could be included. All eligible
patients who met the inclusion criteria from the retrospective analysis were included
in the historical cohort. They were all grade 3 or 4 frostbitten patients who received a
standardized protocol including iloprost, which was initiated no longer than 72 h from
frostbite injury.

The standardized frostbite treatment: frostbitten extremities were rewarmed by im-
mersion in warm water (38 ◦C) for 60 min, and patients were given aspirin 250 mg orally.
During the hour following the rewarming, the frostbite classification was determined.
Grade 3 or 4 frostbite patients received the first iloprost infusion immediately (by infusion
pump, 8–10 mcg/h for 6 h, 48–60 mcg/day). Patients were hospitalized for 7 days to
continue daily iloprost (by infusion pump, 8 to 10 mcg/h for 6 h, 48–60 mcg/day), aspirin
(250 mg/day; orally), antibiotics (amoxicillin/clavulanate: 1 g/125 mg 3 times daily, orally
for 7 days), and daily wound care with topical hyaluronic acid.

To identify the SOS-Frostbite group, data were prospectively collected from patients
satisfying inclusion criteria who received the same standardized frostbite treatment proto-
col plus early HBO from 2013 to 2019.

The SOS Frostbite protocol: The SOS-Frostbite protocol was initiated upon hospital
arrival. Patients were treated with the same standardized protocol as the historical cohort
with the addition of HBO. The first HBO (150 min at 2.5ATA) session was done as soon as
possible after the first iloprost infusion (from 1 to 6 h after the end of the iloprost infusion,
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as some patients were transferred from other hospitals to the Geneva or Lyon hyperbaric
chamber for HBO). Then, patients were hospitalized for 7 days and received the same
treatment protocol as in the historical cohort plus HBO sessions (150 min, 2.5 ATA, 1 daily)
(Appendix A, Figure A1). After hospital discharge, the patient completed daily HBO
sessions for 7 additional days (14 HBO session in total). Hyperbaric chambers involved in
the study used multiplace chambers and patients breathed oxygen via a mask or a hood.

2.3. The Follow-Up

A Technecium 99 (Tc99) bone scan was performed at day 3 and day 7 (control group
and prospective cohort). Results were considered pathological when the bone scan demon-
strated absent or markedly decreased uptake of the Tc99 tracer in the bone tissue (severe
bone ischemia). An additional Tc 99 bone scan was conducted at the end of the HBO
sessions if radiological improvement (recovery of bone activity) was identified on the
day 7 Tc99 bone scan compared to the day 3 Tc99 bone scan. All patients had a clinical
examination at 6 months, 1 year. Patients enrolled in the first 4 years of the study also had
a follow-up at 2 years and 3 years to evaluate early and delayed sequelae such as arthritis.

2.4. Outcomes

The study’s primary outcome was the number of preserved segments at 12 months,
which was defined as the difference between the number of segments with frostbite after
rewarming and lost segments. Each phalanx and each metacarpal or metatarsal is defined
as a segment; 4 segments comprise a ray (3 segments for the thumb or the hallux), and
3 out 4 segments make a digit (2 out 3 segments make the digit for the thumb or the hallux).
To align with the eligibility criteria regarding frostbite severity (grade 3 or 4), we only
considered rays with at least 2 segments damaged. The secondary outcomes were the
number of amputated segments at 12 months and the ratio of the number of amputated
segments at 12 months divided by the number of segments with initial frostbite injury.

2.5. Data Collection

All data from the prospective and the historical cohorts were collected on site using a
standardized case report form. All observations were coded to preserve patient anonymity
and data confidentiality.

2.6. Statistical Analysis

There was no preliminary estimation of study sample size; we used all available data
on 31 December 2019 and obtained a fixed sample size of 58 patients. In the control group,
we described 6 (mean ± SD, 5.3) preserved segments at 12 months post-treatment. We had
80% power to detect a two-fold increase in the number of preserved segments (+6) in the
standard care plus HBO group, considering a larger variability of the difference of number
of preserved segments (±10).

Continuous variables were reported as mean ± SD, median, and interquartile range.
Categorical variables are reported as frequencies and percentages. We compared two
cohorts of patients: those included between 2000 and 2012 (historical cohort) and those
included after 2013 (prospective cohort). We compared continuous variables between
the two cohorts of patients with the use of nonparametric Mann–Whitney test, as we
anticipated that continuous variables are non-normally distributed and do not respect the
assumptions for using Student’s t-test; we compared categorical variables between the
two cohorts with the use of chi-square or Fisher’s exact tests, depending on assumptions,
and p-values of less than 0.05 were considered to indicate statistical significance. Since
the main outcome (number of preserved segments) was an ordinal variable (0, 1, 2, 3, and
4 preserved segments) and because one patient could have several data points for the main
outcome (repeated measurements), we performed mixed ordinal logistic regressions with
the patient identifier as a random factor. We compared the main outcome between the
two cohorts of patients (HBO plus standard care vs. standard care alone). We adjusted the
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analysis for patient age, delay between signs of freezing and medical treatment received
(<6 h, 6–12 h, 12–24 h, 24–48 h, and 48–72 h). For secondary outcome, we also performed
mixed ordinal logistic regressions models as the number of amputations was also ordinal
(3–4, 2, 1, 0 amputation), and we also adjusted the analysis for patient age and the delay
between signs of freezing and medical treatment received. All analyses were performed
with the use of STATA 16 IC (StatCorp, College Station, TX, USA).

3. Results
3.1. Description
3.1.1. Patients

The prospective cohort: Thirty-nine patients with grade 3 or 4 frostbite were treated
from 2013 to 2019 with the SOS-Frostbite protocol; 11 patients were excluded because
medical care delay was over 72 h from frostbite injury or the treatment protocol was
interrupted or changed. For statistical analysis, 28 patients were prospectively included in
the SOS-Frostbite group. None of the patients from the prospective cohort suffered from
HBO side effects.

The retrospective cohort (control group): After reviewing all frostbite medical files
in the Mont-Blanc hospitals (168 medical files), 30 patients met the inclusion criteria
(standardized frostbite treatment with iloprost, grade 3 or 4 frostbite and medical care
initiated within 72 h from frostbite injury) (Figure 2).

Figure 2. Study flow chart.

The SOS-Frostbite group and the historical control group both consisted of a similar
number of patients with identical inclusion criteria.

The comparison of patient characteristics is presented in Table 1. Percentages of
patients with delays of 12 to 24 h or 24 to 48 h were more frequent in the prospective cohort
compared to the historical cohort. Patients were significantly older in the prospective than
in the historical cohort. A higher proportion of patients with three or four segments with
frostbite were observed in the prospective cohort compared to the control group (p < 0.001).
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Table 1. Description of patients included in the study (n = study), the number of preserved digits, and the number of
amputated segments.

Variables Overall
Control Group SOS Frostbite Group

p
(n = 30) (n = 28)

Age at enrollment, mean ± SD
(median: interquartile range),

years
33 ± 11 (31: 26–40) 30 ± 9 (27: 25–35) 37 ± 12 (32: 28–43) 0.024 *

Sex, n (%)
0.344 **Male 54 (93) 29 (97) 25 (89)

Female 4 (7) 1 (3) 3 (11)

Delay between frostbite and
treatment, n (%)

<0.001 **
<6 h 6 (10) 5 (17) 1 (4)

6–12 h 13 (22) 12 (40) 1 (4)
12–24 h 19 (33) 10 (33) 9 (32)
24–48 h 18 (31) 3 (10) 15 (54)
48–72 h 2 (4) 0 (0) 2 (7)

Frostbite location, n (%)

0.424 ***
Right hand 21 (18) 10 (15) 11 (22)
Left hand 25 (22) 12 (18) 13 (27)
Right foot 36 (32) 22 (34) 14 (29)
Left foot 32 (28) 21 (33) 11 (22)

Number of segments with
frostbite, n (%)

<0.001 **2 128 (54) 72 (67) 56 (43)
3 89 (37) 32 (30) 57 (43)
4 21 (9) 3 (3) 18 (14)

* Mann–Whitney nonparametric test; ** Fisher’s exact test; *** Chi-square test.

3.1.2. Outcomes

A significantly higher mean number of preserved segments per patient was observed
in the prospective SOS-Frostbite group (13 SD ± 10) compared to the historical control
group (6 SD ± 5) (p = 0.006). In the prospective cohort, 57% of patients had three to four
preserved segments (respectively 43% for three segments and 14% for four segments)
compared to 13% in the control group (respectively 13% for three segments and 0% for
four segments). (p < 0.001, Table 2). At baseline, a higher but not statistically significant
number of frostbitten segments was observed in the prospective than in the control group.
However, a significantly higher number of frostbitten amputated segments was observed
in the control than in the prospective group (p = 0.014, Table 2).

The odds ratio of the number of preserved segments was significantly higher by
20-fold (95%CI: 4-101, p < 0.001) in the prospective group who received standard care plus
HBO compared to the control group (Table 3, model 1). This association remained after
adjustment for patient age and delay between signs of freezing and medical treatment start
(Table 3, model 2).

The association between the treatment received (cohort group) and a lower number
of amputated segments was assessed. The odds of fewer amputated segments were
significantly higher in the prospective group with standard care plus HBO compared to the
control group with standard care alone (odds ratio 0.015; 95% CI: 0.0009; 0.25, p = 0.003).
This association was reinforced after adjustment for patient age and delay between signs of
freezing and onset of medical treatment, but due to very small numbers, the imprecision of
the estimates was very large (odds ratio 0.0004; 95% CI: 0.00003; 0.06, p = 0.002).
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Table 2. Comparison of outcomes between retrospective and prospective cohort studies.

Variables Overall Control Group (n = 30)
SOS Frostbite Group

p
(n = 28)

Number of preserved segments per
patient, mean ± SD (median:

interquartile range)
9 ± 9 (6: 3–14) 6 ± 5 (4: 2–9) 13 ± 10 (8: 4–22.5) 0.006 *

Number of segments preserved, n (%)

<0.001 **

0 17 (7) 17 (16) 0 (0)
1 12 (5) 10 (9) 2 (1)
2 121 (51) 66 (62) 55 (42)
3 70 (29) 14 (13) 56 (43)
4 18 (8) 0 (0) 18 (14)

Total number of rays among frostbite
at baseline (n = 387), n (%) 21 (5) 3 (1) 18 (10) 0.124 ***

Total number of rays amputated
among rays with frostbite at baseline

(n = 21), n (%)
2 (10) 2 (40) 0 (0) 0.014 ****

Amputations per patient ±SD
1 ± 4 (0: 0–0) 2 ± 6 (0: 0–1) 0.1 ± 0.3 (0: 0–0) 0.044 *(median: interquartile range)

Ratio of amputation/injured digits

<0.001 ****

nil 353 (92) 179 (85) 174 (98)
One-third 4 (1) 3 (1) 1 (1)
One-half 8 (2) 6 (3) 2 (1)

Two-thirds 5 (1) 5 (24) 0 (0)
1 17 (4) 17 (8) 0 (0)

* Mann–Whitney nonparametric test. ** Mixed ordinal logistic regression model with number of preserved digits coded as 0, 1, 2, 3, and
4 (five categories) as the dependent variable and group as the independent variable. *** Mixed logistic regression model with beam with
frostbite (yes/no) as the dependent variable and group as the independent variable among observations with at least one segment with
frostbite. **** Fisher’s exact test.

Table 3. Association between treatment group and study outcome, univariate and multivariate analyses.

Number of Preserved Digits (Primary Outcome) Odds Ratio 95%CI p-Value

Model 1 (univariate analysis)
Treatment received

<0.001Standard 1 -
Standard + HBOT 20 4–101

Model 2 (multivariable analyses)
Treatment received <0.001

Standard 1 -
Standard + HBOT 45 6–335

Delay between signs of freezing and medical treatment 0.406
<6 h 1 - -

6–12 h 2 0.08–40 0.702
12–24 h 1 0.06–21 0.951
24–48 h 0.3 0.01–6 0.389
48–72 h 3 0.03–259 0.659

Age of patient at enrollment 1 0.93–1 0.941

If we consider the ratio of segment amputation to all injured segments, a higher
proportion of patients with one-third, half, two-thirds, or the total of segments amputated
in the control group were observed compared to the standard care plus HBO group after
1-year follow-up (Table 2).
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4. Discussion

This observational study is the first published prospective study reporting data on
severe frostbite treated by early HBO.

In this study, HBO is a positive adjunct to treatment with iloprost. When started
within 48 h from injury, iloprost can increase the segment salvage rate up to 78% in severe
frostbite [24]. Iloprost has the highest recommendation level in frostbite treatment [8] and
should be considered on grade 3 or 4 frostbites when rt-PA is contraindicated or is used in
the field. Frostbite treatment with iloprost is strongly recommended, as it decreases the
risk of amputation; HBO further improves segment salvage even if initiated after 48 h from
frostbite injury.

This study did not compare the combined effect of thrombolytics and HBO. Throm-
bolytics are another recommended treatment that can lower the amputation rate from 41%
to 10% when done within 24 h from frostbite injury [4]; a risk–benefit analysis should
always be performed regarding bleeding risk and all contraindication to the treatment.

HBO is a non-invasive treatment; side effects are self-limiting and can mostly be
avoided with appropriate screening [25]. In appropriate indications, the benefits of HBO
frequently outweigh the risks. The US Food and Drug administration approved HBO
for the treatment of acute ischemia, whereas iloprost has not yet been approved for such
treatment. It can be performed on some people with contraindication to rt-PA due to the
bleeding risk or in children. When available, HBO may be considered as an alternative
treatment when there are contraindications to iloprost or thrombolytics. In our study,
we showed that HBO plus standard care including iloprost significantly reduced the
amputation risk even over 48h from frostbite injury.

The physiological mechanism of HBO action is well known [12–23], but there are no
previous randomized controlled trials conducted to evaluate the added value of HBO on
frostbite injury outcomes. Regarding frostbite physiopathology, there are good reasons as
to why HBO could improve frostbite injury outcomes. HBO has a direct action on tissue
ischemia, increasing dissolved oxygen and improving oxygen transportation in the blood.
The HBO decreases blood viscosity and minimizes the inflammatory cascade. There is
a hyperoxic vasoconstriction in the micro vascularization of healthy tissues, inducing a
redistribution of blood to hypoxic territories. Those effects of HBO on vasoconstriction
decrease edema and the incidence of compartment syndrome. There is a reduction of the
deleterious influences of ischemia–reperfusion [12,26,27] besides diminishing damages due
to the thaw–rewarming phase; HBO has an anti-infective activity due to its bactericidal
effect on anaerobic germs and bacteriostatic action on aerobic germs so it can prevent
infection during the mummification phase [12,28]. Finally, when repeated every day, HBO
sessions induce vascular endothelium growth factor activation, fibroblast and collagen pro-
duction, and thus the progression toward the resolution of tissue damage. HBO promotes
the formation of the healing sulcus between necrotic and healthy tissues [12,28]. These
clinical effects were described in recent retrospective studies [13].

Regarding the longer delay for medical care in the prospective cohort, the second
aim of this INTERREG project was to set up a network for severe frostbite management.
A SOS-Frostbite call center has been created. Some patients have been repatriated from
far away to benefit from this research protocol, which could explain the longer delay for
medical care from frostbite injury in the SOS-Frostbite group. Despite the longer delay for
medical care in the SOS-Frostbite group, segment salvage was still significantly improved.

5. Conclusions

The SOS-Frostbite program is the first controlled prospective study that evaluates the
effect of early HBO additive to iloprost on severe frostbite. Results show more favorable
outcome in terms of the functionality and quality of life in patients treated by HBO: HBO
added to the standard care with iloprost might improve frostbite injury outcomes by
doubling the chance to preserve the number of injured segments from amputation.
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Moreover, the benefits of HBO frequently outweigh the risks as contraindications and
side effects are limited, in comparison to standard treatments such as rt-PA and iloprost.
Transferring the patient suffering from severe frostbite to a hyperbaric center could be
considered even if it implies delayed HBO, as it still improves frostbite outcomes after 48 h.
Our findings should be tested in a randomized controlled trial before concluding that HBO
should be added to standard care of severe frostbite in patients receiving iloprost.

6. Patents

The decision to design a prospective single arm study instead of two-arm randomized
study was made because severe frostbite is an infrequent event [1,2]. We collected data
on a small sample of 28 patients prospectively and compared the prospective cohort with
data from a retrospective cohort from a previous double blinded RCT [5]. In both series,
patients were mostly healthy, had little comorbidity, and had good access to medical care.
Frostbite also occurs secondary to occupational exposure and in the homeless and migrant
populations. The prognosis and outcome of frostbite for members of socially disadvantaged
groups is likely much more severe. The fact our patients were healthy was an advantage,
as frostbite was the only injury studied, inducing less bias from other pathologies. The
Lyon hyperbaric site was more focused on the treatment of occupational accidents and
injuries sustained by homeless patients. These patients were often hospitalized on medical
services to treat comorbid conditions with an unfortunate delay in frostbite treatment.
These patients were excluded if frostbite treatment was not initiated with 72 h.

Our study was not a randomized controlled trial. We tried to minimize selection and
information biases using strict eligibility criteria. The allocation of the treatment group was
not at random in our study, but we prespecified a list of criteria to select patients with very
similar characteristics in this observational study in order to allow an unbiased comparison
of treatment effects between the two treatment groups.

The two groups have a comparable number of patients, but those from the prospective
group were older, had more severe frostbite, and the medical care delay was longer in
comparison with the control group.

Another hypothesis is that HBO might prevent other side effects such as early arthritis
by augmenting the healing process. It is still too early to present data, and it will not be
possible to compare data with the historical cohort as there was no long-term follow up
over 12 months.
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Abstract: Background and Objectives: Hyperbaric oxygen is a recognised treatment for a range of
medical conditions, including treatment of diabetic foot disease. A number of studies have reported
an impact of hyperbaric oxygen treatment on glycaemic control in patients undergoing treatment
for diabetic foot disease. There has been no systematic review considering the impact of hyperbaric
oxygen on glycaemia in people with diabetes. Materials and Methods: A prospectively PROSPERO-
registered (PROSPERO registration: CRD42021255528) systematic review of eligible studies published
in English in the PUBMED, MEDLINE, and EMBASE databases, based on the following search terms:
hyperbaric oxygen therapy, HBO2, hyperbaric oxygenation, glycaemic control, diabetes, diabetes
Mellitus, diabetic, HbA1c. Data extraction to pre-determined piloted data collection form, with
individual assessment of bias. Results: In total, 10 eligible publications were identified after screening.
Of these, six articles reported a statistically significant reduction in blood glucose from hyperbaric
oxygen treatment, while two articles reported a statistically significant increase in peripheral insulin
sensitivity. Two articles also identified a statistically significant reduction in HbA1c following
hyperbaric oxygen treatment. Conclusions: There is emerging evidence suggesting a reduction in
glycaemia following hyperbaric oxygen treatment in patients with diabetes mellitus, but the existing
studies are in relatively small cohorts and potentially underpowered. Additional large prospective
clinical trials are required to understand the precise impact of hyperbaric oxygen treatment on
glycaemia for people with diabetes mellitus.

Keywords: diabetes; hyperbaric oxygen therapy; glycaemia

1. Introduction

The use of hyperbaric oxygen in treating decompression sickness in deep-sea divers
and people with carbon monoxide poisoning is well-established [1]. Hyperbaric oxygen
therapy (HBOT) is also an approved medical treatment for various conditions including
necrotizing soft tissue infection, diabetic wounds, osteomyelitis, compartment syndrome,
crush and reperfusion injuries, and acute sensorineural hearing loss [1]. HBOT has been
postulated to have a positive impact on diabetic foot ulcers, suggesting its incorporation as
an adjunct treatment with further scope for research in this area [2,3].
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HBOT involves oxygen delivery at a concentration of 100% with a pressure of 2 to 3
atmosphere absolute (ATA) in a hyperbaric chamber. The mechanism of HBOT is to
increase tissue oxygen levels resulting in accelerated wound healing, decreased oedema,
and killing of anaerobic bacteria [4,5].

In diabetes, meticulous glycaemic control has been shown to reduce the risk of mi-
crovascular, macrovascular, and neurological complications [6,7]. There is emerging ev-
idence demonstrating blood glucose level changes in people with diabetes undergoing
hyperbaric oxygen treatment [8–12]. However, these studies have involved diverse method-
ologies, whilst, to date, there has been no systematic review of the impact of HBOT on
glycaemia in people with diabetes.

Here, we present the first systematic review considering the effect of HBOT on the
glycaemia in people with diabetes. We also explore the proposed mechanisms involved in
the potential impact of HBOT on glycaemia in diabetes.

2. Materials and Methods

The systematic review was performed according to the PRISMA protocol as shown in
Figure 1 [13]. The review was prospectively registered on the NIHR PROSPERO Database
(PROSPERO registration ID: CRD42021255528).
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2.1. Study Selection

The literature search was conducted in the PUBMED, MEDLINE, and EMBASE databases.
The search terms used to identify the relevant medical literature were Hyperbaric oxygen
therapy/HBO2/hyperbaric oxygenation; Glycaemic control; Diabetes/diabetic/diabetes
mellitus; HbA1c. The search strategies used are detailed in the Appendix A(Tables A1–A3).
Only studies involving humans whichwere published in English language journals were
considered eligible, with no restriction to the publication date. Furthermore, filters were
applied to set participant’s age as 18 years and above, as this research looked at only the
adult population with any type of diabetes (excluding diabetes insipidus) who had under-
gone HBOT. Any study that focused only on animals, children, or hyperbaric combination
therapies was excluded. Any studies focusing on wound care and insulin sensitivity were
also excluded. Studies focused on insulin sensitivity but mentioning glycaemia as an
outcome in their abstracts were included.
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2.2. Data Extraction

Data were extracted to a pre-defined, data-extraction proforma which was based
on the following variables: year of publication, type of study, location of research and
publication, sample size including the baseline characteristics of the population, any biases,
single centre or multicentre study, length of follow up comprising of a number of session
of interventions, statistical methods used for analysis showing the statistically significant
outcome. Miscellaneous variables relevant to this systematic review were also extracted.
Data extraction was performed independently by two authors (S.B. and A.P.), with any
discrepancies resolved by a third author (T.R.).

2.3. Quality Assessment

All studies included in the review were assessed for study quality. Due to the small
number of studies and diverse methodologies a single formal tool was not used. Instead, a
narrative review was conducted for bias considering sample size, study methodology, any
evidence of randomisation, and blinding. All studies were assessed independently for bias
by two authors (S.B. and A.P.). Papers were not excluded based on producing a negative
outcome or being of low-quality.

2.4. Data Synthesis

The diversity among the identified eligible studies, in terms of their study design,
sample size and population, did not allow a meta-analysis to be conducted. A qualitative
analysis and narrative summary of the studies reporting any change or any factors that
pre-dispose to changes in HbA1c were performed. Where possible, these changes have
then been grouped under broader categories in a tabulated form.

3. Results

The performed systematic search yielded 428 records. Of these, 208 were duplicates and,
thus, were removed prior to screening of titles and abstracts. Of the 220 records screened,
11 articles were selected for a detailed review. One of these was excluded after detailed review
as it was a letter to editor and not an original research article [10]. In total, 10 studies were
eligible for inclusion in this systematic review, which were all available as full text articles. The
designs and locations of these studies are summarised in Tables 1 and 2. The characteristics
and findings of the individual eligible studies are summarised in Table 3.

Table 1. Summary of study designs included in this systematic review.

Study Design Number of Studies Percentage of Studies (%)

Prospective cohort 7 70

Randomised placebo-controlled trial 1 10

Retrospective analysis 2 20

Table 2. Summary of locations (countries) of the studies included in this systematic review.

Study Location Number of Studies

United States 3

Australia 3

China 1

Indonesia 1

Israel 1

Portugal 1
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Of the included studies, seven were prospective studies in cohorts of patients with
diabetes, two presented retrospective analyses of prospectively collected data, and one
study was a randomised, prospective, placebo-controlled trial in patients with type 2
diabetes mellitus. Most of these studies included participants with diabetes mellitus who
were receiving HBOT for various indications, including non-healing wounds, diabetic foot
ulcers, radio-induced cystitis and neurological deficits such as sudden deafness.

The majority of the included studies demonstrated a reduction in blood glucose levels
following a single session of HBOT in patients with type 2 diabetes mellitus. This effect was
consistent across different session lengths and treatment conditions used in the different
studies. A prospective cross-over study by Ekanayake & Doolette demonstrated that
blood glucose levels in five patients with diabetes mellitus reduced following exposure to
both hyperbaric and normobaric conditions, but this decrease only reached significance
following exposure to HBOT for at least 45 min [12]. However, this study did not find a
significant reduction in blood glucose levels in control subjects without diabetes mellitus
in either condition. A significant reduction in blood glucose following a HBOT session in
patients with diabetes mellitus was also shown in a prospective study conducted by Trytko
& Bennett, which assessed mean blood glucose change across up to 10 consecutive HBOT
sessions per participant [9]. This study analysed 226 HBOT sessions across 27 patients, and
reported that there was a decrease in blood glucose levels in 80 of the 102 sessions which
were in patients with type 2 diabetes mellitus. A prospective cohort study in 23 patients
with diabetes mellitus by Al-Waili et al. also demonstrated significant reduction in blood
glucose levels as a mean across 15–30 HBOT sessions per participant [19]. Peleg et al. also
showed statistically significant decrease in blood glucose levels after a HBOT session in
patients with type 2 diabetes mellitus [11], while no significant reduction in blood glucose
levels was noted in healthy volunteers without diabetes following HBOT, agreeing with the
earlier findings by Ekanayake & Doolette. Moreover, the study by Peleg et al. did not find
any significant reduction in blood glucose levels in patients with type 1 diabetes mellitus
following exposure to both hyperbaric and normobaric conditions. A retrospective review
by Heyboer et al. also found a greater impact of HBOT in patients with type 2 diabetes
mellitus as opposed to those with type 1 diabetes mellitus [8]. This retrospective review
of prospectively collected data showed that blood glucose levels in patients with diabetes
mellitus decreased in 75.4% of 1825 HBOT cycles surveyed. However, on further analysis,
a statistically significant greater percentage of treatments of patients with type 2 diabetes
mellitus resulted in a decrease in blood glucose levels (77.5%) compared to treatments of
patients with type 1 diabetes mellitus (51.5%).

Contrary, the study by Stevens et al. does not support this general finding of a
reduction of blood glucose in patients with type 2 diabetes mellitus following HBOT [17].
This retrospective review of prospectively collected data from 190 patients with diabetes
mellitus found that in-chamber glucose was higher than pre-HBOT glucose in 54% of
sessions. However, there is no evidence in this study of statistical analysis of change in
blood glucose levels following HBOT.

The potential mechanism for a reduction in blood glucose levels caused by HBOT
appears to be mediated by increased insulin sensitivity, as opposed to enhanced insulin
secretion. The study by Ekanayake & Doolette measured insulin levels in patients with
diabetes mellitus during both a single session under hyperbaric and normobaric conditions,
and found no change in insulin levels following treatment in either condition [12]. This
finding was also seen in the study by Wilkinson, Chapman & Heilbronn; demonstrating that
there was no change in fasting insulin levels measured in five patients with type 2 diabetes
mellitus even after 30 sessions of HBOT performed over five weeks [18]. This study also
demonstrated a statistically significant increase in peripheral insulin sensitivity after both
3 and 30 sessions of HBOT measured using a hyperinsulinaemic clamp in those patients
with type 2 diabetes mellitus. A further study by Xu et al. subjected 23 patients with type 2
diabetes mellitus to 30 sessions of either hyperbaric or normobaric conditions and assessed
peripheral insulin sensitivity using hyperinsulinaemic-euglycaemic clamps [15]. This study
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also demonstrated a significant increase in peripheral insulin sensitivity in patients with
type 2 diabetes mellitus after 30 HBOT sessions, which was not seen in those exposed to
normobaric conditions. However, this study also showed a significant decrease in insulin
levels after 30 sessions in both HBOT and normobaric condition groups. This evidence
further supports HBOT-induced increased insulin sensitivity as the proposed mechanism
for reducing blood glucose levels in patients with type 2 diabetes mellitus.

The reduction in blood glucose levels in patients with type 2 diabetes mellitus at-
tributed to HBOT appears to be longitudinal. The study by Xu et al. demonstrated a
significant reduction in fasting plasma glucose after 30 sessions of HBOT [15]. A study by
Vera-Cruz et al., which measured fasting plasma glucose and performed an oral glucose
tolerance test (OGTT) at baseline and after 20 sessions of HBOT over four weeks, found
that whilst fasting plasma glucose did not significantly decrease, there was a significant
decrease in glycaemia following an OGTT after 20 sessions of HBOT in patients with type
2 diabetes mellitus [16]. Similarly, Wilkinson, Chapman & Heilbronn also showed no
significant reduction in fasting plasma glucose after 30 sessions of HBOT [18].

HbA1c was used as an outcome measure in three studies following up participants
after multiple sessions of HBOT. The study by Trytko & Bennett found that in 17 patients
with type 2 diabetes mellitus who completed 10 sessions of HBOT, there was a small,
non-significant reduction in HbA1c [9]. The study by Wilkinson, Chapman & Heilbronn
also found no significant change in HbA1c after 30 sessions of HBOT [18]. However, the
study by Xu et al. demonstrated a significant reduction in HbA1c after 30 sessions of HBOT,
which was not seen in those exposed to normobaric conditions [16]. The study by Irawan
et al. corroborates this finding of a reduction in HbA1c, with a significant reduction after
10 HBOT sessions [14].

Some studies suggest that the reduction in blood glucose levels in patients with type
2 diabetes mellitus following HBOT may be independent of the hyperbaric conditions.
Peleg et al. found that there was a significant decrease in blood glucose for patients
with type 2 diabetes after a session under normobaric control conditions [11]. Ekanayake
& Doolette also identified a decrease in blood glucose levels following a session under
normobaric conditions. However, this decrease did not reach significance [12]. Both of
these studies had relatively small participant numbers and only considered the change in
blood glucose after a single session. On the contrary, Xu et al. did not find any change in
fasting plasma glucose or HbA1c after 30 sessions under control normobaric conditions [15].
This study by Xu et al. had a larger number of participants and considered the longitudinal
impact on glycaemia after multiple sessions. The outcomes measured by Xu et al. could
therefore be considered more reliable when considering the clinical utility of HBOT in
type 2 diabetes mellitus as a treatment adjunct. However, these discrepancies highlight
the need for further controlled trials with larger participant numbers to ascertain the
true impact of HBOT on glycaemia in patients with type 2 diabetes mellitus compared to
normobaric conditions.

Moreover, four of the studies do have a consideration for the incidence of hypogly-
caemic events during or immediately after HBOT. The retrospective review by Heyboer et al.
found that none of the patients with diabetes mellitus experienced a hypoglycaemic episode
following a HBOT session [8]. However, the retrospective review by Stevens et al. found
an incidence of 1.5% for hypoglycaemia during or immediately after HBOT in the 3136 ses-
sions reviewed, but noted that severe or symptomatic hypoglycaemic events were rare [17].
The prospective study by Trytko & Bennett had symptomatic hypoglycaemia occur in 11
out of 237 HBOT treatments in patients with diabetes mellitus; only two of these occurring
in patients not requiring insulin treatment [9]. Al-Waili et al. also reported occurrences
of symptomatic hypoglycaemic episodes in two of the 41 study participants undergoing
HBOT; one of these being an insulin-treated diabetes mellitus patient [19]. Patients with
type 1 diabetes mellitus are at an increased risk of hypoglycaemic episodes with HBOT, as
found in the study by Stevens et al. and suggested by the results of the Trytko & Bennett
study [9,17]. A suggestion is made for a threshold blood glucose level below which the
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risk of hypoglycaemia during HBOT is increased, with Al-Waili et al. noting this threshold
level to be 120 mg/dL, whilst the data from Stevens et al. suggesting that this threshold
blood glucose level is 150 mg/dL [17,19].

There are a number of sources of bias to consider when interpreting these studies. The
most significant would be the presence of sampling bias. Moreover, most of the studies
included for analysis in this review had relatively small sample sizes. Even those with large
numbers of HBOT sessions often sourced these from a small number of participants. The
small sample sizes used may reduce the reliability of the obtained results and the external
validity of the reported findings. These small sample sizes may have also impacted the
power of the studies to identify significant changes in glycaemic variables, such as HbA1c,
which HBOT may impact in the longer-term.

A number of the studies included patients with both type 1 and type 2 diabetes
mellitus that were analysed together in a single diabetes mellitus group. Evidence presented
suggests that the effects of HBOT on blood glucose differ between type 1 and type 2 diabetes
mellitus when the subgroups are analysed. Therefore, including both patients with type 1
and type 2 diabetes together may impact the demonstrated effects of HBOT.

The patients included in the majority of these studies received HBOT for treatment
of diverse conditions. Common indications for HBOT included non-healing ulcers and
diabetic foot ulcers. These indications for HBOT can be associated with poorly controlled
diabetes mellitus or long-standing disease, with most studies also having an older age
range of participants. These factors could also have an effect on the impact of HBOT
on glycaemia.

Another source of bias to consider is that the identified studies have included differ-
ent HBOT protocols. This included different hyperbaric conditions, different lengths of
treatments, and different numbers of treatment sessions per patient. Heyboer et al. have
adjusted for this by using each treatment as a unit of analysis as opposed to each partici-
pant [8]. Al-Waili et al. and Trytko & Bennet have taken this into account by measuring the
mean for each patient as the unit of analysis [9,19]. Trytko & Bennet also found that mean
blood glucose reduction following treatment did not significantly alter with treatment
number during the course. However, the methodology used by Peleg et al. suggests that
the number of treatment sessions is an important factor. Peleg et al. suggest that factors
such as anxiety when first introduced to the chamber environment may act as a confound-
ing factor, and so recruited only patients who had already received at least 10 sessions of
HBOT to limit this [11]. Ekanayake & Doolette incorporated a similar principle into their
methodology for the same reason, only sampling blood glucose and insulin on the third
to fifth day of HBOT [12]. Indeed, the findings from the study by Xu et al. also suggest
that the number of treatment sessions is influential, with significant changes in insulin
sensitivity, HbA1c and fasting plasma glucose only after 30 session of HBOT [15]. Whilst
an increase in insulin sensitivity and decreases in fasting plasma glucose and HbA1c were
also observed after 10 sessions of HBOT, these changes were not significant.

Finally, two of the prospective studies were cross-over in design [11,12]. Ekanayake &
Doolette had all participants exposed to control normobaric conditions on the day of their
HBOT session. Peleg et al. had all participants receive their HBOT session before their
normobaric session between 1–14 days later. Randomising the sequence of exposures for
participants may have helped to ensure that the sequence of exposures is not influencing
the results seen.

4. Discussion

The impact of HBOT on glycaemia in people with diabetes mellitus is an area of
contention as demonstrated by several published studies [8–12]. This review represents
the first systematic review conducted on the published research literature to explore the
potential impact of HBOT on glycaemic control in people with diabetes. A total of 10 studies
were eligible to be included in this systematic review which comprised of seven prospective
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cross-over and cohort studies; two retrospective reviews of prospectively collected quality
data; and one randomised, prospective, placebo-controlled trial.

The majority of the studies demonstrated a reduction in blood glucose levels following
HBOT in patients with diabetes, mainly for people with type 2 diabetes mellitus [8,9,15]. The
nine original studies reviewed showcased various results involving different methodolo-
gies. Variables observed included the use of HBOT and normobaric conditions in people
with diabetes mellitus (mainly those with type 2 diabetics mellitus) with assessment of
changes in insulin levels, insulin sensitivity, OGTT, and HbA1c (Table 4). Whilst most of
the studies support the hypothesis that HBOT reduces blood glucose levels in patients
with type 2 diabetes mellitus, there was one study that demonstrated high in-chamber
glucose levels contrasting the other study findings [17]. Blood glucose levels, both basal
and following an OGTT, were also reduced in people with type 2 diabetes mellitus after
several sessions of HBOT [18,19]. Whilst some studies did show a significant reduction in
HbA1c following HBOT, the impact seen was not consistent [9,14,15,18]. This highlights
the need for large prospective trials to ascertain the precise longer-term effects of HBOT on
glycaemia in people with type 2 diabetes mellitus.

Table 4. Summary of the eligible studies reviewed with their outcomes for this systematic review.

Year Study Reference

Impact on
Fasting
Blood

Glucose

Change in
Insulin Levels

Peripheral
Insulin

Sensitivity

Impact on
OGTT 2-h

Glucose Level
HbA1c Change

2019 Heyboer et al. [8] Decrease * NA NA NA NA
2018 Irawan et al. [14] NA NA NA NA Decrease *
2017 Xu et al. [15] Decrease * Decrease * Increased * NA Decrease *
2015 Vera-Cruz et al. [16] Decrease NA NA Decrease * NA
2015 Stevens et al. [17] Increase † NA NA NA NA
2013 Peleg et al. [11] Decrease * NA NA NA NA
2012 Wilkinson et al. [18] No change No change Increased * NA No change
2006 Al-Waili et al. [19] Decrease * NA NA NA NA
2003 Trytko & Bennet. [9] Decrease * NA NA NA Decrease

2001 Ekanayake &
Doolette. [12] Decrease * No change NA NA NA

* Indicates statistical significance. † There is no evidence in this study of statistical analysis of change in blood glucose levels following
HBOT. OGTT = Oral Glucose Tolerance Test, HbA1c = Glycated haemoglobin. Green background colour indicates a positive impact, red
background colour indicates a negative impact and an orange background colour indicates no impact.

The mechanism responsible for the reduction in blood glucose levels caused by HBOT
appears to be, at least in part, attributed to increased insulin sensitivity as opposed to
enhanced insulin secretion, with two studies demonstrating a significant increase in pe-
ripheral insulin sensitivity [15,18]. This finding was particularly noted for people with type
2 diabetes mellitus.

This review has several strengths. These include prospective Prospero registration,
independent two author identification, and extraction, a rigorous PRISMA-based approach
to reporting, an individualised approach to quality assessment of each paper, no restriction
to publication date.

However, there are also certain limitations to consider regarding this systematic re-
view. Indeed, this research only considers the literature published in the English language,
thus excluding relevant studies that may have been published in other languages. Ac-
cordingly, only 10 studies published in the English language were eligible for inclusion,
whilst the small sample sizes included in these studies may reduce the reliability and
generalisability of the relevant findings. Finally, due to the small sample sizes and diverse
methodology involved in the eligible studies, a meta-analysis was not possible, and rather,
an individualised approach to conducting this systematic review was considered.
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5. Conclusions

This systematic review suggests that HBOT can impact glycaemia for people with
diabetes. Indeed, this systematic review brings together articles demonstrating the impact
of HBOT in lowering blood glucose and improving insulin sensitivity in people with type
2 diabetes mellitus. Despite these findings, there remains uncertainty as to the clinical
significance of these HBOT-induced effects on glycaemic control. There is, therefore, a need
for further research to consider the longer-term clinical impact of HBOT on glycaemia for
people with type 2 diabetes mellitus, which could be considered as a potential adjunctive
therapy to potentially improve glycaemic control in selected cases.
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Appendix A

Table A1. Demonstrating the search strategy used on the PubMed database.

Search Number Query Results

17 #15 AND #16 116

16 #3 AND #6 931

15 #7 OR #8 OR #9 OR #10 OR #11 OR #12 OR #13 OR #14 624,093

14 “hypoglycemia”[MeSH Terms] 28,951

13 hypoglycaemia[Title/Abstract] OR hypoglycemia[Title/Abstract] OR
hypoglycaemic[Title/Abstract] OR hypoglycemic[Title/Abstract] 59,161

12 “hyperglycemia”[MeSH Terms] 37,247

11 hyperglycaemia[Title/Abstract] OR hyperglycemia[Title/Abstract] OR
hyperglycaemic[Title/Abstract] OR hyperglycemic[Title/Abstract] 65,507

10 “glycemic control”[MeSH Terms] 270

9 glycemic[Title/Abstract] OR glycaemic[Title/Abstract] 50,821

8 “blood glucose”[MeSH Terms] 168,266

7 “blood sugar”[Title/Abstract] OR glucose[Title/Abstract] 502,819

6 #4 OR #5 16,145

5 “Hyperbaric Oxygenation”[Mesh] 12,056

4 “hyperbaric oxygen*”[Title/Abstract] OR HBO2[Title/Abstract] OR
HBO[Title/Abstract] 12,164

3 #1 OR #2 729,572

2 “Diabetes Mellitus”[Mesh] 440,904

1 diabetes[Title/Abstract] OR diabetic*[Title/Abstract] 669,965
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Table A2. Demonstrating the search strategy used on the Medline database.

# Query Results

S17 S15 AND S16 113

S16 S3 AND S6 919

S15 S7 OR S8 OR S9 OR S10 OR S11 OR S12 OR S13 OR S14 597,728

S14 (MH “Hypoglycemia+”) 28,914

S13 TI (hypoglycaemia OR hypoglycemia OR hypoglycaemic OR hypoglycemic) OR AB
(hypoglycaemia OR hypoglycemia OR hypoglycaemic OR hypoglycemic) 58,437

S12 (MH “Hyperglycemia+”) 37,174

S11 TI (hyperglycaemia OR hyperglycemia OR hyperglycaemic OR hyperglycemic) OR AB
(hyperglycaemia OR hyperglycemia OR hyperglycaemic OR hyperglycemic) 63,950

S10 (MH “Glycemic Control”) 257

S9 TI (glycemic OR glycaemic) OR AB (glycemic OR glycaemic) 50,265

S8 (MH “Blood Glucose”) 167,965

S7 TI (“blood sugar” OR glucose) OR AB (“blood sugar” OR glucose) 473,206

S6 S4 OR S5 15,885

S5 (MH “Hyperbaric Oxygenation”) 12,048

S4 TI (“hyperbaric oxygen*” OR HBO2 OR HBO) OR AB (“hyperbaric oxygen*” OR HBO2
OR HBO) 11,723

S3 S1 OR S2 727,311

S2 (MH “Diabetes Mellitus+”) 439,985

S1 TI (diabetes OR diabetic*) OR AB (diabetes OR diabetic*) 663,799

Table A3. Demonstrating the search strategy used on the Embase database.

# Query Results

17 15 and 16 199

16 3 and 6 1303

15 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 864,384

14 exp hypoglycemia/ 82,561

13 (hypoglycaemia or hypoglycemia or hypoglycaemic or hypoglycemic).ti. or
(hypoglycaemia or hypoglycemia or hypoglycaemic or hypoglycemic).ab. 86,203

12 exp hyperglycemia/ 101,038

11 (hyperglycaemia or hyperglycemia or hyperglycaemic or hyperglycemic).ti. or
(hyperglycaemia or hyperglycemia or hyperglycaemic or hyperglycemic).ab. 94,423

10 exp glycemic control/ 53,870

9 (glycemic or glycaemic).ti. or (glycemic or glycaemic).ab. 81,559

8 exp glucose blood level/ 260,424

7 ((blood adj1 sugar) or glucose).ti. or ((blood adj1 sugar) or glucose).ab. 658,030

6 4 or 5 14,749

5 exp hyperbaric oxygen/ or exp hyperbaric oxygen therapy/ 3230

4 ((hyperbaric adj1 oxygen*) or HBO2 or HBO).ti. or ((hyperbaric adj1 oxygen*) or HBO2
or HBO).ab. 13,775

3 1 or 2 1,195,748

2 exp diabetes mellitus/ 1,014,391

1 (diabetes or diabetic*).ti. or (diabetes or diabetic*).ab. 995,738
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Abstract: This review presents the current knowledge of the usage of critical flicker fusion frequency
(CFF) in human and animal model studies. CFF has a wide application in different fields, especially as
an indicator of cortical arousal and visual processing. In medicine, CFF may be helpful for diagnostic
purposes, for example in epilepsy or minimal hepatic encephalopathy. Given the environmental
studies and a limited number of other methods, it is applicable in diving and hyperbaric medicine.
Current research also shows the relationship between CFF and other electrophysiological methods,
such as electroencephalography. The human eye can detect flicker at 50–90 Hz but reports are
showing the possibility to distinguish between steady and modulated light up to 500 Hz. Future
research with the use of CFF is needed to better understand its utility and application.

Keywords: critical flicker fusion frequency; threshold of flicker fusion; neuropsychology; diving and
hyperbaric medicine; minimal hepatic encephalopathy

1. Introduction

Critical flicker fusion frequency (CFF or CFFF) is defined as the frequency at which
flickering light can be perceived as continuous and it is used to assess the processing of
temporal vision. The upper level of one’s abilities in visual processing is described as the
critical flicker fusion threshold (or threshold for flicker fusion, TFF), which represents the
maximum speed of flickering light that can be perceived by the visual system [1,2]. Because
of its efficiency in detecting rapid changes, it is used as an index of cerebral nervous system
(CNS) function that is described as alertness and cortical arousal in humans [3,4].

The ability to detect flicker fusion is dependent on: (1) frequency of the modulation,
(2) the amplitude of the modulation, (3) the average illumination intensity, (4) the position
on the retina at which the stimulus occurs, (5) the wavelength or colour of the LED, (6) the
intensity of ambient light [3,5,6] or (7) the viewing distance and (8) size of the stimulus [7].
Moreover, there are also internal factors of individuals that can affect CFF measures:
age, sex, personality traits, fatigue, circadian variation in brain activity [4] and cognitive
functions like visual integration, visuomotor skills and decision-making processes [3]. The
performance of CFF in humans and predators alike is dependent on these factors. Umeton
et al. also describe preys’ features like a pattern or even the way they move as relevant in
perceiving the flicker fusion effect [2].
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It is believed that the human eye cannot detect flicker above 50 to 90 Hz and it
depends on intensity and contrast, but some reports indicate people can distinguish
between modulated and steady light at up to 500 Hz [8].

In recent years, there have been many studies with animal models. The pioneers of
these studies were Shure and Halstead who investigated the influence of brain lesions in
monkeys on TFF [9]. The reason for this decision was Halstead’s finding that the removal
of the specific brain localisation relates to CFF performance. Nowadays, not only monkeys
are of interest to scientists. Lisney and colleagues used electroretinograms and indicated
that flicker from fluorescent lamps may be a stress factor for hens [10,11]. The limitation of
these studies is the number of included chickens (4 to 15), thus future research is needed.

A high CFF threshold is crucial for flying animals (like pigeons—143 Hz or peregrine
falcons—129 Hz) that need an efficient visual system, e.g., to detect rapidly approaching
objects to avoid colliding with them, but there are some studies with shrimps that need
similar skills. The shrimp TFF is about 160 Hz, although there are individuals with a
threshold of 200 Hz [12]. These are just a few examples of the use of CFF in animal
studies; in the literature, reports may be found on its usage in dogs, mice, rats or snakes
and more. Researchers typically use two types of method to determine the CFF of an
animal—electroretinograms and behavioural methods, like two-alternative forced-choice
procedure [13,14], e.g., pecking at the lit panel by a bird [15].

Flicker has its countertype in a different sensory modality, i.e., hearing. A few re-
searchers have done a comparison of visual and auditory stimuli. Shipley found that in
healthy and young individuals, critical flicker frequency is worse than a critical flutter
frequency (which is “the frequency at which a clicking sound appears steady”) [16]. Shams
et al. point out that the perception of visual stimulus intensity may be modulated by the
occurrence of sound [5]. Moreover, the frequency of flickering light is prone to change
under the influence of the frequency of fluttering sound; multiple audio signals with a
single flash result in perceiving this as multiple flashes.

The CFF test may be used in different forms, but the instruction is usually the same;
a subject has to focus their vision on a light-emitting diode when the light frequency is
increased at a constant rate (e.g., 1 Hz) and has to press a button when it seems to be
continuous light in their opinion. It is also possible to reverse the order of the task to one in
which the light frequency decreases and the subject has to report when they see flicker.

In some studies, the CFF test is used as a computer program where participants have to
report altered vision by pressing a button [17]; in others, it is a device that can be described
as similar to virtual reality glasses, for example, the HEPAtonorm Analyzer [18] or with the
addition of other methods like electroretinograms or functional magnetic image resonance,
among others [10]. The choice of (1) the device to measure TFF and (2) additional methods
should depend on the research hypotheses and the research group.

2. Arousal as an Indicator of Cognitive Performance

The relationship between arousal and cognitive performance has been known since
1908, when two psychologists, Robert M. Yerkes and John D. Dodson, did a series of
experiments with mice and described the Yerkes-Dodson Law, which states that cognitive
performance increases with both physiological and mental arousal, but when it becomes too
high, the performance decreases. This law could be illustrated in a bell-shaped curve [19].
The critical flicker fusion frequency test can be used as a tool to monitor these changes in
brain function and to assess cortical arousal in various environmental conditions [3,20,21].
Additionally, arousal can be modulated by physical activity. Based on this knowledge,
several experiments investigated the impact of physical exercise on the CFF performance
and found that arousal increases directly after exercise and returns to the output level
during recovery [21].

Tomporowski et al. compared results from the Paced Auditory Serial Addition Test
(PASAT) before and after exercise. In Experiment 1, nine men completed two sessions of a
40-min bout of cycling, and in Experiment 2, 10 women completed four 120-min sessions
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of cycling [22]. Researchers have proven that arousal is exercise-induced and may induce
better PASAT performance, which means that acute aerobic exercise may affect working
memory and attention.

Lambourne and colleagues assessed the influence of aerobic exercises (on cycle er-
gometer) on two mental processes: sensory discrimination and executive functions in
19 young adults [21]. They used the CFF test as a visual sensory-discrimination task. The
measures of the CFF performance were made five times during 40 min of cycling at a
moderate level and three times during the 30-min post-exercise period. The results showed
an improvement in cognitive performance after physical exercise. However, the CFF results
rapidly decreased after the termination of exercise. This means that the increasing level of
CFF may result from enhancing receptiveness to sensory stimulation involved in stimulus
detection. The arousal probably does not influence executive processing, but the effect of
acute exercise on higher-level processes is unclear.

3. Use of the Critical Flicker Fusion Test in Neuropsychology

The use of CFF for CNS function assessment is postulated by Casey et al. [23]. In ex-
perimental procedures with electroretinogram and functional magnetic resonance imaging
researchers found that subjects report fusion much longer after the retina and visual cortex
responded to flicker [24,25] which means that the human perception of flicker is associated
with the activity of higher cortical regions [26,27].

The Halstead-Reitan Battery of Neuropsychological Tests was initially used as a
method to assess cognitive functioning in individuals with brain lesions above 15 years
old. It was created in 1947 [28] and included two critical flicker fusion measures that were
dropped later because of insufficient discrimination between groups of patients with or
without brain lesions [29].

CFF as a method to assess cognitive functions is objective, simple, quick, low-cost and
it is not affected by factors such as a level of education or language [30–33]. A significant
advantage of CFF performance is its resistance to the learning effect [34–36].

Studies with CFF can be performed in 3-month-old infants [37]. They estimate infant
TFF by a two-alternative forced-choice preferential looking technique. The researcher
(observer) estimates the location of the flickering target (left or right side of the visual field)
based on cues given by the infant (e.g., gaze direction or length of looking time to each
side). If 75% or more trials were well estimated, then it was inferred that the infant was able
to detect flicker at that frequency. The location of light was semi-randomised, and the first
trials began at 20 Hz. The findings indicate a significant improvement in development is
occurring between 3 to 4.5 months of age, which then may slow or even plateau. The forced-
choice preferential looking procedure is not the only method used in research involving
infants; researchers also use visual evoked potentials and electroretinograms [38].

The differences in CFF performance (as an index of processing speed) in children
might be a predictor of future cognitive functioning. Visual processing speed, however,
is not the only predictor of cognitive abilities in the future [1]. Saint and colleagues
examined 54 children with CFF and the Woodcock-Johnson III Tests of Cognitive Abilities
and observed that psychomotor coordination became better with age (younger children
had longer reaction time latency) [1].

The CFF test in children or adolescents has also been used in studies with groups with
brain injuries [18], diabetes [39] and reading disabilities [40].

4. The Diagnostic Values of CFF

Several studies have investigated the effect of dietary supplementation, especially
with compounds that are naturally found throughout the CNS (e.g., lutein, fatty acids
or plant pigments, xanthophylls, found in the brain and retina in particular), with the
threshold of CFF [41–43]. Bovier et al. have indicated improvements in reaction times and
increasing CFF thresholds in adults after lutein and zeaxanthin supplementation [41,42].
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Other research projects support this hypothesis [44,45] and even use CFF to find drug
effects on psychomotor performance, attention and concentration [46].

Lauridsen et al. compared a continuous reaction times test (CRT) with CFF for
the diagnosis of minimal hepatic encephalopathy [47]. The CRT test was a measure of
the subject’s ability to perform motor reactions adequately and repeatedly. The CFF
test reflected biological activity in retinal cells and provided information about visual
processing, arousal and attention. The patient’s CFF threshold was the average of the nine
measurements at 60 Hz, and if it was lower than 39 Hz, then it was considered cerebral
dysfunction. In the trial with CRT, participants were asked to press the button as soon as
they heard the signal at 500 Hz and 90 dB. A reaction time above 2 s was registered as
a lack of response. Both CRT and CFF tests gave false positives and inconsistent results.
These two measures describe different aspects of minimal hepatic encephalopathy so the
choice between the CRT or CFF test should be made carefully.

The CFF threshold may be a useful measure to follow cognitive processing abilities
in patients with implanted vagus nerve stimulators (VNSs) for epilepsy treatment and
Alzheimer’s disease [17,48]. After a 12-month treatment with a VNS, all epilepsy patients
showed significant improvement in CFF compared to baseline (p < 0.05).

Some research has suggested that a reduced CFF threshold could be used to detect
individuals with Alzheimer’s disease [27,48–51]. In these patients, impairment of short-
term memory is observed, which could be enhanced by the 10 Hz flicker. This result
confirms previous ones that found memory dysfunction correlated with the loss of the
10 Hz alpha rhythm [52,53]. The EEG frequency and amplitude fall with age, especially
in those with mild memory problems [54]. These problems may be partially solved by
cholinesterase inhibitors that enhance alpha rhythms as flicker probably does [51,55]. There
is a possibility that activity induced by flicker enhances mouse hippocampus activity and
the human cortico-cortical and cortico-thalamic loops [56–58].

The use of the CFF was considered in subjects with obstructive sleep apnoea syndrome
who may have cognitive impairment. This syndrome may affect attention, memory and
executive functions that are associated with brain changes, especially in frontal regions [59].
Depending on the existence and size of brain lesions, CFF performance may vary, but the
results of previous studies were inconclusive, and there is a need for future research with a
larger sample size [60,61].

5. Diving and Hyperbaric Medicine

Neuropsychological assessment may be difficult in the underwater environment. The
number of available tests for these conditions is limited so CFF seems to be a good solution
due to its advantages. In recent years, many studies have focused on examining the
impact of both recreational and professional diving on cognitive functions and take into
consideration both acute and chronic effects.

CFF is widely used in experiments involving divers [34,62] and provides a reliable
assessment that can be compared to psychometric testing (e.g., trail-making tasks or
math processing) under normobaric—10 min of breathing air or oxygen in a quiet room
at a constant temperature of 22 ◦C [35]—and hyperbaric-dry chamber—breathing air or
enriched air nitrox for 20 min at 4 ATA—conditions [63]. A decrease in cerebral performance
was reported in association with a decreasing level of CFF and vice versa [3,63]. Balestra
and colleagues highlighted that breathing pure oxygen in normobaric conditions has an
impact on CFF performance and proved that CFF results are dependent on cortical arousal
because of increased brain blood flow in occipital regions and modification of pupil size
induced by scopolamine, a muscarinic antagonist [64].

While breathing hyperbaric oxygen, it seems that neuronal excitability measured
by CFF depends on the oxygen dose. During a study on professional military divers
from the Special Forces, the CFF was increased while breathing a PPO2 of 2.8 ATA, which
represents augmented neuronal excitability, while CFF was decreased at a PPO2 of 1.4 ATA,
which represents attention and alertness deterioration [65]. Interestingly results at the
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lower PPO2 (1.4 ATA) in this group seem contradictory to those observed in recreational
divers [35]. Differences in performance might be explained by investigated populations
(elite, experienced, combat vs. occasional, recreational divers). Hyperbaric oxygen induces
neuromuscular hyperexcitability in normal volunteers, while attenuates such an effect in
elite military divers frequently exposed to oxygen and pressure [66].

Recreational diving (generally to 40 m of seawater, msw; in the mentioned literature
the depth is 33 msw) may result in changes in the CFF performance even at 30 min post-
dive [35,36,67].

Another risk in diving is nitrogen narcosis, which in the course of the hyperbaric
exposure can be compared to alcohol intoxication and may cause a neurologic syndrome
characterised by an impairment of cerebral performance or increased arousal [3]. The
influence of the depth narcosis can be compared to the effect of a glass of Martini for every
15 m of depth [68]. Actually, the inert gas (nitrogen) penetration in the lipids of the brain’s
nerve cells and interference with nerve cells’ signal transmission (according to the Meyer-
Overton rule) might be further strengthened by the pressure effect [69]. Consequently, it is
likely that the depth interval between subsequent “glasses of Martini” would be possibly
presented with a smaller value and 10 m is probably more realistically correlated to the
increase in the narcotic risk in diving. Impaired cerebral performance includes dysfunction
of time perception, reaction speed and ability to think, calculate and react [70].

High-pressure nervous syndrome (HPNS) may appear especially in professional
divers who dive deeper than 150 msw due to rapidly increasing pressure in the CNS
during compression [20,71]. Nowadays, advanced diving equipment with closed-circuit
breathing apparatuses allows recreational divers to also reach depths previously unreach-
able. Therefore, HPNS becomes a real hazard also for sport and recreational underwater
activities [72].

The negative effects of HPNS (e.g., impairment of motor, sensory, behavioural and
cognitive function) are known, but there is still a need to conduct future research to
understand better its influence on humans. A significant decrease of CFF was observed in
divers exposed to high pressures while breathing heliox at 62 ATA, which is equivalent to
a depth of 610 m [73].

Quite recently, Ardestani and colleagues asked two groups of divers (reported or
non-reported HPNS symptoms) to complete a few tests from the Physiopad package to
measure their working memory, vigilance and decision making at 180 to 207 msw [20]. The
Physiopad package includes HPNS questionnaires, a hand dynamometry test, a CFF test,
an adaptive visual analog scale (AVAS), a simple math process (MathProc test), a perceptual
vigilance task (PVT) and a time estimation task (time-wall). The CFF was performed daily
and showed no differences between these two groups of divers, which means that the
association between psychometric tests and subjective measurements may not exist. These
results may arise from one of the limitations of this study; namely, none of the participants
was medically diagnosed with HPNS.

Interestingly, the CFF correlates with hypoxemia, as shown during experimental
exposures in hypobaric chambers for aviation purposes [74].

6. CFF and Its Connection with Brainwaves

CFF performance is related to other measures of brain activity. Some electrophysio-
logical experiments have shown that the human visual cortex is sensitive to the frequency
of flickering light, which induces neural activity changes in electroencephalogram (EEG)
at the same level. Adrian and Matthews discovered “ . . . that regular potential waves
at frequencies other than 10 a second can be induced by flicker” [75] (p. 377). Authors
recorded the EEG activity from the occipital lobe of subjects exposed to flickering light
with frequencies up to 25 Hz, and that was the first time when steady-state visually evoked
potentials were recorded [76,77].

In healthy older people, alpha-like EEG (8–12 Hz) can be induced by flicker and may
even strengthen memory [78]. This relationship is highly specific for frequency. Williams
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et al. asked participants to identify the real word in 10 pairs of trigrams (three-letter words).
After the practice task, the learning phase ensued (48 pairs of trigrams) [51]. Two minutes
later the participants had to choose the “old” word in a pair of “old”-“new” trigrams (this
time all of the words were real). Flickering light occurred in the learning phase (1000 ms in
the beginning when the screen was blank); then the flicker was continued for 500 ms before
and after the trigrams appeared. The frequency and intensity of flickers were randomised
and unique for each participant. Six pairs of trigrams occurred after flickering at each
frequency (two at each frequency-intensity combination). Results showed that flicker
frequencies close to 10.0 Hz have a positive effect on recognition, unlike 8.7 and 11.7 Hz,
which were ineffective.

Similar conclusions were made by Herrmann, who observed that 10 Hz visual stim-
ulation has the strongest impact on the visual cortex and induces the strongest neural
entrainment (brainwave frequency synchronisation) [79].

Sauseng et al. also showed the connection of alpha-frequency (around 10 Hz) stimula-
tion with memory [80]. They concluded that repetitive transcranial magnetic stimulation
might increase the capacity of short-term memory by enhancing the ability to ignore dis-
tractors. They emphasised that memory capacity also relied on a larger number of skills
such as successful retention of the most important information as well as attention and
executive functions.

7. Conclusions

To conclude, critical flicker fusion frequency has been a widely used method to assess
cortical arousal and visual system parameters for many years. It may be successfully
used in research involving both human and animal subjects. The CFF test may measure
cognitive functioning just as well as other psychometric methods, although it must be
considered carefully. As a simple and quick method, resistant to the learning effect, it may
be used in many groups, from new-borns to the elderly, from healthy people to people
with various diseases, such as epilepsy, dementia, minimal hepatic encephalopathy, etc.
Despite these advantages, there is a need to conduct future research to compare the CFF
test with other measures, especially neuropsychological ones, to verify its reliability and to
better understand its advantages and limitations.
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* Correspondence: x.vrijdag@auckland.ac.nz

We have read with great interest the review by Mankowska et al. and congratulate the
authors on providing an overview of the use of critical flicker fusion frequency (CFFF) in
medicine and particularly in diving medicine [1]. In their diving and hyperbaric medicine
section they discuss CFFF as a measure of cognitive performance, and how this could
be influenced by hyperbaric oxygen, nitrogen narcosis, and high-pressure neurologic
syndrome. We would like to comment specifically on the diving medicine section of the
article and point out some missing literature that provides important context for the use of
CFFF in measuring nitrogen narcosis.

First, the paragraph describing nitrogen narcosis mentions the penetration of nitrogen
into the lipids of neurons acting to interfere with signal transmission. This is an outdated
view on the cellular mechanism of narcosis. Research on anaesthetic gases suggest an
effect on ligand-gated ion-channels in the postsynaptic membrane of excitable neurones [2].
Specifically, the GABAA-receptor is known for binding sedative anaesthetics with conse-
quent opening of the ionophore for chloride-ions, causing hyperpolarization of the cell
membrane and thereby signal inhibition [2]. Nitrogen is also known to bind to this GABAA-
receptor [3]. This indicates that nitrogen narcosis is not a phenomenon of a gas-lipid
reaction in the bilayer but is more likely to be a gas-protein reaction within the receptors in
the synapses [4].

Second, an incomplete description is given of the effects of air breathing at different
diving depths on CFFF. The authors describe several studies that found a reduction in
CFFF in divers breathing air at 405 kPa (the equivalent of 30 m of seawater (msw)) either
inside a hyperbaric chamber or underwater [5–7]. This reduction in CFFF was interpreted
as a reduction in cognitive performance due to nitrogen narcosis. Accordingly, it would be
expected that CFFF would be further reduced when diving to 608 kPa (50 msw). However,
three uncited studies where divers breathed air at 608 kPa (50 msw) inside a hyperbaric
chamber or underwater did not show a further reduction in CFFF as one would expect.
They found either no change [8] or an increase in CFFF [9,10]. This would indicate that
there are possibly other factors influencing the CFFF measurement at 608 kPa, which casts
considerable doubt on the suitability of CFFF to measure nitrogen narcosis across the
plausible range of air diving exposures. A more elaborative overview of the diving CFFF
literature is given elsewhere [8].

Third, in the section about “CFFF and its connection with brainwaves,” there seems
to be a semantic discrepancy between CFFF, defined as ‘critical flicker fusion frequency’
and ‘flickering light.’ The description of the influence of flickering light on the electroen-
cephalogram (EEG) has little or nothing to do with CFFF. It therefore seems out of place in
a narrative review about CFFF.
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Thank you very much for your interest and comments [1] on the review by
Mankowska et al. [2], aiming at providing an overview of the use of critical flicker fusion
frequency (CFFF) to investigate cognitive functions.

We agree with the authors of the Commentary [1] that the GABAA-receptor might
be involved in nitrogen narcosis [3,4]. Yet, the precise molecular mechanisms of the adap-
tation of lipid bilayers to pressure are unknown and require further investigation [5].
The traditional view is that the lipid bilayer of the cellular membrane is the main target
for anesthesia and pressure, while newer theories stress the role of transmembrane pro-
teins. It is, however, likely that nitrogen may exert a pluripotent activity, targeting lipids
and transmembrane proteins and implicitly affect water molecules at the lipid–solvent
interface [5]. Consequently, the membrane theory and the GABAA theory do not need
to exclude each other [5,6]. Most importantly, presenting a discussion of the physiolog-
ical mechanisms underlying anesthesiologic and pressure effects, although fascinating,
was not the aim of the review. Rather, we strived to summarize the existing knowledge
regarding the reliability of CFFF in the assessment of cognitive functioning versus other
psychometric methods.

We have never implied that a reduction in CFFF while diving should be interpreted
as a decline in cognitive performance solely due to nitrogen narcosis. On the contrary,
we stressed that it is a multifactorial phenomenon and, particularly when diving below
50 msw (more than 608 kPa), there might be other variables such as oxygen toxicity.
The dose–reaction relations between oxygen and cognitive functions is not clear and ac-
tually it is not known whether the increased excitability, and which forms of neuronal
excitability, should be considered a part of the learning process or, rather, cellular mani-
festation of neuronal oxygen poisoning [7]. Consequently, it is not surprising that below
50 msw a further reduction in CFFF is not seen.

Indeed, “critical flicker fusion frequency” is not the same as “flickering light”. How-
ever, to the best of our knowledge, there are no studies yet that conclusively explain the
mechanisms underlying the processing of flickering light, so we do not know how exactly
decisions to perceive flicker or light continuity are made, and thus how the CFFF threshold
is determined. We believe that it is impossible to understand CFFF without understanding
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these mechanisms, so describing CFFF in the context of flickering light was intended to
suggest the need for further research using neuroimaging (e.g., electroencephalography),
which could explain what dependencies and interactions we might expect when using the
CFFF test. If we want to use the CFFF test as a measure of an individual’s arousal [8–10]
or cognitive ability [11–13], including in pathological conditions such as epilepsy [14] or
Alzheimer’s disease [15,16], we must understand how it interacts with the individual’s
brain. In diving medicine, the use of electroencephalography to investigate the mecha-
nisms underlying processes measured by CFFF seems particularly interesting in the light
of the theory focused on the depth-related “effect on ligand-gated ion-channels in the
postsynaptic membrane of excitable neurons”.
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Abstract: Background and Objective: Several cases of central serous chorioretinopathy (CSC) in divers
have been reported in our medical retina center over the past few years. This study was designed
to evaluate possible changes induced by SCUBA diving in ophthalmic parameters and especially
subfoveal choroidal thickness (SFCT), since the choroid seems to play a crucial role in physiopathology
of CSC. Materials and Methods: Intraocular pressure (IOP), SFCT, pachymetry, flow-mediated dilation
(FMD), blood pressure, and heart rate were measured in 15 healthy volunteer divers before diving,
30 and 60 min after a standard deep dive of 25 m depth for 25 min in a dedicated diving pool (NEMO
33). Results: SFCT reduces significantly to 96.63 ± 13.89% of pre-dive values (p = 0.016) 30 min after
diving. It recovers after 60 min reaching control values. IOP decreases to 88.05 ± 10.04% of pre-dive
value at 30 min, then increases to 91.42 ± 10.35% of its pre-dive value (both p < 0.0001). Pachymetry
shows a slight variation, but is significantly increased to 101.63 ± 1.01% (p = 0.0159) of the pre-dive
value, and returns to control level after 60 min. FMD pre-dive was 107 ± 6.7% (p < 0.0001), but
post-dive showed a diminished increase to 103 ± 6.5% (p = 0.0132). The pre-post difference was
significant (p = 0.03). Conclusion: Endothelial dysfunction leading to arterial stiffness after diving may
explain the reduced SFCT observed, but SCUBA diving seems to have miscellaneous consequences
on eye parameters. Despite this clear influence on SFCT, no clear relationship between CSC and
SCUBA diving can be drawn.

Keywords: subfoveal choroidal thickness; intraocular pressure; central corneal thickness; central
serous chorioretinopathy; flow-mediated dilation; arterial stiffness; endothelial dysfunction

1. Introduction

Diving is a recreational and professional activity with many potential risks. Effects of
SCUBA diving on the eye have been often reported, including retinal complications (ocular
barotrauma, decompression sickness syndrome, arterial gas embolism, ultraviolet keratitis,
choroidal ischemia, retinal vein occlusion, central serous chorioretinopathy, variation in
color/contrast sensibility, etc.) [1–5].

Central serous chorioretinopathy (CSC) is a potentially severe ocular disease of the
retina characterized by recurrent and/or persistent subretinal fluid, causing severe retinal
pigment epithelial alterations and a variable degree of visual loss. In our medical retina
center, we noticed the presence of common history of SCUBA diving among CSC patients
representing around 4% of cases during a two-year period. It is known that CSC is
commonly associated with choroidal hyperpermeability and increased subfoveal choroidal
thickness (SFCT), but its physiopathology is still poorly understood [6,7].
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Considering the importance of SFCT in the diagnostic of CSC, we studied the effect of
diving on SFCT and other parameters before and after a deep dive.

2. Methods
2.1. Patients and Timing of the Study

For this study, 15 volunteer healthy divers were first interrogated about their medical
and diving history, and signed an inform consent. Divers were otherwise healthy Caucasian
males between 28 and 72 years old (median 48.93 years). Body mass index 20–25, good
general health, nonsmoking (except one), and certified as “advanced divers” with at least
50 logged dives. Of these, three presented treated arterial hypertension, and one with
diabetes mellitus without related ophthalmic impairment. Exclusion criteria included
previous eye diseases. The study protocol was approved by the Local Ethic Committee
Brussels (Academic Bioethical Committee, Brussels, Belgium. Reference Number: B200-
2020-088. Date: 10 October 2020), and each subject gave written informed consent before
participation. All studies were performed in accordance with the Declaration of Helsinki [8].
The study is part of a series of ongoing field studies on vascular gas emboli (VGE).

All divers received one drop of tropicamide 0.5% (5 mg/mL) in both eyes. Then, 20 min
after instillation, they were examined for intraocular pressure (IOP), pachymetry (PACHY),
keratometry (KR), subfoveal choroidal thickness (SFCT), and retinal autofluorescence. They
were all tested for post-ischemic flow-mediated dilation (FMD), blood pressure (BP), and
heart rate (HR). They also underwent transthoracic heart echography (TTE). After pre-dive
measures, all divers went for 25 m dive for 25 min in Nemo 33 diving pool in Brussels. Half
of the divers underwent measures during the morning, and the other half in the afternoon.
All divers respected published decompression tables while coming back to the surface.

Respectively 30 and 60 min after regaining surface, the patients were retested for the
same ocular tests. FMD of brachial artery was measured 30 min after regaining surface. BP,
HR, and TTE were also controlled after diving looking for post-dive vascular gas emboli
(VGE). All divers drank 500 mL water 60 min after the dive.

2.2. Data Acquisition
2.2.1. Ophthalmic Measurements

Nidek Tonoref III (NIDEK Co., Ltd., Tokyo, Japan) was used to measure IOP, PACHY,
and KR. Pachymetry is here defined by the central corneal thickness, and keratometry is
defined by the corneal curvature of the main corneal meridians. Results were calculated
using mean of three values for each eye. IOP was not corrected by pachymetry. Nidek
Tonoref III provides accurate and reliable measurements of IOP, compared with Goldmann
applanation tonometry, considered as the gold-standard for IOP measurements [9]. Even
older devices of air tonometers show low variability ranging from −2 mmHg to +2 mmHg,
principally due to the cardiac cycle, explaining why three measures should be taken in
regular practice [10].

SFCT was measured with enhanced depth imaging (EDI) modality using a Spec-
tral Domain-Optical Coherence Tomography (SD-OCT) (Spectralis, wavelength: 870 nm;
Heidelberg Engineering Co. Manufacturer: Heidelberg Engineering GmbH, Heidelberg,
Germany). The same device was used for retinal autofluorescence imaging. SD-OCT gives
two or three-dimensional images of the retina with near-cellular resolution, allowing oph-
thalmologists to analyze histologic-like images. SD-OCT uses near-infrared wavelength,
and thus does not expose patients to radiation. The procedure for SFCT measurement
that we used was previously described by Spaide et al. [11], and is defined as the vertical
distance from the hyperreflective line of Bruch’s membrane to the hyperreflective line of
the inner surface of the sclera. All images were taken by one clinician, and were assessed
by three different clinicians. Clinicians were blinded, as they did not know the patient’s
identification and timing of the measure (pre or post dive). Personal keratometry was
encoded in Heidelberg OCT to improve each diver’s measurements.
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2.2.2. Flow-Mediated Dilation (FMD)

FMD, an established measure of the endothelium-dependent vasodilation mediated
by nitric oxide (NO) [12], was used to assess the effect of diving on main conduit arteries.
Subjects were at rest for 15-min in a supine position before the measurements were taken.
They were asked not to drink caffeinated beverages for the 6 h preceding measurements.
Subjects were instructed not to perform strenuous physical exercise 24 h before, or stay in
altitude up to 2 weeks before and during the entire study protocol. Brachial artery diameter
was measured by means of a 5.0–10.0 MHz linear transducer using a Mindray DP-30 digital
diagnostic ultrasound system immediately before and 1-min after a 5-min ischemia induced
by inflating a cuff placed on the forearm to 180 mmHg as previously described [13].

All ultrasound assessments were performed by an experienced operator, with more
than 100 scans/year, which is recommended to maintain competency with the FMD
method [14].

When the images were chosen for analysis, the boundaries for diameter measurement
were identified manually with an electronic caliper (provided by the ultrasonography
software) in a threefold repetition pattern to calculate the mean value. In our laboratory,
the mean intra-observer variability for FMD measurement for the operator (CB) recorded
the same day, on the same site, and on the same subject was 1.2 ± 0.2%.

Post-dive values were obtained 20–30 min after surfacing. The divers were given a specific
time to enter into the water with their companion (buddy) in order to make it possible to
respect the tight timing after the dive for the measurements to be taken. FMD were calculated
as the percent increase in arterial diameter from the resting state to maximal dilation.

2.2.3. Post Diving Vascular Gas Emboli (VGE)

Post-dive vascular gas emboli (VGE) (decompression bubbles) were observed us-
ing transthoracic echocardiography and a “frame-based” counting method for VGE re-
cently described [15], allowing for continuous values and parametric statistical approaches.
Echocardiography was done with a Vivid-I portable echocardiograph (Manufacturer: GE
Healthcare, Chalfont Saint Giles, UK) used at the poolside; echocardiography loops were
recorded on hard disk for offline analysis by three blinded evaluators. VGE numbers were
counted at 30 min and 60 min post dive.

3. Statistical Analysis

The normality of data was performed by means of Shapiro–Wilk or D’Agostino-
Pearson tests. When a Gaussian distribution was assumed, they were analyzed with a
one-way ANOVA for repeated measures with Dunnett’s post-hoc test; when comparisons
were limited to two samples, paired or non-paired t-test were applied. If the Gaussian
distribution was not assumed, the analysis was performed by means of a non-parametric
multiple comparisons using Dunn’s test or, if limited to two samples, a Wilcoxon test.
Taking the baseline measures as 100%, percentage changes were calculated for each diver,
allowing for an appreciation of the magnitude of change rather than the absolute values. All
statistical tests were performed using a standard computer statistical package, GraphPad
Prism version 5.00 for Windows (GraphPad Software, San Diego, CA, USA). A threshold of
p < 0.05 was considered statistically significant. All data are presented as mean ± standard
deviation (SD). Sample size was calculated setting the power of the study at 95%, and
assuming that variables associated to diving would have been affected on a similar extent
than that observed in our previous studies [16–18].

4. Results
4.1. Generalities

All results are expressed in a percentage of pre-dive values (relative values) rather
than absolute values. Studied parameters and especially SFCT have high interindividual
variability. As each diver acts as his/her own control, results were expressed in percentage
of pre-dive values so that this proportion could be compared and analyzed with others. As
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explained in statistical analysis section, taking the baseline measures as 100%, percentage
changes were calculated for each diver, allowing an appreciation of the magnitude of
change rather than the absolute values.

4.2. Diving Related

FMD comparison between pre/post dive situation and control values is shown in
Figure 1. FMD in our divers is increased in pre-dive situation (107.15 ± 6.6% (p < 0.0001)).
This dilatation is significantly reduced after the dive (103 ± 6.5%, p = 0.026). This reduction
between the two conditions shows a difference consistent with previously published data
and is significant (p = 0.027) [19].

Figure 1. Bar graph illustrating the reduction of FMD 30 min post dive (black bar) compared to
predive values (Blue Bar) (mean ± SD). (N = 15).

All divers underwent trans-thoracic echocardiography (TTE) 30 min and 60 min after
the dive. Figure 2 shows that divers had, on average, eight bubbles per heartbeat (8.0 ± 9.3;
mean ± SD) in the right heart (ventricle or atrium) 30 min after the dive. This number is
reduced to a mean of 5.25 ± 8.8 Bubbles per HB. The number of circulating decompression
bubbles per heartbeat after an hour post the dive was significantly reduced. No participant
had symptoms of decompression disease, and the number of VGE found and its decrease
is consistent with previously published data [20,21].

Figure 2. Number of bubbles (BBS = Bubbles) per heartbeat 30 min (blue bar) and 60 min (black bar)
after diving. (Mean ± SD).
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4.3. Ophthalmological

Comparisons between pre and post-dive values appear in Table 1, and are expressed
as a percentage relative to pre-dive values. SFCT and IOP both decrease significantly 30 min
after the dive. SFCT recovers pre-dive thickness after 60 min, but IOP is still diminished
after an hour. Corneal thickness tends to slightly increase, but the change is no longer
significant after 60 min. Table 2 presents mean ± SD of measurements. Ophthalmic data
post-dive are significantly altered 30 min post-dive, most of which returned to basal levels
60 min post diving, except IOP, which stayed still reduced 60 min post dive. Figure 3
shows OCT imaging of normal posterior pole of the eye, with color code to distinguish
retina from choroid and sclera. This figure helps better understanding of Figure 4, which
shows comparison between SFCT before and 30 min after diving in a same eye. High
magnification was used to highlight the 11 µm difference in this case.

Table 1. Comparison (in percentage of pre-dive values) of SFCT, IOP, and pachymetry between pre-
and post-dive values at 30 min and 60 min post dive.

Mean ± SD Pre-Dive 30 min Post-Dive p-Value 60 min Post-Dive p-Value

SFCT (%) 100 96.6 (±13.89) 0.016 98.4 (±5.7) 0.21 (ns)

IOP (%) 100 88.05 (±10.03) <0.0001 91.4 (±10.3) <0.0001

Pachymetry (%) 100 101.6 (±1.0) 0.015 100.2 (±1.4) ns

(ns = not significant).

Table 2. Mean measures ± SD of SFCT (expressed in µm), IOP (expressed in mmHg) and pachymetry
(expressed in µm).

Mean ± SD Pre-Dive 30 min Post-Dive p-Value 60 min Post-Dive p-Value

SFCT (µm) 327.1 (±102.0) 318.1 (±109.7) 0.0326 322.2 (±102.1) 0.2434

IOP (mmHg) 16.4 (±2.009) 14.3 (±2.27) <0.0001 14.98 (±2.67) <0.0001

Pachymetry (µm) 559.3 (±27.83) 566.5 (±33.53) 0.0120 562.9 (±28.62) ns

(ns = not significant).

Figure 3. Enhanced depth imaging-optical coherence tomography (EDI-OCT) showing different
structures. From anterior to posterior: Vitreous body (green), neurosensory retina and the retinal
pigment epithelium (red), choroid (SFCT in blue), and sclera (yellow).
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Figure 4. Comparison of SFCT in the same diver before the dive ((A), SFCT estimated at 243 µm by
one of the investigators), and 30 min after the dive ((B), SFCT estimated at 232 µm).

5. Discussion
5.1. Subfoveal Choroidal Thickness

The choroid is a vascular layer situated between the sclera and the retina. It is com-
posed of several layers: the choriocapillaris, 10 µm-thick capillary network; the Sattler’s
layer, composed of arterioles, small arteries, and veins; Haller’s layer, composed of larger
blood vessels; the suprachoroid, which is non-vascular, composed of melanocytes, fibrob-
lasts and collagen; and the lamina fusca, separating the choroid from the sclera [22]. It is
a highly vascularized space, as the flow per perfused volume is the highest of any other
human tissue [23]. While it is well-known that myopic eyes (with greater axial length)
tend to have thinner choroid, myopic shift can induce thickening of SFCT in animals,
while hyperopic shift induces thinning of SFCT [24]. Mechanisms remain hypothetic, but
Wallman et al. observed that, at least in birds, SFCT variation is linked to expansion or
compression of lacunae present in the outer choroid [25]. Liquid redistribution seems to
be the key of SFCT variation by different suggested mechanisms [24]. However, people
with myopic eyes tend to have thinner choroid than emmetropic or hyperopic eyes. These
factors make it difficult to know what abnormal SFCT is or not. Studies may give different
normal values. Akhtar et al. concluded that subfoveal choroidal thickness was 307 ± 79 µm
in an Indian population of any age [26]. Entezari et al. concluded 363 ± 84 µm in an Iranian
population [27]. Karapetyan et al. compared SFCT in Caucasians, Africans, and Asians
populations, and concluded no significant differences between those ethnics. The mean
SFCT in Caucasians was 403.62 ± 37.4 µm. The literature presents sometimes normal SFCT
ranges that may be different from ours [28]. Moreover, SFCT seems to decrease over day
time [11]. All of these considerations show the importance of measuring variations taking
the baseline measures as 100%, for each diver, allowing an appreciation of the magnitude
of change rather than the absolute values.

To the best of our knowledge, acute effects of diving on SFCT have never been studied.
Our study shows transient and significant SFCT decrease in the 30 first minutes following
a deep dive. After 60 min, SFCT returns to its initial thickness. Different hypotheses were
investigated to explain those results.

Our preferred hypothesis is that SFCT decreases due to vascular phenomena. As
previously said and confirmed by other studies, FMD decreases after a deep dive due to
endothelial dysfunction [29,30]. Considering the density of blood vessels in the choroid,
reduced dilation of this vascular meshwork could explain by itself the reduction in SFCT.
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Moreover, diving involves an increase in oxygen partial pressure leading to oxidative stress
by increased free radical concentration in blood. This contributes to endothelial dysfunction
and, ultimately, arterial stiffness. It seems likely that vascular smooth muscles also have
a role in FMD reduction, but various results are found in studies [29,31]. Implications of
smooth-muscle cells might be important, as it has been shown that non-vascular smooth-
muscle cells are present in primates in the suprachoroid (just next to lacunae), and in a
single layer just beneath Bruch’s membrane [32]. It has been suggested that contraction of
those smooth-muscle cells oppose the tendency of lacunae to gain fluid [24]. Insufficient
relaxation of these cells might prevent swelling of the lacunae, inducing vascular shift from
the choroid to general circulation, decreasing SFCT. Thus, both arterial stiffness due to
endothelial dysfunction and insufficient relaxation in choroidal smooth-muscle cells reduce
the choroidal intravascular fluid and are an explanation to reduced SFCT post diving.

In the literature, SFCT tends to be negatively correlated to IOP [33–38]. As both IOP
and SFCT decrease in our study, IOP variation does not explain the SFCT decreases. It is
also interesting to notice that pachymetry increases in our study and would be expected to
falsely elevate the IOP. We can confidently conclude that changes in IOP and pachymetry
are not responsible for the diminution of SFCT after the dive. It is a good argument to
suggest that there is an extra-ophthalmological phenomenon explaining SFCT reduction.

Other hypotheses were also considered as being unlikely with our experimental setting:
Effects of physical exercise on SFCT have been reported but results are various and

not well established [39–41].
Tropicamide was instilled before pre-dive measures, therefore there was no influence

in comparison between pre- and post-dive values. Iovino et al. published in 2020 that there
was no significant difference in SFCT before or after mydriatic instillation [42].

SFCT presents diurnal variation and tends to decrease over the day. Some divers under-
went measures in the morning, other in the afternoon. Both are periods of decreasing SFCT,
so we do not expect any difference between those two cohorts for relative measurements.
Moreover, this circadian cycle does not explain the re-increase of SFCT 60 min after the dive.
This points out an extra-physiological phenomenon allowing us to exclude this hypothesis.

5.2. Flow-Mediated Dilation (FMD) and Vascular Gas Emboli

A nitric oxide (NO) mediated change in the surface properties of the vascular endothe-
lium favoring the elimination of gas micronuclei has previously been suggested to explain
this protection against bubble formation [43]. It was shown that NO synthase activity
increases following 45 min of exercise, and that NO administration immediately before a
dive reduces VGE [44]. Nevertheless, bubble production is increased by NO blockade in
sedentary but not in exercised rats [45], suggesting other biochemical pathways such HSPs,
antioxidant defenses or blood rheology.

Vascular gas emboli are probably involved in the post dive reduction of FMD. Never-
theless the available literature refrains us to draw a direct link between FMD reduction and
VGE, since micro and macro vascularization react differently [30], and different precondi-
tioning procedures before diving have specific actions independently on FMD and VGE,
while others interfere with both [20].

It appears that FMD seems more linked to oxygen partial pressure changes during
diving, whereas VGE are more depending on preexisting gas micronuclei population in the
tissues and vascular system and coping with inflammatory responses [20,46,47].

FMD is a marker of endothelial function and is reduced in the brachial artery of healthy
divers after single or repetitive dives [48,49]. This effect does not seem to be related to the
amount of VGE, and was partially reversed by acute and long-term pre-dive supplementation
of antioxidants, implicating oxidative stress as an important contributor to post-dive endothelial
dysfunction [29]. Decreased nitroglycerin-mediated dilation after diving highlights dysfunction
in vascular smooth-muscle cells as possible etiology of those results [29]. Very recent data
show that the FMD reduction encountered after a single dive without presence of VGE, is
comparable to the reduction encountered with the presence of VGE [19].
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Our results about FMD are in tune with what has been previously described in
literature on the subject and, with its consequences, is the most likely explanation to
decreased SFCT observed in this study.

5.3. Central Serous Chorioretinopathy

CSC is characterized by localized serous retinal detachment associated with focal
altered retinal pigment epithelium. Known risk factors are genetics, male gender, cardiovas-
cular diseases and arterial hypertension, increased corticosteroids blood concentration by
any income, pregnancy, psychopathology (type A personality), peptic ulcer and Helicobac-
ter Pylori, some drugs (including phosphodiesterase-5 inhibitors), and sleep disturbances.
Despite being a common chorioretinal disease, pathophysiology of CSC remains ambigu-
ous. Advances in imaging techniques have shown that CSC is associated with localized
areas of delayed choriocapillaris perfusion, congestion of choroidal vessels, choroidal
hyperpermeability, and increased SFCT, causing damage to the retinal pigmented epithe-
lium. Imbalance in mineralocorticoid pathway has also been suggested as potential cause.
Sympathetic overaction and a decreased parasympathetic tone might also play a role [7,50].

In our department of ophthalmology, there have been several cases of CSC in SCUBA
divers in the past years. However, CSC in divers was rarely described in literature [4]. The
relationship between hyperbaric environment and CSC could be easily overlooked.

A hypobaric environment might also have influence on SFCT. CSC was reported in at
least four air pilots [51–54] and a case during hypobaric chamber exposure [55] together
with a small but significant CCT increase was described in high-altitude exposure [56].

Diving has been suspected to cause macular damages since 1988 by the study of Polk-
inghorne et al. [57]. They highlighted that divers had significantly more retinal pigment
epithelial defects, and the prevalence of defects increased with years of diving experience
and history of decompression sickness. However, many other studies revealed no signifi-
cant differences with control groups regarding retinal pigment epithelial alterations [58–60].
A total of three eyes (10%) were found to present retinal epithelium alterations in our study.
It is difficult to know if those are the results of diving practice or if it is just incidental
finding similar to general population. Decrease in SFCT has been demonstrated in our
study, while CSC is typically described with the pachychoroid, which is the opposite.

Regarding those elements, it seems uncertain if SCUBA diving is a risk factor for CSC.
Transient decreased SFCT would not explain increased CSC incidence. We did not observe
more macular damage, significant retinal pigment alterations nor increased SFCT in our
divers compared with general population seen in our daily practice. It seems more likely
that cases of CSC in divers reported in our center are just coincidental, as patients had other
risk factors of CSC.

5.4. Intraocular Pressure

Our results demonstrated decrease of 88.05% (p < 0.0001%) in IOP 30 min after diving.
Lowered IOP is widely described following physical exercise. However, it still remains

a poorly understood phenomenon [61]. A total of three theories of its etiology involve
decreased blood pH, elevated blood plasma osmolarity, and elevated blood lactate [62].
Increases in trabecular meshwork thickness, area, and perimeter of Schlemm’s canal have
also been observed after physical activity, and are thought to be a consequence of sympa-
thetic response to exercise. It was not significantly correlated with the decrease in IOP [63].
Similar observations are expected in SCUBA diving, and it is the most likely hypothesis
to explain our results. Other hypotheses were also considered as being unlikely with our
experimental setting:

Goenadi et al. suggest that in contrast with swimming goggles, diving masks
can induce small decrease of 0.43 mmHg in IOP after diving [64]. All divers
wore diving masks (different from swimming goggles), respected mask pressure
normalization during diving, and no mask squeeze was observed.
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Corneal parameters as central corneal thickness and external curvature radius
have influence on IOP measurements [65]. Increased pachymetry is associated
with overestimated IOP measures, which also does not explain the results. In-
traocular bubbles might block trabecular outflow, increasing IOP.

Fadini et al. interestingly showed that patients without any cardiovascular risk
factors but suffering from ocular hypertension and primary open-angle glaucoma
(POAG) had both FMD and endothelial progenitor cell (EPC) reduced [66]. It
seems likely that chronic reduced FMD and endothelial dysfunction increase
IOP. However, it was not demonstrated in transient FMD variation. No other
description of decreased IOP after SCUBA diving was found on Pubmed. In
contrast to our results, Maverick et al. showed increase IOP post-dive negatively
correlated to pachymetry [67].

Instillation of tropicamide was made before pre-dive measures, and so does not
explain our results. Effects of tropicamide on IOP vary in literature [68–72].

Our results on IOP are in tune with previous papers studying influence of sports on
IOP [61]. Also, as IOP is negatively correlated to SFCT, we can formally exclude the role of
IOP in the diminution of SFCT after the dive. It is a good argument to suggest that there is
an extra-ophthalmological phenomenon explaining SFCT reduction.

5.5. Pachymetry

This study shows increase in pachymetry 30 min after diving (101.6 ± 1.0%; p = 0.015).
Results are not significant anymore at 60 min.

Maverick et al. described no significant change of pachymetry in 24 eyes after diving
from 34 to 100 feet of depth [67]. However, in a major review, Butler et al. explained how
the use of diving mask may, if the divers do compensate air compression in the mask
exhaling gas through the nose into the mask, cause a negative pressure around the eye [1].
In severe cases, this can lead to ocular barotrauma. We can easily imagine that this negative
pressure may be responsible for increased pachymetry after the dive.

Increased pachymetry also does not explain the SCFT decrease nor IOP decrease.

6. Conclusions

SCUBA diving appears to have miscellaneous consequences on ophthalmic parameters.
We postulate that SFCT is transiently reduced as a consequence of vascular changes,
involving increased arterial stiffness and insufficient relaxation in vascular smooth-cells
due to oxidative stress and endothelial dysfunction. IOP showed transient decrease until
60 min after the dive, and was not correlated with changes of SFCT or pachymetry. It is a
strong argument to point out an extra-ophthalmic phenomenon to explain our results. The
results brought us no argument to conclude in a relationship between CSC and SCUBA diving.
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BP Blood pressure
CSC Central Serous Chorioretinopathy
FMD Flow-mediated dilation
HR Heart rate
IOP Intraocular pressure
KR: Keratometry
NO Nitric Oxide
PACHY Pachymetry
SD-OCT Spectral-Domain
SFCT Subfoveal choroidal thickness
TTE Transthoracic echocardiography
VGE Vascular gas emboli
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Abstract: Background and Objectives: The use of closed-circuit rebreathers (CCRs) in recreational diving
is gaining interest. However, data regarding its physiological effects are still scarce. Immersion, cold
water, hyperoxia, exercise or the equipment itself could challenge the cardiopulmonary system. The
purpose of this study was to examine the impact of CCR diving on lung function and autonomous
cardiac activity after a series of CCR dives in cold water. Materials and Methods: Eight CCR divers
performed a diving trip (one week) in the Baltic Sea. Spirometry parameters, SpO2, and the lung
ultrasonography score (LUS) associated with hydration monitoring by bioelectrical impedance were
assessed at the end of the week. Heart rate variability (HRV) was recorded during the dives. Results:
No diver declared pulmonary symptoms. The LUS increased after dives combined with a slight
non-pathological decrease in SpO2. Spirometry was not altered, and all body water compartments
were increased. Global HRV decreased during diving with a predominant increase in sympathetic
tone while the parasympathetic tone decreased. All parameters returned to baseline 24 h after the last
dive. Conclusions: The lung aeration disorders observed seem to be transient and not associated with
functional spirometry alteration. The HRV dynamics highlighted physiological constraints during
the dive as well as environmental-stress-related stimulation that may influence pulmonary changes.
The impact of these impairments is unknown but should be taken into account, especially when
considering long and repetitive CCR dives.

Keywords: adverse effects; autonomic nervous system; decompression; lung ultrasound; mixed gas
diving; pulmonary function; technical diving

1. Introduction

The use of closed-circuit rebreathers (CCRs) has become increasingly common in the
recreational scuba diving community over the past two decades. Their use allows longer
and deeper dives than classical open-circuit (OC) scuba equipment. CCRs bring major
advantages in terms of gas consumption, an optimal oxygen mix, and warm humidified
breathing gas [1]. Conversely, since the breathing system is much more complicated to use,
it exposes the diver to technical failures or specific emergencies [2].

During a dive, the cardio-pulmonary system is challenged by various combinations of
stressors and adaptive mechanisms such as blood shift, thermal strain, exercise, gas density,
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hypercapnia, narcosis and hyperoxia [3–5]. In addition, the breathing apparatus by itself
may add to the respiratory workload (work of breathing) that could be increased by the
negative transpulmonary pressure gradient in the prone position with back-mounted coun-
terlungs on the CCR used [6]. A number of studies have investigated pulmonary function
following OC diving under varying conditions, but the results remain contradictory [4].
Many did not show any spirometric alteration after a single OC dive for a maximum depth
of 65 m [7,8]. However, changes in pulmonary function have been found to be associated
with depth, cold temperatures, oxidative or decompression stress and duration. These
post-dive obstructive pattern changes appeared to be limited and transient [9,10]. Expo-
sure to pure oxygen, even at shallow depths (5 msw), leads to a lung diffusing capacity
alteration [11]. CCR diving exposes to high, and potentially prolonged, PpO2 and specific
mechanical constraints [1,6]. There is a lack of data about cardio-pulmonary effects during
CCR diving. A CCR deep diving study has shown an almost 30% decrease in forced vital
capacity (FVC) after bounce dives at 100 msw [12]. Conversely, CCR use did not affect the
spirometry despite the long duration at a maximum depth of 20 msw [13,14]. The impact
of CCR repeated dives has not been evaluated in cold conditions (<10 ◦C) and no data are
available about the evolution of such abnormalities over time. More recently, asymptomatic
lung aeration defects were assessed by ultrasound with B-line detection after dives. These
artefacts may suggest extravascular lung water accumulation [15,16]. Most studies have
shown an accumulation of B-lines with incomplete resolution between each in repetitive
deep OC dives to 60–80 msw, which is not observed at a 33 msw depth [3,8,17]. With
CCR, a lung aeration loss was detected, even in shallow water, between 1 and 10 msw, and
was substantially amplified by exercise and negative-pressure breathing. The right-to-left
heart imbalance and increase in pulmonary vasoconstriction seem to be related to these
impairments [5,6]. This phenomenon was already described during breath-hold diving and
was related to diaphragmatic spasms with a closed glottis adding to the negative pressure
gradient explanation [18].

All immersion constraints, such as blood centralization, pulmonary workload, or
hyperoxia, also modulate the autonomic nervous system (ANS). Heart rate variability
(HRV) reflects the constant fluctuation of the interaction between pulmonary ventilation,
blood pressure, and cardiac output to maintain homeostasis [19]. It can be used to indirectly
study changes in parasympathetic (PNS) and sympathetic (SNS) nervous system activity,
which express the level of intensity in physiological adaptation. There are marked changes
in autonomic cardiac activity during and after scuba diving with a predominance of PNS
activity [20,21]. There are complex and sometimes conflicting additional ANS modulations,
and CCR diving seems to provoke a different HRV response in divers as compared to OC
diving [22].

We hypothesize that in-water breathing constraints may have a negative impact on the
lung after CCR dives, especially in case of repetitive exposures. Better knowledge of the
physiological impacts of CCR appears essential given the growing diving community and
technical developments. Data regarding the cardio-pulmonary effects of repetitive CCR
diving are still needed for different depths and environments. The aim of this study was
to examine the impact of CCR diving on lung function together with autonomous cardiac
activity in asymptomatic healthy volunteers after a recurrent diving exposure in cold water.

2. Methods
2.1. Diving Sites

The “Vräk diving expedition” took place in the Stockholm archipelago (Sweden) in
September 2022. This study was approved by the Bio-Ethical Committee for Research
and Higher Education, Brussels (No B200-2020-088), and adhered to the principles of the
Declaration of Helsinki [23].
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2.2. Study Population

This observational study was an intrasubject experimental design with repeated mea-
sures. A total of eight male divers were included. Table 1 summarizes the anthropometric
data. None were smokers and none were taking medication. All of the subjects were
at least recreational rebreather mixed-gas divers. The median CCR experience was 4.5
(2.9–8.3) years. Two divers (25%) have DCS history (one musculoskeletal and one lymphatic
manifestations). All divers were fit to dive and had a valid medical certificate for diving.
None dived in the previous week. They were all informed about the physiological study
and its implications. All participants gave written consent prior to the program.

Table 1. Participants’ anthropometric parameters (n = 8).

Median (1st–3rd Quartile)

Age (years) 40.5 [36.25; 47]

Weight (kg) 80 [75; 103]

Height (cm) 178 [175; 187]

BMI (kg.cm−2) 25.7 [23; 30.3]
BMI, body mass index.

2.3. Diving Procedures

The dives were performed in accordance with usual CCR dive planning and were not
modified for the study requirements. All dives were performed from a rigid inflatable boat.
The dive sites were 30 min to 2 h away from the harbor. One to two dives were performed
daily, depending on the maximal planned depth. A surface interval of 2 to 3 h between the
first and second dive was met. Helium mixed-gases were used for dives below 40 m. Day 2
was taken off. The surface and bottom temperatures were 16.5 (16–17) and 8.5 (6–15.5) ◦C,
respectively, with a thermocline at approximately 15 m. The dive parameters are shown
in Table 2. Five divers performed five more comparable consecutive diving days in a
second week.

Table 2. Diving description during the monitoring week. The third dive on the first day were
performed by 5 divers to test equipment. Cumulative central nervous system oxygen toxicity (CNS)
represents the time spent at a given oxygen partial pressure (PpO2) and dividing by the NOAA time
limit for that PpO2 (corresponding to the cumulative oxygen exposition).

D1 (2 or 3 Dives)
Air Diluent

D3 (2 Dives)
Air Diluent

D4 (2 Dives)
Air Diluent

D5 (1 Dive)
Trimix 15/40

D6 (1 Dive)
Trimix 10/50

Maximal depth (msw) 19.7 [13; 20.9] 29.3 [28.6; 33.8] 32.9 [28.6; 37.8] 44.8 [41.6; 44.9] 64.7 [46.1; 70.1]

Mean depth (msw) 14.3 [9.3; 16.0] 22.3 [20.8; 23.3] 22.0 [21; 22.3] 24.2 [23; 24.5] 24.1 [23.6; 24.3]

Each dive time (min) 54 [41; 63] 66 [55; 94] 64 [58; 73] 99 [83; 99] 90 [88; 92]

Total dive time (min) 147 [98; 172] 136 [93; 168] 126 [109; 141] 99 [83; 99] 90 [88; 92]

Cumulative CNS (%) 38 [22; 48] 47 [39; 58] 43 [34; 50] 52 [46; 53] 49 [45; 52]

Divers used back-mounted counter lung electronic controlled rebreathers (rEvo™
Rebreathers, Brugge, Belgium; n = 5 or JJ-CCR DiveCAN®, Presto, Denmark; n = 3).
Decompression (Buhlmann ZHL-16C algorithm) was conducted using a connected Petrel 2
computer (Shearwater, Richmond, BC, Canada). The gradient factors were set to 30% (low)
and 70% (high) for all dives. The oxygen partial pressure (PpO2) was maintained at 130
kPa during the entire dive. Subjects each wore a dry-suit with dry-gloves and an active
heating system [24].
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2.4. Measurements

Divers were monitored prior to the first dive, after the dive during the first five diving
days, and 24 h after their last dive (i.e., after five diving days for three divers and ten days
for five divers) in a dry and heated room (temperature 18–20 ◦C). The study flowchart is
shown in Figure 1.
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2.4.1. Functional and Anatomical Pulmonary Monitoring

Measurement of pulmonary parameters was performed daily, 150 to 180 min after the
dive. All measurements were performed in the sitting position and at rest. Pulse oxygen
saturation (SpO2) and heart rate (HR) were recorded for 30 s, using a dedicated oximetry
module connected to the spirometer (Spirobank II Smart; MIR Medical International Re-
search Srl, Rome, Italy). The mean value for SpO2 and HR was considered. Spirometric
parameters were collected including the forced vital capacity (FVC), forced expiratory
volume in one second (FEV1), FEV1/FVC ratio, peak expiratory flow (PEF), and forced
expiratory flow (FEF25-75) following GLI (Global Lung Initiative) 2017 for Caucasian
adults [25]. The device used for measurements meets the ISO26782:2009 international
standards technical characteristics and is CE marked [26]. Flow data were recorded in
real time in a dedicated computer, using the manufacturer WinspiroPRO v8.1.0 software.
Three repeated loops were performed to assess the reproducibility under the investigator’s
supervision. The highest FVC and FEV1 values observed over the measurement series
were reported [26].

The anatomical pulmonary aeration was evaluated by lung ultrasonography with a
1.1–4.7 MHz phased array probe (Venue Go™, General Electric Healthcare, Buc, France).
Six areas were longitudinally scanned on each hemithorax (anterosuperior, anteroinferior,
laterosuperior, lateroinferior, posterosuperior and posteroinferior) to count the total number
of B-lines [27]. The exam was performed simultaneously by two trained operators to assess
consistent scoring after comparison. A B-line is defined as an echogenic, coherent, wedge-
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shaped signal with a narrow origin arising from the hyperechogenic pleural line and
extending to the far edge of the viewing area [15]. The amount of lung aeration loss was
calculated in a semi-quantitative approach using the validated lung ultrasound score (LUS).
For each explored region, the worst finding was reported according to the following rating:
normal: 0; well-separated B-lines: 1; coalescent B-lines: 2; and consolidation: 3 [27]. The
LUS corresponded to the sum of each scanning site score (range 0 to 36). An increase in score
indicates a decrease in lung aeration without necessarily reaching pathology levels [28].

2.4.2. Hydration Status

All divers had unrestricted access to drinking water. Bioelectrical impedance analysis
(BIA) is a safe and fast method to evaluate the body composition or hydration status [29–31].
These changes were estimated by a multifrequency tetrapolar impedancemetry Biody
XPertZM (Aminogram, La Ciotat, France) in order to evaluate the total body hydration
status and its related changes after diving. It is presented as a hand–foot analyzer and the
measuring time is within the minute. Data were measured according to the manufacturer’s
instructions in a seated position before the first dive, 150 to 180 min after the first-day
dive and at the end of the fifth-day dive, and 24 h after the last-day dive. The data were
directly transferred via Bluetooth using the proprietary Aminogram Biodymanager app for
Android. The device is accredited to the ISO13485:2016 standard and is CE marked. The
response of different body tissues to the application of a weak alternating current at five
different frequencies (range 5 to 200 KHz) determines the resistant indices (IRs) and the
phase angle at 50 kHz (PA◦). It allows an estimate of the total body (TBW), intracellular
(ICW) and extracellular (ECW) water. The phase angle expresses both changes in the
amount as well as the quality of soft tissue mass (i.e., cell membrane permeability and soft
tissue hydration) [32,33].

2.4.3. Heart Rate Variability

Heart rate variability (HRV) is a non-invasive assessment of the variation in time be-
tween consecutive inter-beat intervals (R–R intervals) that results in a dynamic relationship
between PNS and SNS [19]. It represents the ability of the heart to respond to a variety
of physiological and environmental stimuli. Each diver wore a chest elastic belt sensor
Polar H10 connected to the Polar Unite watch (Polar Electro Oy, Kempele, Finland) to
record the R-to-R interval at a 1000 Hz sampling frequency. The validity of this device for
HRV measurement has already been demonstrated in several studies [22,34]. The resting
baseline was recorded in a sitting position, after ten minutes at rest, before the first dive and
24 h after the last day for ten minutes. During diving, the Polar watches were placed on the
shoulder strap of the undergarment inside the dry suit after starting recording. Full data
were extracted daily and analyzed using the Kubios HRV Premium Analysis Software 3.5.0
(UKU, Kuopio, Finland). The automatic artifact correction function of the program was
used to correct data corruption for each subject before analysis. Time–domain results with
mean HR, standard deviation of normal-to-normal R waves (SDNN), root mean square
of the successive difference (RMSSD) of the R–R intervals, and integral of the density of
the R–R interval histogram divided by the maximum of its weight (RR triangular index)
were calculated. RMSSD mainly reflects the parasympathetic tone while the SDNN and
triangular index are indicators of the overall ANS activity frequency-domain measures
including the very-low-frequency (VLF), low-frequency (LF), and high-frequency (HF)
spectral absolute power and LF/HF ratio. These estimate the distribution of absolute or
relative power in different frequency bands [35]. Quantitative analyses of Poincare plot
features (SD1, SD2, and SD2/SD1 ratio), Shannon entropy (ShanEn), and Multi-scale en-
tropy (MSE) were computed. This non-linear approach is less dependent on the respiratory
sinusal arrythmia variations in the R–R intervals [22]. Furthermore, two composite indexes
were calculated. These indexes are based on known HRV parameters that reflect PNS and
SNS activity. PNS and SNS indexes were based on the mean R-to-R interval, RMSSD and
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SD1, and the mean HR interval, the stress index, and SD2, respectively [36]. An index value
of zero reflected that the PNS or SNS activity is equal to the normal population average [37].

3. Statistical Analysis

Statistical analysis was performed with GraphPad Prism v9.0.2 (GraphPad Software
Inc., San Diego, CA, USA). All data are presented as the median (first and third quartile).
The normality of distribution was assessed by Shapiro–Wilk test. ANOVA for repeated
measures was used to analyze more than two related groups followed by multiple com-
parison Tukey’s post hoc test. A two-way ANOVA for repeated measures was used to
assess the effects of the dive day and chest site on the LUS. If non-normality was found,
a non-parametric Friedman test was used followed by multiple comparison Dunn test.
Statistical significance was set at a p-value < 0.05.

The sample size was calculated setting the power of the study at 95% and assuming
that variables associated with diving would have been affected to a similar extent as
observed in our previous studies where our sample reached 98% [12,30].

4. Results
4.1. Respiratory and Pulmonary Parameters

Divers performed the repetitive diving program without any pulmonary symptoms or
any other disturbance. No modification of spirometry parameters was observed (Table 3).
The mean SpO2 significatively decreased during all diving days by −1.4 [−2.6; −0.8] %
(F = 5.02, p = 0.02). Few B-lines were observed on the baseline for several divers, with a
median LUS at 1.5 [0.3; 2.8] and a basal predominance.

Table 3. Spirometry parameters. Data were assessed at baseline and 150–180 min after each day dive.
FCV, forced vital capacity; FEV1, forced expiratory volume in one second; PEF, peak expiratory flow;
FEF2575, forced expiratory flow; SpO2, pulse oxygen saturation; HR, heart rate. Data are expressed in
absolute value and the percentage of expected values according to the GLI (% pred). p-value for the
ANOVA. Tukey’s multiple comparisons test is expressed versus baseline with * p < 0.05. Differences
versus post-24 h are expressed with † p < 0.05 and †† p < 0.01.

Baseline D1 D3 D4 D5 D6 Post 24 h p-Value

FVC (l)

(% pred)

5.6 [4.8; 6]

106 [101; 111]

5.8 [5.1; 6.5]

112 [100; 117]

6.0 [5.9; 6.6]

115 [108; 123]

5.9 [5.4; 6.5]

112 [106; 118]

6.2 [4.9; 6.5]

107 [101; 115]

6.2 [5.4; 6.4]

112 [102; 119]

6.1 [5.2; 6.4]

107 [104; 117]
0.2

FEV1 (l)

(% pred)

4.4 [4.0; 4.5]

101 [96; 111]

4.5 [4.2; 4.7]

104 [98; 117]

4.5 [4.1; 4.7]

107 [94; 113]

4.6 [4.3; 4.7]

103 [95; 116]

4.6 [4.0; 4.8]

100 [93; 113]

4.5 [4.2; 4.8]

101 [91; 114]

4.5 [4.3; 4.6]

105 [95; 113]
0.5

FEV1/FVC (%)

(% pred)

78 [72; 84]

96 [89; 105]

78 [71; 81]

97 [88; 101]

74 [70; 78]

91 [88; 97]

78 [72; 79]

97 [89; 99]

77 [72; 81]

95 [89; 102]

77 [72; 78]

94 [89; 97]

77 [71; 82]

96 [88; 102]
0.4

PEF (l.s−1)

(% pred)

11.6 [11.1; 12.2]

125 [117; 134]

12.3 [10.9; 13.0]

133 [115; 138]

11.7 [10.7; 12.4]

122 [115; 136]

12.0 [10.9; 12.5]

132 [121; 134]

11.6 [10.4; 12.6]

120 [110; 129]

11.7 [10.6; 13.2]

123 [108; 132]

11.5 [10.6; 13.6]

125 [113; 147]
0.4

FEF2575 (l.s−1)

(% pred)

3.8 [3.1; 4.7]

95 [74; 120]

3.7 [3.0; 4.9]

97 [75; 116]

3.3 [3.1; 3.6]

82 [70; 97]

3.4 [3.3; 4.0]

92 [71; 113]

3.8 [3.2; 4.4]

86 [74; 115]

3.4 [3.0; 4.2]

97 [67; 100]

3.5 [3.2; 4.5]

91 [72; 119]
0.8

SpO2 (%) 97.8 [97.4; 98.4] 96.2 [95.7; 97.2] * 96.6 [95.5; 97.3] * 96.5 [96.3; 97.1] 96.6 [95.5; 97.1] 96.2 [95; 96.7] * 97.4 [96.7; 97.7] 0.02

HR (bpm) 78 [67; 86] 98 [97; 104] *,†† 94 [87; 103] *,† 94 [84; 99] † 98 [96; 104] *,† 91 [80; 97] 80 [71; 83] <0.0001

There was significative B-line accumulation after diving days 3, 4, 5 and 6 for all
participants (Figure 2, F = 8.50, p = 0.003) with a return to baseline 24 h after the last dive
(p > 0.99). There was no difference in chest site repartition (F = 1.02, p = 0.4) between lung
territories or interaction with the day effect (F = 0.67, p = 0.9).
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Figure 2. Evolution of individual lung ultrasound score (LUS) throughout repetition of day dives. 

All divers developed B-lines after several dive days and a return to baseline 24 h after the last one. 
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Figure 2. Evolution of individual lung ultrasound score (LUS) throughout repetition of day dives.
All divers developed B-lines after several dive days and a return to baseline 24 h after the last one. p-
value for the ANOVA. Tukey’s multiple comparisons test is expressed versus baseline with * p < 0.05,
** p < 0.01.

4.2. Impedancemetry

All body water compartments and TBW increased after dives. Figure 3 depicts varia-
tion as compared to the baseline. No significative variation was found 24 h after dives in
each compartment. A trend towards an IR (impedance ratio) decrease between baseline
and after dives was observed at D1 and D6 (−1.5 [−2.3; −0.2] % and −1.85 [−3.4; −0.6] %
F = 4.35, p = 0.06, respectively). There was no change in the angle phase (F = 0.20, p = 0.8).
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Figure 3. Evolution of hydration status measured by impedancemetry. Results are expressed in
percentage of baseline variation. TBW, total body water; ECW, extra-cellular water; ICW, intra-cellular
water. The p-value for the ANOVA. Tukey’s multiple comparisons test is expressed versus baseline
with * p < 0.05.

4.3. Heart Rate Variability

Only 23 measurements of HRV were accurately recorded during dives due to method-
ological issues. HRV data are shown in Table 4. No change was observed between baseline
and 24 h post-dive. RMSSD and HF were significatively lower in dive versus rest measure-
ments. Similarly, the global activity showed a decrease in variability with lower triangular
index, SD2/SD1 and LF/HF ratios. The SDNN decrease was not significative (F = 5.83,
p = 0.05).

At baseline, the PNS index was −1.92 [−2.17; −0.69] and decreased to −3.26 [−2.17;
−2.8] on immersion (p < 0.001). Conversely, the SNS index varied to 5.570 [4.97; 6.62] at
13.5 [9.38; 19.72] (p = 0.02). The PNS index decreased on immersion (F = 35.83, p < 0.0001)
while the SNS increased (F = 23.74, p < 0.0001), as shown in Figure 4.
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Table 4. HRV parameters. Data were recorded at rest, in sitting position at baseline and 24 h
after last day dive. Dive measurements were recorded in immersion during the diving program
(n = 23). HR, heart rate; SDNN, standard deviation of normal-to-normal R waves; RMSSD, root mean
square of the successive difference; RR triangular index, R–R intervals, and integral of the density
of the R–R interval histogram divided by the maximum of its weight; VLF, very low-frequency; LF,
low frequency; HF, high frequency; SD1, beat-to-beat HR variability; SD2, global HR variability;
ShanEn, Shannon entropy; MSE, multi-scale entropy. p-value for the Friedman test. Dunn’s multiple
comparisons test is expressed versus dive with * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.
Differences versus baseline are expressed with † p < 0.05 and †† p < 0.01.

Baseline (Rest) Dive Post 24 h (Rest) p-Value

Time domain

Mean HR (bpm) 90 [65; 92] *** 118 [108; 135] 75 [74; 82] **** <0.0001

SDNN (ms) 54.6 [51.4; 95] 35.7 [28.2; 65.3] 53.9 [53; 81.8] 0.05

RMSSD (ms) 24.2 [20.3; 26.6] ** 6.1 [3.3; 9.1] 20.4 [19.8; 38.9] **** <0.0001

RR triangular index 14.47 [13.21; 18.25] * 9.71 [7.99; 15.12] 14.41 [11.07; 22.05] 0.02

Frequency domain

VLF (ms2) 1302 [947; 2683] 802 [467; 1908] 1843 [1780; 1932] 0.1

LF (ms2) 1259 [1000; 2445] **** 69 [28; 210] 775 [773; 2885] ** <0.0001

HF (ms2) 117 [92; 253] ** 10 [3; 50] 134 [97; 629] **** <0.0001

LF/HF ratio 11.35 [4.936; 13.68] * 5.764 [3.629; 9.095] 5.75 [4.585; 7.504] † 0.01

Non-linear results

SD1 (ms) 17.1 [14.4; 18.8] *** 4.3 [2.3; 6.4] 14.4 [14; 27.5] *** <0.0001

SD2 (ms) 74.8 [71.3; 133.2] 50.1 [39.8; 78.3) ] 74.9 [73.4; 112.4] 0.05

SD2/SD1 ratio 4.965 [3.976; 5.553] **** 12.59 [7.818; 18.04] 5.187 [4.087; 5.249] **** <0.0001

ShanEn 3.37 [2.946; 3.47] **** 4.238 [3.934; 4.553] 3.463 [3.102; 3.578] *** <0.0001

MSE min 0.758 [0.711; 0.892] 0.658 [0.447; 0.797] 1.044 [0.914; 1.124] ****, †† <0.0001

MSE max 2.787 [2.224; 2.902] **** 1.544 [1.358; 1.79] 2.485 [2.208; 2.65] *** <0.0001
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Figure 4. Autonomic nervous system (ANS) composite index measured by HRV. HRV parameters
were performed at rest, in sitting position at baseline and 24 h after last day dive. Dive measurements
were recorded in immersion during the diving program (n = 23). PNS, in parasympathetic nervous
system; SNS, sympathetic nervous system; SD, standard deviation of measurement to the normal
population average. Dunn’s multiple comparisons test is expressed versus dive with * p < 0.05,
*** p < 0.001 and **** p < 0.0001.
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5. Discussion

The present study depicts that lung aeration disorders are observed during repeated
CCR dives. However, these abnormalities, associated with a slight but significant SpO2
decrease, may be transient and not associated with lung spirometry modifications.

A long-term FVC increase has already been reported in the experienced diving commu-
nity, in relation to the chest muscular workload at depth. This change suggests a distension
of the alveoli wall that may cause narrowing of small airways [4]. It could explain the
moderate but not significant basal FEF 25–75 alteration observed in our study. However,
the absence of any significant spirometric alteration after such shallow dives is similar to
previous studies on CCR diving. There is a general consensus in pulmonary medicine and
anesthesiology that breathing oxygen at an oxygen partial pressure (PpO2) higher than
50 kPa causes acute pulmonary injury, which can result in atelectasis, interstitial oedema,
and inflammation [38]. In such diving conditions, there was no significant clinically rele-
vant impairment of clinical airway physiology. After breathing PpO2 at 140 kPa for 20 min
at 15 msw, an increase in oxidative stress urinary markers has been described but was not
considered sufficient to affect the spirometry [14]. The pulmonary function also remained
unchanged either after a prolonged 3- and 12 h exposure at 5 msw and 20 msw, respectively,
with a PpO2 of 150 kPa or after repeated dives (20 dives within 11 days) at an average
depth of 69 msw during 112 min with a PpO2 set at 130–140 kPa. It should be noted that
the recommended maximal repetition excursion oxygen exposure (REPEX) threshold was
approached in these studies [11,13,39]. In contrast, for deeper dives (90–120 msw) with
a duration of 2 or 3 h, we previously found a gradual FVC decrease from 109 to 73% of
the predicted value after a second dive, without returning to baseline between dives. No
alteration of pulmonary resistance was observed, which might suggest other physiological
mechanisms than hyperoxia. Considering all these arguments, one might consider that the
alteration of spirometry data seems more likely to result from the effects of prolonged and
deeper immersion at depth than from oxygen toxicity by itself [12].

A loss of lung aeration was observed after dives, as shown by the accumulation
of B-lines without the alteration of spirometry. B-lines are an index of extravascular
congestive lung fluid, which has been previously validated with high sensitivity and intra-
patient reliability, allowing good interrater consistency of pulmonary fluid assessment
using radiographic imaging [16,28]. Some authors have reported up to 75% of divers
showing extravascular lung water detected as B-line accumulation. Many factors seem to
be associated with asymptomatic changes in cardiovascular and pulmonary physiology
in diving, therefore linked to the development of extravascular lung water [40]. However,
B-lines are not specific, and their occurrence may also reflect any interstitial disorder or
ventilation impairment. Some studies indicate a good correlation between their number
and the intensity of damages [41]. An aeronautic study has shown that hyperoxia and
hypergravity are independent risk factors of pulmonary atelectasis formation in healthy
humans after a long arm centrifuge session. The increase in B-lines has been reported to
reflect the onset of hyperoxic atelectasis [42]. Our study does not enable us to distinguish
extravascular lung water or atelectasis contribution. It is interesting to note, while not
significant, that a higher LUS number was observed during the first two days. Dives
were shallower but the total immersion time and oxygen exposure were longer. Moreover,
helium mixed gases were used for the deepest following dives, thus inducing a lesser gas
density and a decrease in breathing workload. Two or three hours after surfacing from
a deep Trimix dive, the B-lines were already largely resolved, similar to what has been
reported by a previous Croatian study with similar dives [8]. Our results suggested that
most of the pulmonary changes including loss of aeration lasted only for a short time after
dives with a return to baseline 24 h post-dive.

A reduction in pulmonary diffusing capacity was shown only after a wet shallow
oxygen dive as compared to a dry similar dive that suggested the implication of car-
diopulmonary changes in immersion [11]. This impairment was inconsistent and was not
correlated with the presence of B-lines [8]. In our study, SpO2 slightly decreased after dives
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but remained within physiological values considered to be normal [43]. This oxygenation
decrease may be related to the lung aeration loss and a potential alteration of alveolo-
capillary gas exchange, even though it persists while LUS values have decreased and/or
returned to baseline values. Atelectasis could lead to a pulmonary ventilation/perfusion
mismatch and shunt opening [42]. Although non-pathological, this may interfere with gas
elimination and decompression. Similar results were found after CCR dives at 10 msw [5]
but not after deep dives despite spirometric alteration [12]. This SpO2 decrease might be
compensated by a prolonged high PpO2 up to 150 kPa during long decompression stop
after deep dives. Several artefacts can interfere with SpO2 monitoring. However, data were
always recorded after rewarming, in dry conditions, and after hydration in order to reduce
these methodological artefacts [43].

It is well known that immersion induces hyperdiuresis, which in turn alters the
hydration status with a loss of body weight of up to 3% and a potential impact on the
cardio-pulmonary system [12,44]. Conversely, our results showed an increase in body
water after diving. Considering that dehydration plays a role in decompression stress and
that water intake could provide a decrease in the risk of decompression sickness (DCS),
no specific instruction was given to fluid management for the team [45,46]. Technical
divers were aware of this problem, and they probably rehydrated themself effectively
during hours prior to measurements. There is no direct evidence within the literature
that immersion pulmonary oedema is related to hydration in healthy divers [47,48]. In
our study, there is no clear evidence that the observed state of hyperhydration could have
contributed to lung ultrasound abnormalities.

HRV monitoring during scuba diving is only available from a limited number of studies,
and CCR diving seems to induce a different HRV response than OC diving [22,49]. Immersion
stimulates both the PNS and SNS branches. A predominant PNS is usually observed during
descent and bottom stay, in accordance with human diving responses [49]. After emersion
and continuation of atmospheric air breathing, the SNS takes over the PNS. A PNS tone
increase in dive, related to dive length and depth, has been demonstrated [50]. Nitrox
diving seems to induce a higher PNS activation [51] but also to be the principal dynamic
component of SNS [50]. Short-term HRV is in fact influenced by many other factors,
including PNS/SNS balance, as well as respiration via the respiratory sinus arrhythmia,
heart and vascular tone via baroreceptor and cardiac stretch receptor activity, the central
nervous system (CNS), the endocrine system, and chemoreceptors [21]. The PNS activity is
a major contributor to the HF component (which reflects the power of vagally modulated
respiratory sinus arrhythmia) [19]. Non-linear analysis revealed complexity in heart-rate
patterns, which could not be perceived from time–domain [52]. Compared to OC diving,
no variation in HF power or SDNN at depth was found in CCR diving, while the non-linear
analysis increased. This suggests a lower PNS dynamic and variability in CCR dives [22].
In CCR cold diving (2 to 4 ◦C), the PNS index significatively decreased at submersion
and increased gradually throughout the dive. At the same time, the SNS index sharply
increased during immersion and then slowly declined back to the pre-dive rest levels [21].
Our results demonstrate a similar PNS dynamic. However, the SNS index appeared mostly
predominant while global HRV activity and PNS decreased, which is contradictory to
previous observations during OC diving. The SNS activity can be stimulated by many
factors including physical activity or psychologically stressful situations [53]. The divers
wore heavy equipment and were not necessarily previously familiar with the diving
conditions that they experienced in this dynamic. Our HRV analysis has some limitations
as we were only able to record 23 measurements due to interference between the heating
system and the sensor. Moreover, the dive profiles varied over time, and we are not able to
compare the responses at these different depths.
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6. Limitations

The findings of this study have to be viewed with caution due to the small number
of subjects and lack of daily pre-dive measurements due to logistical constraints. All
measurements are compared to the first-day dive baseline, which reduces the accuracy
in the assessment of physiological variations throughout the program. That may have
particularly affected our impedancemetry analyses. In addition, the lack of monitoring
fluid intake makes the interpretation difficult.

The mandatory boat travel-back time led to many hours of delay before measurements.
Thus, we are aware of the risk of missing potential transient changes in the measured pa-
rameters. Our study was not conducted in controlled laboratory-like conditions. Essential
parameters that could interfere with our results such as temperature, visibility, current,
depth, or dive duration could not be controlled. Unfortunately, due to the small number of
dives, the effect of the dive profile and breathing mixture cannot be evaluated.

7. Conclusions

The present observation represents the first original data regarding the pulmonary
effects of repetitive CCR dives, combining spirometry, oxygenation evaluation and lung
ultrasound imaging. Despite no detectable change in pulmonary function, we observed
a significative loss of lung aeration. The impact of these impairments is unknown but
should be taken into account, especially when considering long and repetitive dives.
The marked changes that were also observed in autonomic cardiac activity highlight the
important physiological and environmental constraints in CCR diving. All cardiac and
pulmonary function changes were, however, transient, without the negative effect of dive
repetition, and returned to baseline within 24 h after the last dive. Further research on this
topic is encouraged to gain better knowledge about cardiopulmonary constraints during
CCR diving.
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Abbreviations

ANOVA analysis of variance MSE multi-scale entropy
ANS autonomic nervous system msw meters of sea water
CCR closed-circuit rebreather OC open circuit
DCS decompression sickness PEF peak expiratory flow
ECW extracellular body water PNS parasympathetic nervous system
FEF forced expiratory flow PpO2 oxygen partial pressure
FEV1 forced expiratory volume RMSSD root mean square of the successive difference

in one second
FVC forced vital capacity SDNN standard deviation of normal-to-normal

R waves
HF high frequency ShanEn Shannon entropy
HR heart rate SNS sympathetic nervous system
HRV heart-rate variability SpO2 pulse oxygen saturation
ICW intracellular body water TBW total body water
LF low frequency VLF very low frequency
LUS lung ultrasound score
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Abstract: Background and Objectives: Saturation diving is a technique used in commercial diving.
Decompression sickness (DCS) was the main concern of saturation safety, but procedures have
evolved over the last 50 years and DCS has become a rare event. New needs have evolved to evaluate
the diving and decompression stress to improve the flexibility of the operations (minimum interval
between dives, optimal oxygen levels, etc.). We monitored this stress in saturation divers during
actual operations. Materials and Methods: The monitoring included the detection of vascular gas
emboli (VGE) and the changes in the vascular function measured by flow mediated dilatation (FMD)
after final decompression to surface. Monitoring was performed onboard a diving support vessel
operating in the North Sea at typical storage depths of 120 and 136 msw. A total of 49 divers signed
an informed consent form and participated to the study. Data were collected on divers at surface,
before the saturation and during the 9 h following the end of the final decompression. Results:
VGE were detected in three divers at very low levels (insignificant), confirming the improvements
achieved on saturation decompression procedures. As expected, the FMD showed an impairment of
vascular function immediately at the end of the saturation in all divers but the divers fully recovered
from these vascular changes in the next 9 following hours, regardless of the initial decompression
starting depth. Conclusion: These changes suggest an oxidative/inflammatory dimension to the
diving/decompression stress during saturation that will require further monitoring investigations
even if the vascular impairement is found to recover fast.

Keywords: flow-mediated dilation; FMD; decompression; arterial stiffness; endothelial dysfunction;
underwater; hyperbaric; commercial diver; off-shore energy operation; human

1. Introduction

Saturation diving is a standard technique of divers’ intervention in the North Sea
because of its depth (average 100 to 150 msw). Saturation is conducted from large diving
support vessel that employs around 80 divers in multiple rotations during a working
season. The contractors have developed saturation procedures empirically over the last
40 years and reached a mature level of technology and safety. On the other hand, the need
for evaluating the diving and decompression stress to improve flexibility of the operations
(minimum interval between dives, optimal oxygen levels, etc.) arose.

An increasing number of research reports have been published to document proce-
dures, diver’s subjective evaluations [1], hematological changes [2], high pressure nervous
syndrome [3], divers hydration status [4] or oxidative stress [5]. Saturation permits divers
to live under pressure in chambers onboard of a vessel and to be deployed directly to
the seabed by a diving bell. Historically, commercial saturation diving was developed
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during the 1970s for the North Sea oil platform installations. At the time, the concern
was decompression sickness (DCS) that was associated with bubbles in the divers’ blood.
During these “early days” when diving in such a harsh environment was not as safe, and
still difficult today, alarming reports were available:

“Records show that since 1966 seventy-seven diving personnel tragically have lost their
lives in the quest for, depending on your perspective “Black Gold” or “Devil’s excrement”
in the North Sea Basin. By nationality: 53 British/Commonwealth subjects, 9 American,
7 Norwegian, 4 Dutch, 3 French, and 1 Italian. Prior to 1971/1974, applicable laws &
regulations (if any) required no accurate fatal accident statistics. One can conclude that
the actual combined number of deaths is higher. However, it is known that several divers
received severe injuries from which they never recovered.”

(https://the-norwegian.com/north-sea-diving-fatalities (accessed on 20 Septem-
ber 2022))

Fifty years later, saturation procedures have improved a lot and decompression sick-
ness has become a rare event. Official safety records published in Norway on the Website of
the PSA (Petroleum safety Authority) indicate an incidence of less than one case per 2000 ex-
posure over the last 10 years (https://www.ptil.no/en/technical-competence/explore-
technical-subjects (accessed on 20 September 2022)). As a result, the diving companies have
the duty to evaluate the performances of their procedures such as the minimal permitted
interval between two saturations. This minimum interval has been arbitrarily defined for a
long time by industry guidelines or diving regulations but the divers’ recovery between sat-
urations has never been studied scientifically. This recovery period remains important for
companies to optimize their crew changes and divers to manage their professional career.

Saturation diving is obviously associated with multiple stressors that may be organized
along three dimensions for simplicity. The first dimension is characterized by the diving
work and includes stresses such as the physical, mental, or thermal.

The second dimension is associated with the vascular gas emboli (VGE) produced
during decompression. Although there is no clear relation between the number of VGE
measured and the risk of DCS, it is recognized that the smaller the number of VGE detected,
the safer is the decompression [6]. The number of circulating VGE was therefore taken as
the principal measurement of the decompression stress.

The third dimension covers several biological processes recently identified in the
literature [7]. New insight demonstrate that bubbles tear the vessel inner layer away and
create microparticles of endothelial debris when detaching from the endothelium dur-
ing decompression [8–10]. Bubbles and oxygen partial pressure increase trigger defense
mechanisms like platelets and neutrophil activation that will also elicit some micropar-
ticles [11,12]. In this study, the vascular function assessed by means of Flow Mediated
Dilation (FMD) was considered as the third dimension representing the oxidative and or
inflammatory stress [10,13,14].

The objective of the study was to define a monitoring package and use it on board a
vessel to monitor saturation divers at surface, before the saturation and after exiting satura-
tion (after decompression), in order to evaluate their recovery during the 9 h following the
end of their final decompression.

2. Methods
2.1. Worksites

A leading diving company provided access to one of their diving support vessels
(DSV) operating in the North Sea for this study. Two monitoring sessions were conducted
onboard the DSV Deep Arctic (The vessel DEEP ARCTIC is an Offshore Support Vessel
built in 2009 with particulars of Gross Tonnage 18,640 t; Summer Deadweight 13,000 t;
Length Overall 157 m; Beam 31 m.) in April and October 2016, during two different projects,
one in the Norwegian sector at 121 m of sea water (msw) and the other in the UK sector at
155 msw working depth. The two projects, performed on the same vessel, corresponded
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to a well intervention on the seabed; the divers used the same breathing gasses, the same
diving equipment and performed the same tasks (see Figure 1).
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Figure 1. A typical saturation worksite. The divers are deployed from the diving support vessel
inside a diving bell. Once on site, the bell’s door opens, and the divers lock out in the water using an
umbilical attached to the bell to breathe and being supplied with hot water in their suit for thermal
comfort. The working depth corresponds to the maximum depth reached by the divers. The working
depth defines the chamber storage depth from excursion tables prepared in the company diving
manual. The bell depth is usually set at 5 msw deeper than the storage depth to clear from subsea
structures when opened. The “storage” and the “bell” are almost at the same pressure allowing for
getting back to storage after work without decompression needed. The excursion of the diver out of
the diving bell is limited to some meters not to add additional decompression time. The breathing
gas is Heliox (Helium-Oxygen) to limit the density of the breathed gas (significant at such pressures)
to reduce the work of breathing as well as Oxygen toxicity and Nitrogen narcosis.

2.2. Saturation Procedures

The two projects were conducted with saturations according to the Company proce-
dures defined in their diving manuals. However, specific requirements are defined in the
Norwegian diving regulations that introduced slight variations.

The chambers were initially compressed to 10 msw in 10 min for a 20 min leaks check.
Compression then proceeded to the “storage” depth at 1 msw/min.

The chamber PO2 at storage depth was controlled at 40 hPa. The storage depth was
selected from the working depth using the standard excursion tables (110 msw storage
depth for 121 msw working depth in the Norwegian sector, 136 msw storage depth for
155 msw working depth in the UK sector). During the bottom phase, divers performed one
bell dive of 8 h per day but may sometime skip a dive due to weather conditions or vessel
transit. During the dives, the divers’ breathing mixture was Heliox with a PO2 ranging
from 60 to 80 hPa.

The final decompression can only start after an 8 h period following the last excur-
sion dive.

The decompression is performed in two phases. It starts with constant chamber PO2
(50 hPa in the UK, 48 hPa in Norway) until 15 msw and finishes with a chamber oxygen
percentage maintained between 23.1 and 23% to limit the fire hazard and optimize inert
gas exhalation.
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Despite the difference between sectors, the total decompression durations were very
similar (5 days 5 h in the UK sector and 5 days 11 h in the Norwegian sector, a difference of
less than 3%).

The divers were organized in three men teams (two divers and the bellman). Teams
worked in shifts (12:00 p.m. to midnight and midnight to 12:00 p.m.). Each team was
involved in one bell excursion dive per day during their shift. The divers’ in-water time
was limited to 6 h with a mandatory break at mid-excursion.

2.3. Participant Eligibility and Enrollment

The study group consisted of volunteer, male, certified commercial saturation divers.
These divers were declared fit for the saturation by the vessel hyperbaric nurse after a
mandatory pre-dive medical examination.

All experimental procedures were conducted in accordance with the Declaration of
Helsinki [8] and were approved by the Academic Ethical Committee of Brussels (B200-2009-
039). The methods and potential risks were explained in detail to the participants. Each
subject gave written informed consent before participation.

A total of 49 divers accepted to participate to the study.
The group anthropometric parameters were obtained after a confidential interview in

the vessel hospital. (See Table 1).

Table 1. Participants anthropometric parameters (n = 49).

Mean ± SD

Age 45.7 ± 7.32
Height 180.4 ± 7.2 cm
Weight 86.4 ± 11.5 kg

BMI 26.5 ± 2.4

As expected from saturation divers, all were very experienced divers with a long
diving career. (See Table 2).

Table 2. Participants diving experience (commercial experience includes Saturation experience).

Mean ± SD

Experience as a commercial air diver 21.3 ± 8.3 years
Experience as a saturation diver 14.7 ± 8.1 years

Part of the group freely took of antioxidant supplements (commercially available
products containing as vitamin C, D, or E) before and during the saturation. (See Table 3).

Table 3. Group antioxidant supplement intake (free administration).

Antioxidant Supplements Yes No Sometimes

During normal surface life 58% 38% 4%
During saturation 59% 29% 12%

Saturation divers generally spend a lot of time maintaining a high level of physical
fitness and are involved in all sorts of sports. Every diver in the group except one had a
daily or at least weekly physical activity when at home. (See Table 4).
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Table 4. Participants’ usual physical activities.

Type of Physical Activity Percentage

Outdoor, intense like running, surfing, cycling, climbing, biking, kitesurf 72.9%
Outdoor, moderate like golf, hiking 6.8%
Indoor, intense: swimming, hockey, boxing, gym 13.6%
Moderate, or no sport 5%
Unclassified (i.e., working as a farmer) 1.7%

The participants were divided as follows: 37 divers in saturation in the Norwegian
project (75%) and 12 divers in saturation in the UK project (25%). The saturation duration
depended on the sector regulations. It is 14 days maximum bottom time in Norway and
28 days total saturation time in the UK. The mean saturation duration was 19.70 ± 6.5 days
(minimum 10 days, maximum 28 days) (see Figure 2).
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bell dives, decompression) and associated PO2 profile.

2.4. Organizational Constraints

The voluntary divers were first involved in the study in the few hours after arriving
onboard, after their pre-saturation medical examination, just before entering the saturation
chambers. Baseline (control) measurements (FMD and Questionnaires) were recorded.
The group of divers were then monitored during the next 12 h following the end of the
decompression to surface.

The questionnaires and measurements were run in the vessel hospital room that
warranted confidentiality.

It is admitted that after the decompression, due to operational constraints, it was
difficult to “catch” the divers at regular times and some subjects (30%) only performed one
or two sessions of the four initially planned (see Figure 3).
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2.5. Data Acquisition
2.5.1. Flow-Mediated Dilation (FMD)

FMD, an established measure of the endothelium-dependent vasodilation mediated
by nitric oxide (NO) [15], was used to assess the effect of diving on main conduit arteries.
Subjects were at rest for 15-min in a supine position before the measurements were taken.
Brachial artery diameter was measured by means of a 5.0–10.0 MHz linear transducer
M-Turbo portable echocardiograph (Sonosite M-Turbo, FUJIFILM Sonosite Inc., Amster-
dam, The Netherlands) immediately before and 1-min after a 5-min ischemia (induced by
inflating a sphygmomanometer cuff placed on the forearm to 180 mmHg as previously de-
scribed [16].

All ultrasound assessments were performed by an experienced operator, with more than
100 scans/year, which is recommended to maintain competency with the FMD method [17].

When the images were chosen for analysis, the boundaries for diameter measurement
were identified manually with an electronic caliper (provided by the ultrasonography
proprietary software) in a threefold repetition pattern to calculate the mean value. In our
laboratory, the mean intra observer variability for FMD measurement for the operator
recorded the same day, on the same site and on the same subject was 1.2 ± 0.2%.

FMD were calculated as the percent increase in arterial diameter from the resting state
to maximal dilation.
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2.5.2. Post Saturation Diving Decompression Vascular Gas Emboli (VGE)

The echocardiographic VGE signals over the 1 min recording were evaluated by frame-
based bubble counting as described by Germonpré et al. [18], but also scored according to
the Eftedal-Brubakk categorical score [19].

Echocardiography was performed with a M-Turbo portable echocardiograph (Sonosite
M-Turbo, FUJIFILM Sonosite Inc, Amsterdam, The Netherlands) used in a medical clinic
included in the vessel while the patient was comfortably lying in a medical bed (Left Lateral
Decubitus); four chamber view echocardiography loops were recorded on hard disk for
offline analysis by three blinded evaluators. VGE numbers were counted at 30 min and
60 min post saturation decompression.

Evaluation of decompression stress and of the potential benefit of preventive measures
has been done historically based on the presence or absence of clinical symptoms of DCS.
However, for obvious ethical reasons, this is not acceptable in the field of recreational or
professional diving [20]. Although imperfect, it is now accepted that research projects
can use VGE data as a surrogate endpoint [6,21]. Different methods of detection of VGE
are possible, such as Doppler ultrasonic bubble detectors or 2D cardiac echography [22].
During field studies, bubbles are usually detected in the right atrium, ventricle (right heart),
and pulmonary artery. Then, the amount of detected VGE is graded according to different
systems, either, categorical [19], semi-quantitatively [18] or continuous [21,22].

3. Statistical Analysis

The normality of data was performed by means of Shapiro–Wilk or D’Agostino-
Pearson tests.

When a Gaussian distribution was assumed, and when comparisons were limited to
two samples, paired or non-paired t-test were applied. If the Gaussian distribution was
not assumed, the analysis was performed by means of a non-parametric Mann-Whitney U
test or, a Wilcoxon paired test. Taking the baseline measures as 100%, percentage changes
were calculated for each diver, allowing for an appreciation of the magnitude of change
rather than the absolute values (one sample t-test). All statistical tests were performed
using a standard computer statistical package, GraphPad Prism version 5.00 for Windows
(GraphPad Software, San Diego, CA, USA).

A threshold of p < 0.05 was considered statistically significant. All data are presented
as mean ± standard deviation (SD).

Sample size was calculated setting the power of the study at 95%, and assuming
that variables associated with diving would have been affected to a similar extent as that
observed in our previous studies [16–18] our sample reached 99%.

The linear regression line was performed using the least squares method and the
lateral bands represented are in the 95% predictivity range.

4. Results
4.1. Vascular Gas Emboli

A very low number of bubbles were found in the participants after their decompression
during their “bend-watch” period (the first 9 h).

Among all divers (n = 49), only three showed circulating gas emboli according to the
EB scale that represented 0.2 ± 0.05 (mean ± SD) bubbles per heartbeat, which represents
less than grade 1 on the EB grading scale in three divers. This is extremely low and doesn’t
allow statistical analysis. To allow the reader to compare with other diving situations this
grading is 10 times lower than an average number of bubbles after a simple dive of 25 min
at 25 m considered within safety limits [23].

4.2. Flow Mediated Dilation

FMD comparison between pre/post dive situation and control values is shown in
Figure 4. Flow Mediated Dilation is calculated as the percentage increase of arterial diameter
after an occlusion period (5 min); this post occlusion dilation was normal in our divers in
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pre-dive situations (107.15 ± 6.6%). After vascular occlusion, the dilation provoked by the
imposed shear stress was around 7–10%. Taking the individual FMD of each diver as the
baseline, the percentual mean reduction reaches 94.7 ± 0.9 % (p < 0.0001) during the first
two hours after decompression and quickly recovers reaching 98.75 ± 0.91 (p < 0.0001) in
the last two hours (6–8 h after decompression) (see Figure 4).
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(n = 29) (7–9 h) after saturation decompression (**** = p < 0.0001) (One sample t-test). (FMD Changes
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Our data suggest that total vascular function recovery has not yet reached 8 h after the
end of decompression. We then computed a best fit equation to extrapolate the time needed
to achieve recovery. The linear regression line and the equation are shown in Figure 5.
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5. Discussion

Few scientific studies have been performed in real commercial saturation conditions
during the last ten years. These studies are difficult because of the offshore constraints and
project planning that do not allow much time for scientific testin—not to mention the cost of
accommodating the scientific team onboard. Available studies are related to the subjective
evaluation of saturation operations by the divers themselves [1]. More advanced studies
such as evolution of plasma or blood derived measurements have been conducted [2,24].
Given the difficulties to achieve blood sampling, other studies are conducted based on
salivary, urine, epithelial, or other minimally invasive sampling techniques [24–27].

Our goal in this experiment was to document vascular recovery post saturation diving
(after decompression). Vascular gas emboli are probably involved in the post dive reduction
of FMD. Nevertheless, the available literature refrains us to draw a direct link between
FMD reduction and VGE, since micro and macro vascularization react differently [28], and
different preconditioning procedures before diving have specific actions independently on
FMD and VGE, while others interfere with both [29].

In a recent experiment, a similar reduction in FMD was found in a setting excluding
bubble formation, but a significant change in FMD was demonstrated depending on the
oxygen partial pressure of the breathed gas [30].

Moreover, in this experimental setting, we only saw minimal levels of bubbles allowing
for neglecting this stressor in such saturation decompression procedures. Decompression
bubbles are very likely not to be found post decompression after saturation diving. Further
investigations are needed to monitor bubbles production after excursions while being in
saturation or during the decompression phase.

A nitric oxide (NO) mediated change in the surface properties of the vascular endothe-
lium favoring the elimination of gas micronuclei has previously been suggested to explain
this protection against bubble formation [31]. It was shown that NO synthase activity
increases following 45 min of exercise, and, if done before a dive, it reduces VGE [32]. In
saturation, although work can be considered as an exercise, it should be considered that
the divers are otherwise sedentary.

It appears that FMD seems more linked to oxygen partial pressure changes during
diving, whereas VGE are more depending on preexisting gas micronuclei population [33,34]
in the tissues and vascular system and coping with inflammatory responses [29,35].

FMD is a marker of endothelial function and is reduced in the brachial artery of
healthy divers after single or repetitive dives [29,35]. This effect does not seem to be
related to the amount of VGE and was partially reversed by acute and long-term pre-dive
supplementation of antioxidants, implicating oxidative stress as an important contributor
to post-dive endothelial dysfunction [36,37].

Decreased nitroglycerin-mediated dilation after diving highlights dysfunction in vas-
cular smooth-muscle cells as possible etiology of those results [37].

Very recent data show that the FMD reduction encountered after a single dive without
the presence of VGE, is comparable to the reduction found with the presence of VGE [30].

The divers that volunteered in our saturation experiment were taking some antioxidant
“medication” (see Table 3) as a protective measure, the trend of our data doesn’t show
a clear inflexion for some participants that could be explained by antioxidants intake,
although 60% of the divers declared doing so.

A recent manuscript [25] shows very interesting results allowing for following the
oxidative defenses status post saturation. Although the depth and duration differ from our
setting, the recovery time for NOx is around 24 h.

Our data are in tune with the NOx returning to baseline, since FMD is closely related to
the availability of nitric oxide (NO), and we can see from our results that FMD almost fully
recovers after 8 h. If we apply the formula extracted from our data the mean time needed to
reach 100% recovery would be around 540 min (9 h) and in the least predictive range (−95%)
around 600 min (10 h) would be needed to fully recover, which is confirmed by Mrakic-
Sposta et al. (2020) results. In fact, their results show that 24 h post saturation, the ROS
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(Reactive Oxygen Species) are still significantly higher than baseline, but concomitantly
TAC (Total Antioxidant Capacity) is also still high. From our results we can consider that
the vascular dysfunction has already recovered and that the balance between antioxydants
and prooxydants is clearly efficient and therefore fostering recovery. Another parameter
measured by Mrakic-Sposta et al. [25] was IL-6 (Interleukin-6), this citokine reflects pro/anti-
inflammatory response, and was increased during saturation but it was not significantly
different than baseline 24 h post saturation.

6. Limitations

Strengths:

- This study builds on established modern methods of evaluation of decompression
stress including vascular function and current theories of VGE generation.

- As there is possible large inter-individual variation for VGE and FMD effects after
diving, the subjects served as their own controls.

- The measured effects are consistent with the theoretical rationale and do not require
complicated new hypotheses.

- The equipment used for these experiments is readily available and reliable, inviting
other research groups to repeat the study.

- The study was performed in real operational activities.
- A large number of divers volunteered for the study (never a saturation diving study

addressed so many participants).

Weaknesses:

- The subjects were not homogenous or necessarily similar in body composition (age,
weight, fat/lean mass distribution, sex).

- Operational constraints sometimes altered the planning of the measurements.
- Gender balance was impossible to reach.

7. Conclusions

This monitoring session has no equivalent in the commercial diving industry because
of its duration (6 month), conditions (a working diving support vessel) and the large
number of divers who volunteered for the study. It was the first time that the possibility for
assessing onsite the vascular function of divers was offered during actual saturation diving
operations. The study not only confirmed the role of inflammation and oxidative stress in
saturation diving but it also permitted to obtain an estimation of the recovery time needed.

The lessons learnt from this experiment were that (1) scientific studies are possible even
on a diving support vessel during operations under extreme environmental conditions.
(2) Both national safety rules seem to provide health of the divers. (3) The equipment
selected for the study was too heavy to be easily mobilized, and it could only work at
ambient pressure and required a specific expertise. The future monitoring sessions, if any,
should aim at using simpler equipment, which could be operated by the divers themselves
inside the chamber, under pressure. Future experiments should include pressure resistance
bubble measuring devices such as the O’Dive system tool to ascertain a minimal bubble
number in the sub-clavian vein during excursion dives and during decompression [38].
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NO Nitric Oxide
TAC Total Antioxidant Capacity
FMD Flow-Mediated Dilation
HR Heart Rate
ROS Reactive Oxygen Species
NOx Nitric Oxide Metabolites
NO Nitric Oxide
DSV Diving Support Vessel
EB Eftedal – Brubakk Score
hPa Hecto-Pascal
msw Meters of sea water
VGE Vascular Gas Emboli
IL-6 Interleukin-6
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