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Background: The present study was designed to observe if different decompression profiles,
calculated as a function of tissue supersaturation during ascent, would result in significantly
different outcomes, measured through different physiological stress indicators, even in the absence
of symptoms of decompression sickness.

Aim: The aim of this study was to evaluate if simulated decompression profiles would affect the
immune system, oxidative stress indicators, and heart rate variability.

Methods: A total of 23 volunteers participated in two different experimental protocols in a dry
hyperbaric chamber. These simulated dives comprised two different compression—decompression
arrangements with the same maximum pressure and duration but different decompression profiles.
Results: The shallow decompression profile with shorter deeper stops and longer shallow stops
presented an increase in the standard deviation of the normal-to-normal R-R interval (a wide
indicator of overall variability); the deep decompression profile with longer deeper stops and shorter
shallow stops did not exhibit such increase. The shallow decompression profile resulted in an
increase in neutrophil count and its microparticles (MPs), but no changes were observed for platelet
count and its MPs, as well as for endothelial-derived MPs. In contrast, the deep decompression
profile resulted in no changes in neutrophil count and its MPs, but a decrease in platelet count along
with an increase in MPs from both platelets and endothelial cells. The observed difference might
be related to different levels of decompression-related activation of immune system responses and
oxidative processes triggered by different levels of inert gas supersaturation upon surfacing.
Conclusion: From previous results and literature data, we present a tentative schematic of how
the velocity of ascent would trigger (or not) pro-inflammatory and immune system responses that
could ultimately lead to the development of decompression sickness.

Relevance for patients: Increasing safety in exposure to hyperbaric environments and subsequent
decompression by evaluating individual physiological responses to the process.

1. Introduction

Exposure to hyperbaric environments and subsequent decompression has been
associated with many physiological alterations, which may culminate in decompression
sickness. This condition can manifest itself through a variety of symptoms [1], ranging
from joint and/or musculoskeletal pain [2], to cardiovascular and neurological impairment
and, ultimately, death. Historically, studies related to decompression have adopted a
binary approach in regard to decompression sickness [3], separating symptomatic and
asymptomatic events. There is, however, a huge spectrum of possible physiological
alterations between these two extremes, to which probabilities of decompression sickness
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occurrence are likely to be associated, based on individual
responses.

The present study was designed to observe if different
decompression techniques would result in significantly different
outcomes, measured through different physiological stress
indicators, even in the absence of decompression sickness
symptoms. For decades, there has been an ongoing debate about
how ambient pressure reduction should be conducted in non-
saturation dives [4], i.e., whether the reduction of the ambient
pressure should start earlier or later in the decompression phase.
Dissolved gas models, based on John S. Haldane’s tables [1]
and later developed by many others, were, over time, partially
replaced by decompression algorithms based on the control
of bubble formation and growth, including, among others, the
varying permeability model developed by Yount [5], causing
the speed in ambient pressure reduction, to start earlier in the
decompression phase of the dive, i.e., requiring divers to start
decompression stops deeper in the water column.

Given the low overall incidence of decompression sickness,
there are little scientific data available to support or reject any
decompression algorithm. However, there is a widespread
belief that including deeper stops in decompression schedules
reduces the physiological stress during ascent and the risk of
decompression sickness. Conversely, some studies suggest that
slower ascents are related to higher counts of bubbles upon
surfacing [6]. Nevertheless, whether these counts translate
to a higher probability of decompression sickness remains
debated [7]. In one of the largest studies comparing the
incidence of decompression sickness in bubble-based models
versus dissolved gas-based models (derived from Haldane’s
work), the United States Navy Experimental Diving Unit [4]
concluded that decompression schedules with deep stops had
a higher incidence of decompression sickness than those with
shallower decompression stops.

These findings could be attributed to the different
supersaturation observed in the tissues with slower gas kinetics
upon surfacing [4]. During deeper decompression stops, these
tissues are not yet saturated and continue to absorb gas from
the blood [8]. This opposes the purposes of these stops and may
aggravate the stress caused by decompression [4].

Besides the well-documented appearance of bubbles,
activationoftheimmunesystemand small particle (microparticles
[MPs] or microvesicles) formation have been suggested to play
an important role in decompression sickness [9-11]. Hence,
decompression sickness is not merely a physical or mechanical
problem, but instead the result of a complex biochemical
process. MPs, shed by different cells in a regulated manner
and carrying various nuclear components of their originating
cells, such as RNA and DNA, are involved in cell signaling
and communication [12]. Different studies have identified
them as markers of inflammatory diseases [12], and variations
in their levels and their cells of origin have been linked to a
range of diseases and inflammatory processes [13,14]. During
decompression, or probably even earlier, immune system
activation and oxidative stress occur. A recent study found that
exposure to high-pressure environments, even in the absence

of decompression, is sufficient to increase the production
of MPs carrying interleukin-1f [15], a cytokine involved in
inflammatory responses. The mechanism behind MP formation
has been linked to high inert gas pressure, which induces singlet
oxygen formation. This toxic free radical is generated through
a cycle involving actin S-nitrosylation, nitric oxide (NO)
synthase-2, and nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase activation [16]. NADPH oxidase, activated
by neutrophils, generates reactive oxygen species (ROS)
through its heme enzyme, myeloperoxidase (MPO) [17]. ROS
production by activated granulocytes and potentially by other
cells is part of an orchestrated physiological first response of the
immune system to potential aggressors. Therefore, it is expected
that higher expressions of MPO are linked to the generation of
ROS, leading to MP production.

Another expected physiological alteration related to
decompression is heart rate variability (HRV). Recently published
studies reported changes in HRV after exposure to hyperbaric
environments [18,19]. HRV is defined as the undirected changes
in the interval between successive normal-to-normal heartbeats
(triggered by the sinus node, excluding extrasystoles) [20],
which results from the balanced action of the sympathetic and
the parasympathetic branches of the autonomic nervous system
(ANS) [20] as well as other non-neural sources of variation.

HRV is commonly studied in the time and frequency
domains, and occasionally through the application of non-linear
methods [20]. Different HRV indicators have been associated
with sympathetic or parasympathetic activity. For many
years, it was believed that the low frequency (LF) bandwidth
of the HRV spectrogram (a frequency domain indicator) was
associated with sympathetic activity, while the high frequency
(HF) band was related to the parasympathetic branch of the
ANS [20]. In reality, the association between a given bandwidth
and one specific branch of the ANS is not so well-defined, and
there are probably other factors contributing to the process.
HF 1is highly impacted by respiratory pattern [20], with a
response time akin to the parasympathetic response time of the
sinoatrial node. The LF band is associated with blood pressure
control loops, supporting an association with sympathetic
activity [20]. However, experimental evidence indicates that
both branches of the ANS play a role in both LF and HF power.
A reduction in HRV has been reported in several cardiological
and non-cardiological diseases, ranging from diabetes to
renal failure [21]. A reduction in HRV, when analyzed in the
frequency domain, has also been associated with inflammatory
processes in multiple studies [21,22].

Given the clear role of inflammatory processes and immune
responses in compression and subsequent decompression
processes, studying HRV in this context could provide
important insights into the underlying physiological processes
and potential outcomes of hyperbaric exposure. As different
decompression protocols alter the dynamics of gas absorption
and release by tissues and, consequently, the physiological
stress sustained by divers, we hypothesized that profiles with
deep stops and those with shallow stops would result in distinct
changes in HRV.
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2. Methods
2.1. Study participants

The present study was undertaken in healthy individuals,
all trained divers, experienced in the experimental profiles
utilized. The volunteers provided written informed consent. The
ethical committee of the Biosciences Institute of the University
of Sao Paulo approved the experimental protocol (CAAE
#91231618.6.0000.5464), and all experiments were performed
in accordance with relevant guidelines and regulations.

Briefly, a total of 23 male divers participated in this study.
Female volunteers were not accepted to avoid the potential
effects of neurovegetative changes due to the menstrual
cycle [23]. Two volunteers participated in only one experiment
and were released from the second due to medical conditions not
related to diving. No decompression sickness symptoms were
observed during the experimental dives. Table 1 summarizes the
anthropometric data of the study population.

2.2. Simulated dives

Experiments involving exposure compression and subsequent
decompression were conducted at the Centro Hiperbarico
Paulista (Sao Paulo Hyperbaric Center), Indaiatuba, Sao Paulo,
Brazil, under the supervision of a trained physician. Each
volunteer underwent two different trials, each one with the same
maximum depth and bottom time. Decompression schedules
were created to simulate different decompression profiles with
similar total decompression times. Each trial was performed in
the morning, at the same time of the day. Divers were requested
to rest for at least 30 min before the start of the experiment,
and the interval between the experiments was at least 7 days
for each volunteer to minimize any carry-over effect [24]. The
experiments executed were performed using electronically
controlled closed-circuit rebreathers.

2.3. Simulated dive profiles

The diluent gas mix consisted of 18% oxygen, 45% helium, and
37% nitrogen. Rebreathers were set to keep the oxygen pressure at
121 kPa (1.2 ATA; total pressure: Gauge plus 0.93 atm of surface
pressure) throughout the dive, raising the oxygen pressure to 141
kPa (1.4 ATA) at 162 kPa (6 meters of seawater [msw]). The bottom
pressure was 638 kPa (53 msw) and the time required to reach this
pressure was 20 min. The divers were kept at the simulated bottom
for an additional 15 min. Subjects were decompressed at a rate of 9
msw/min until the first decompression stop was reached. The dive
profiles are detailed in Table 2.

2.4. Electrocardiographic (ECG) data

ECG records were obtained using superficial electrodes
in a modified CM5 thoracic positioning. Data were collected
while the subjects were seated in a comfortable position using
the MP36 system (BIOPAC Systems, Inc., United States of
America [USA]), set up at AHA configuration, with 0.05 and
100 Hz as low and high pass filters, respectively, and a sampling
rate of 1000 Hz.

Table 1. Study population characteristics

Parameter Value
Age (years) 44.18+6.77
Weight (kg) 87.82+13.47
Height (cm) 180.3248.27
Body mass index 27.03+£3.90
Note: Data are presented as the mean+standard deviation.
Table 2. Simulated dive profiles
Decompression Depth Time Breathing loop,
profile (msw) (min) PO, (ATA)
Deep 53 15 1.2

27 1 1.2

24 1 1.2

21 2 1.2

18 2 1.2

15 3 1.2

12 4 1.2

5 1.2
22 1.4

Shallow 53 15 1.2

21 2 1.2

18 2 1.2

15 3 1.2

12 4 1.2

9 6 1.2

6 26 1.4

Abbreviation: msw: Meters of seawater; PO,: Partial pressure of oxygen.

There were two phases of continuous data collection: (i)
a 30-min pre-dive period to establish the baseline condition
for each volunteer; and (ii) a 30-min post-dive reading that
was initiated 30 min after the end of the dive. This protocol
was adopted due to previous observations that the magnitude
of HRV changes tends to be higher in the 2*¢ half-hour post-
decompression. Interestingly, it is well-documented that venous
gas bubble counts tend to take approximately the same amount
of time to reach a peak [24].

ECG recordings were converted into R-R intervals. The R-R
time series was then subdivided into non-overlapping windows
of 256 consecutive R-R intervals. Subsequently, the following
estimators of HRV were obtained from each window (as detailed
by the task force of the European Society of Cardiology and the
North American Society of Pacing and Electrophysiology [20]):
(1) Time domain:

- R-Rinterval

- Standard deviation of the normal-to-normal R-R interval
(SDNN)

- The square root of the mean squared differences of
successive R-R intervals (RMSSD).

(i) Frequency domain:

- Fast Fourier transform, to obtain the power spectrum
density [20], which was subsequently divided into:
1. Ultra-LF: 0.01 — 0.04 Hz (not relevant to this study

due to the relatively short ECG recording intervals)
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2. LF:0.04 -0.15 Hz
3. HF: 0.15-0.4 Hz
As the size of the time series tends to infinity, the variance
and the total power of the spectrum converge to each other, for
this reason, in the present study, the power of a given power
spectrum density was approximated by SDNN squared.

2.5. Blood samples

Venous blood was collected from an antecubital arm vein by a
trained phlebotomist before and after each (simulated) dive. The
following variables were measured: red blood cells, hemoglobin,
hematocrit, neutrophils, platelets, immunophenotyping, and
MPs for quantification through flow cytometry. The samples
were collected using Cyto-Chex BCT tubes (Streck, INC, USA).

Blood samples were drawn immediately before the
experiment and 1 h after the end of decompression. Hemograms
were performed immediately after collection at the hyperbaric
center. Immunophenotyping was performed up to 3 days after
the blood collection.

2.6. Flow cytometry

Immunophenotyping was performed using 16-color
FACSFortessa™ (Becton & Dickinson Company©, BD, USA)
and the manufacturer’s acquisition software.

Annexin binding buffer and the following antibodies were
purchased from Biolegend (United States of America [USA]):
fluorescein isothiocyanate (FITC)-conjugated anti-annexin V,
FITC-conjugated anti-human MPO, allophycocyanin (APC)-
conjugated anti-human CD41, PerCF594-conjugated anti-human
CD14, PerCP-conjugated anti-human CD235, Pacific Blue-
conjugated anti-human CD31, AF700-conjugated anti-human
CD66b, and APC-conjugated anti-human CD19. In addition,
live/dead V-500-conjugated anti-human was used to identify
the dead cell population. Immunophenotyping was conducted
using flow cytometry to evaluate the population of granulocytes
(CD 16+/CD66b+) among live cells. This included evaluating
the percentage of granulocytes expressing MPOs on its surface
(MPO%) and mean fluorescence intensity of MPO (MPO MFI)
as indicators of neutrophil activation. The strategy used in this
analysis and the hierarchy of the gates are described in [19].

For MP acquisition and processing, blood was centrifuged at
1500 g for 5 min [25]. The supernatant was centrifuged at 15,000 g
for 30 min to pellet the few remaining platelets and cell debris.
These samples were then frozen at —80°C, allowing all samples
to be analyzed on the same day. MPs were stained with annexin
V and analyzed as described in [26]. We define MPs as annexin
V-positive particles with diameters up to 1.0 um. Gates were set to
include particles with 0.3 — 1.0 um diameters, with the exclusion
of background corresponding to debris, which is usually present in
buffers. Detergent Triton X (Sigma-Aldrich, USA) was used as a
control, as MPs are expected to disintegrate in its presence.

Each sample analysis was performed using the software
FlowJo Treestar© (FlowJo, Becton & Dickinson Company®©,
BD, USA) at the Center for Experimental Research of the
Hospital Albert Einstein.

2.7. Decompression schedules

All decompression schedules were defined using the ZHL-
16b algorithm, calculated through a script written in R language.
The compartment half-time for nitrogen and helium was set to
the original values published by Biihlmann [2]. At the end of
the experiment, maximum supersaturation pressures for each
compartment were adjusted by multiplying the intercept a of the
linear equations to limit the compartment j supersaturation for

. . . P,
a given ambient pressure P (in the format B, , = l")”f” +a;)
J

by 0.85 and 0.65. The factor bj was adjusted to calculate stops
at 0.20 and 0.45 of the original pressure limits provided by
Bithlmann’s values for the deep and shallow decompression
profiles, respectively,

Compartment on-gassing and off-gassing were calculated
through the application of the following differential equation:

dP,
o =h(P-P) 0

where P, is the pressure of inert gas in compartment j, P, is
the alveolar (inspired) pressure of inert gas, and k is the inverse
of the half-time of the compartment multiplied by the natural

logarithm of 2 (k; =1n2 ! 1,). Solving Equation I would yield:
>

P (t) =h; et +P, (l—e_k" t) (IT)

J

where P, is the initial pressure of inert gas in compartment
J at the tlme of a change in the inspired gas and/or hydrostatic
pressure [23].

2.8. Statistical analysis

Differences between pre- and post-dive data were determined
using Student’s t-test, provided that the data followed a normal
distribution, as confirmed by the Shapiro-Wilk test. When
normal distribution was not confirmed, a non-parametric
permutation test with 10,000 simulation rounds was performed
to determine the p-value [27]. The limit of significance was set
at 0.05 (i.e., p < 0.05). Data provided in this study are presented
as the mean + standard error or mean =+ standard deviation, as
specified accordingly. All data analyses were conducted using
scripts implemented in MATLAB (MathWorks Inc., USA) and R.

2.9. Clustering analysis

An unsupervised algorithm for clustering was used to
identify subgroups within the dataset. The K-means algorithm
with K=2 (i.e., two different decompression profiles used in the
study) was applied to each set of training data, minimizing the
distance J, defined by:

k K
=2 2l Fes =M, (1)

Data were normalized according to Equation IV and then
used to create the normalized matrix:
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N x', ,—min(x",) v
S max(x', ) - min(x",) (V)

Where x, , is the normalized variable.

A confusion matrix was computed to assess the accuracy
of the algorithm in attributing the results observed for each
volunteer to the respective decompression profile.

3. Results
3.1. HRV

An overall increase in variability was observed for both
profiles. For the deep decompression profile, the frequency domain
indicators LF, total LFs (very LF + LF), and HF increased but
were not statistically significant. LF as a fraction of HF and total
variability, respectively, and HF as a fraction of total variability did
not exhibit significant changes. In the time domain, RMSSD was
significantly increased in post-dive values. SDNN also displayed a
tendency to increase, though not statistically significant (Table 3).

The shallow decompression profiles also displayed an overall
increase in variability. In the frequency domain, HF and LF as
a fraction of HF demonstrated a significant increase. In the time
domain, SDNN and RMSSD post-dive values significantly
increased (Table 4).

The shallow decompression profile resulted in an increase
in post-dive variability, observed from SDNN (i.e., from
42.66 £ 2.35 to 49.43 £ 4.02; p = 0.039), while the deep

Table 3. Heart rate variability for the deep decompression profile

Parameter Pre-dive Post-dive P

LF (ms?) 418.00+77.37  545.01%89.09  0.071
Total LFs (ms?) 176.18496.73  151.51£132.61  0.060
HF (ms?) 77.93+15.74 124.50+21.59  0.696
LF/HF ratio 7.31£1.16 8.79+2.00 0.145
LF as a ratio of total variability 0.20+0.02 0.24+0.03 0.059
HF as a ratio of total variability 0.03+0.00 0.04+0.01 0.097
RMSSD 20.62+1.73 24.76+2.61 0.003
SDNN (ms) 43.39+2.29 46.31+3.84 0.217

Note: Data arepresented as mean+tstandard error.

Abbreviations: LF: Low frequency; HF: High frequency; SDNN: Standard deviation
of the normal-to-normal R-R interval; RMSSD: Root mean squared differences of
successive R-R intervals.

Table 4. Heart rate variability for the shallow decompression profile

Parameter Pre-dive Post-dive P

LF (ms?) 468.04+£67.46  647.86+133.48  0.057
Total LFs (ms?) 663.60+88.75  555.03+171.94  0.050
HF (ms?) 61.99+9.46 96.15+19.51 0.025
LF/HF ratio 8.97+1.03 9.59+1.43 0.031
LF as a ratio of total variability 0.25+0.03 0.23+0.03 0.138
HF as a ratio of total variability 0.03+0.00 0.03£0.01 0.232
RMSSD 19.09+1.43 25.43+3.19 0.014
SDNN (ms) 42.66+2.35 49.43+4.02 0.039

Note: Data arepresented as mean+standard error.

Abbreviations: LF: Low frequency; HF: High frequency; SDNN: Standard deviation
of the normal-to-normal R-R interval; RMSSD: Root mean squared differences of
successive R-R intervals.

decompression profile did not exhibit a significant change (i.e.,
SDNN: 43.39 + 2.29 — 46.3 + 3.84; p = 0.21). Both profiles
displayed a significant increase in the RMSSD index, i.e.,
from 19.09 £+ 1.43 to 25.4 = 3.19 (p = 0.014) in the shallow
decompression profile and from 20.62 + 1.73 to 24.7 + 2.61
(p = 0.003) in the deep decompression profile (Figure 1).
Both pre-dive baseline SDNN and RMSSD values were not
statistically different between profiles (Figure 2).

In addition, a comparison between post-dive SDNN and
RMSSD divided by their pre-dive values (respectively, defined
as SDNN and RMSSD ratios) is displayed in Figure 3. Notably,
the shallow decompression profile generated higher values,
though the difference was not statistically significant.

3.2. Blood assay

Red blood cells, hematocrit, hemoglobin, neutrophils,
and platelet counts were different between pre- and post-dive
measurements. A statistically significant reduction in red blood
cells was observed in the deep decompression profile, while the
reduction observed in the shallow decompression profile was
not significant (Figure 4).

Similarly, a statistically significant reduction in hemoglobin
was observed in the deep decompression profile, while the
reduction in hemoglobin in the shallow decompression profile
was not significant (Figure 5).

Both profiles reported platelet count reduction post-dive,
but the reduction was only statistically significant for the deep
decompression profile (Figure 6).

Meanwhile, the neutrophil count increased post-dive in both
profiles but was only significant in the shallow decompression
profile (Figure 7).

Finally, post-dive hematocrit values were slightly lower
than pre-dive values in both decompression profiles, but no
statistically significant differences between pre- and post-dive
values or between profiles were observed.

3.3. Flow cytometry

Pre- and post-dive neutrophil-, endothelium-, and platelet-
derived MP counts in the deep and shallow decompression
profiles are displayed in Figures 8 and 9, respectively, and detailed
in Tables 5 and 6, respectively. These results are consistent with
the increased post-dive neutrophil count (Figure 7).

3.4. Clustering analysis

The clustering algorithm was able to distinguish between the
decompression profiles using values from the pre- and post-dive
ratios of HRV indicators, blood assay, and MP production with
an accuracy of 0.68 (confidence interval [CI]: 0.4817 — 0.8204;
p =0.07). Figure 10 presents the two clusters of results created
by the algorithm.

4. Discussion

In recent years, numerous studies have demonstrated that
decompression sickness is a multifactorial condition that involves
the activation of many biochemical pathways, and its mechanisms
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Figure 1. Mean SDNN (left) and RMSSD (right) of pre- and post-dive data for each decompression profile (n = 23)
Abbreviations: SDNN: Standard deviation of the normal-to-normal R-R interval; RMSSD: Square root of the mean squared differences of successive
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Figure 2. SDNN and RMSSD pre-dive data comparison between the
shallow and deep decompression profiles (n =23)

Abbreviations: SDNN: Standard deviation of the normal-to-normal
R-R interval; RMSSD: Square root of the mean squared differences of
successive R-R intervals

remain not fully understood [28,29]. The present study aims to
evaluate possible associations between different levels of inert gas
supersaturation in different theoretical compartments and their
respective outcomes, in terms of HRV alterations, inflammation,
and oxidative processes. Clustering analysis demonstrated that the
outcomes of the different profiles can be differentiated with reasonable
accuracy, despite the relatively small sample size, supporting the
notion that they are distinct. The utilization of HRV is based on its
well-established negative correlation with inflammation and immune
system activation [30]. Recent studies have reported that hyperbaric
exposure and subsequent decompression are associated with HRV
changes [31,32]. In a previous work [18], we observed an increase
in the LF band post-decompression from 45 msw-simulated dives.
Here, a similar pattern is observed (Tables 5 and 6), indicating that
decompression generally increases HF, SDNN, and LF.
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Figure 3. Comparison of SDNN and RMSSD ratios for both shallow
and deep decompression profiles (n = 23)

Abbreviations: SDNN: Standard deviation of the normal-to-normal
R-R interval; RMSSD: Square root of the mean squared differences of
successive R-R intervals

Other studies also reported that immersion and inspiration
of higher partial pressures of oxygen are associated with HRV
changes [33], occurring even before ambient pressure reduction,
during decompression, or ascent in self-contained breathing
apparatus diving. It is plausible that the general post-dive
increase in HRV observed in this and other studies is related to
hyperoxia, which is commonly linked to exposure to hyperbaric
environments where inspired oxygen pressures are typically at
1.0 - 1.2 ATA.

The observed changes in the total LF band could be
associated with changes in the baroreceptor activity. LF is
linked to baroreflex function, as previous studies demonstrated
that carotid sinus stimulation increases LF power in individuals
with normal baroreflex function, but not in those with impaired
baroreflex sensitivity [34,35]. In addition, LF has been
negatively correlated with endothelial function [22]. The ANS
and the endothelium work together to maintain vascular tone.
There is a tonic balance between the release of vasodilating
factors from the endothelium and vasoconstricting factors
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Figure 5. Hemoglobin levels for the shallow and deep decompression
profiles (n = 17). Both profiles have a pre-dive mean hemoglobin
level of 15.5 g/dL and a post-dive mean hemoglobin level of

15.3 g/dL. The difference in standard deviation for both profiles
resulted in statistically significant differences. For the shallow
decompression profile, the pre-dive standard deviation was

1.34 g/dL and the post-dive standard deviation was 1.42 g/dL; for

the deep decompression profile, the pre- and post-dive standard
deviations were 1.40 g/dL
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Figure 6. Platelet count (mean =+ standard deviation) for the

shallow and deep decompression profiles (n = 17). In the shallow
decompression profile, the pre-dive mean count was 255 x 10° £ 54.1
x 103, and the post-dive mean count was 253 x 10° £ 52.8 x 10°. In the
deep decompression profile, the pre-dive mean count was 260 x 10° £
61.5 x 10%, and the post-dive mean count was 252 x 10° + 54.4 x 10°
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Figure 7. Neutrophil count (mean + standard deviation) for the
shallow and deep decompression profiles (n = 17). In the shallow
decompression profile, the pre-dive mean count was 7.512 x 10° + 1.56
x 10%, and the post-dive mean count was 8 x 10° £ 1.90 x 10°. In the
Deep Decompression Profile, the pre-dive mean count was 7.594 x 10°
+ 1.36 x 103, and the post-dive mean count was 8 x 10+ 1.55 x 10°

triggered by the sympathetic branch of the ANS. The balance
between these opposing forces acts on the vascular smooth
muscle cells to maintain vessel tone [36]. The disturbance of
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Figure 8. MP count for the deep decompression profile: CD3 1+ MPs presented a pre-dive mean count of 5.52 x 1072 and a post-dive mean count
of 16.99 x 1072, CD41+ MPs presented a pre-dive mean count of 24.5 and a post-dive mean count of 35.8; no significant changes were observed
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Figure 9. MP count for the shallow decompression profile: CD66b+ MPs presented a pre-dive mean count of 21 x 1072 and a post-dive mean
count of 40 x 1072; CD3 1+ MPs presented a pre-dive mean count of 35 x 1072 and a post-dive mean count of 15 x 1072, CD41+ MPs presented

a pre-dive mean count of 49.8 and a post-dive mean count of 53.5
Abbreviation: MPs: Microparticles

this tonic balance, due to the reduced NO availability, maybe
the reason why sympathetic activity is associated with loss of
endothelial function in some circumstances. Such disturbance of
the tonic balance mentioned above is compatible with changes
possibly caused by oxidative processes observed in the present
study, including the increased numbers of CD31+ MPs [37].
There are also significant increases in HF and RMSSD,
variability markers indicating more cardiac control activity.

SDNN increased only in the shallow decompression profile. In
previous studies, we observed a significant increase in overall
HRYV in control groups exposed to gases with higher oxygen
fractions but not to increased ambient pressure [18].

The results obtained in the present study indicate that
different decompression profiles may affect HRV differently,
potentially influencing neutrophil count, platelet activation,
and MP production. A reduction in circulating platelet counts
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Table 5. MPO and microparticle levels for the deep decompression
profile

Parameter Pre-dive Post-dive P

MPO+ (%) 2.448+0.830 2.549+0.888 0.758
MPO (MFI) 576.796+171.399 526.565+137.525 0.472
CD66b+ 0.28+0.07 0.27+0.06 0.207
CD31+ 0.06+0.03 0.17+0.08 0.022
CD41+ 24.50+5.64 35.80+4.92 0.027

Note: Data are presented as mean+standard error.
Abbreviation: MFI: Mean fluorescence intensity; MPO: Myeloperoxidase.

Table 6. MPO and microparticle levels for the shallow decompression
profile

Parameter Pre-dive Post-dive P

MPO+ (%) 2.61£1.17 2.32+1.16 0.15
MPO (MFI) 314.95+31.93 291.05+28.29 0.07
CD66b+ 0.21+0.04 0.40+0.12 0.000
CD31+ 0.35+0.21 0.16+0.08 0.199
CD41+ 49.80+6.80 53.46+6.96 0.186

Note: Data are presented as mean+standard error.
Abbreviation: MFI: Mean fluorescence intensity; MPO: Myeloperoxidase.
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Figure 10. Clusters identified by the clustering algorithm. Cluster 1:
Shallow decompression profile; Cluster 2: Deep decompression profile

was observed in the deep decompression profile. Platelets
are regarded as effectors of hemostasis, essential for vascular
integrity [38,39]. Recent understanding has clarified that
they are key effectors in inflammation, immune responses,
and signaling, with the potential to orchestrate complex
immune and inflammatory events [39,40]. Three different
studies by the same research team investigated platelet
count and its association with decompression sickness in
mice models and with bubble formation in humans [41-43].
Their results indicate that higher bubble counts in humans
correlate with a greater reduction in platelet count, even in
the absence of decompression sickness after decompression.
Conversely, in mice suffering from decompression sickness
after provocative decompression, a regression model linked
platelet reduction to symptom severity. In both cases, they

speculated that such reduction was due to platelet activation
and aggregation.

Activated platelets release MPs (CD41 + MPs) that are involved
in intercellular (endogenous) signaling by inducing immune
responses in distant sites [44]. In vitro studies revealed that CD41
+ MPs facilitate leukocyte—leukocyte interactions and the binding
of P-selectin/P-selectin glycoprotein ligand-1 [45], increasing
leukocyte accumulation at injury sites and on activated
endothelium. In addition, platelet shedding of MPs positively
correlates with increased vascular permeability [46]. The
results obtained in this study suggest an increase in circulating
CD41+ MPs after decompression in the deep decompression
profile, which aligns with the observed reduction in circulating
platelets. This is likely due to platelet activation and recruitment
to inflammation sites. The release of platelet, endothelial, and
leukocyte MPs is increased during inflammatory conditions [13].
Oxidative stress is known to induce the release of CD31+ MPs,
which attract leukocytes to the inflammatory site by adhesion
molecules, such as vascular cell adhesion molecule-1, a key
factor endothelial dysfunction [28,37].

Our results demonstrated a post-dive increase in platelet- and
endothelial-derived MPs (CD41+and CD31+ MPs, respectively)
in the deep decompression profile (Figure 9). Similarly, the
shallow decompression profile displayed a marked increase in
neutrophil-derived MPs (Figure 9).

A decrease in red blood cells and hemoglobin was observed in
the deep decompression profile (Figures 4 and 5, respectively),
likely due to eryptosis [47,48], a form of programmed cell death
in erythrocytes. Eryptosis, triggered by oxidative stress, involves
the activation of caspases expressed by erythrocytes, resulting
in their recognition and engulfment by circulating macrophages.
Since erythrocyte membranes are highly vulnerable to
oxidative damage and cannot repair damaged proteins by re-
synthesis, they are particularly sensitive to oxidative stress [49].
Eryptosis of young red blood cells is often reported in subjects
returning from high altitudes or space flights [47], and its
putative mechanism is related to changes in the erythropoietin
sensitivity of the cells. Therefore, the observed change in red
blood cell and hemoglobin counts might be related to a stressful
decompression profile.

The shallow and deep decompression profiles can also be
distinguished by indicators of immune system activation and
inflammation. The shallow decompression profile increases
peripheral blood neutrophil count and its corresponding MPs,
without affecting platelet count and its MPs, as well as in
endothelial MPs. Conversely, the deep decompression profile
exhibited an increase in the platelet- and endothelial-derived
MPs and a decrease in platelet count, with no variations in
neutrophil count and its MPs.

Neutrophils are widely recognized for their role in promoting
inflammatory responses at the initial stages of these processes.
Increased neutrophil count is associated with various pathologies
(e.g., bacterial infections, hypertension, and certain types of
cancer [50-54]) and non-pathological conditions (e.g., after
exercising) [55]. Their activation might also promote platelet
activation [13,44] and even endothelial damage [13,56], then
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enhancing the inflammatory process. From this more orthodox
standpoint, increased neutrophil count and activation would act
as pro-inflammatory agents.

However, neutrophils play an anti-inflammatory role in many
instances. Neutrophil-derived MPs are potential inhibitors
of macrophage activation [57]. For instance, annexin-1-rich
neutrophil-derived MPs inhibit neutrophil activation [58],
downregulating an inflammatory response. The production
of platelet activation factors depends on the neutrophils’
state; it occurs when neutrophils are adherent (i.e., under a
stimulated condition) but not when they are in suspension [44].
Neutrophil-derived MPs are not a homogeneous set, and they
can induce or inhibit inflammation [59]. Besides this functional
diversity, variations in neutrophil counts might lead to different
outcomes. For instance, an increase in neutrophil count seems
to be associated with benign prostate enlargement, whereas a
decrease might indicate a malignant case [60]. Exercise-induced
neutrophilia illustrates the challenge of defining a consistent
pattern in response to physical effort, as reports of neutrophil
counts in peripheral blood vary widely. In our previous
study [19], the MPO MFI, an important marker of neutrophil
activation, demonstrated a negative correlation with the number
of circulating neutrophils (—0.55), and a significant positive
correlation with the percentage of granulocytes expressing
MPO on the membrane surface (0.7). A negative correlation
between neutrophil-derived MPs (CD66b+) and MPO MFI
was also observed (—0.32). These results suggest that increased
circulating neutrophil counts are not necessarily indicative of
their activation or associated inflammatory processes.

It is also important to consider the role of platelet- and
endothelial-derived MPs and their interactions with neutrophils.

Platelets, once regarded as a thrombus-forming agent, are now
recognized as primary players in inflammatory processes.
Activated platelets produce platelet-derived MPs that induce
neutrophil clustering and further activation [45,61]. Similarly,
endothelial-derived MPs induce neutrophil adhesion and
activation [62]. Therefore, an inflammatory process can
become self-sustaining, as the activation of one cell type leads
to the activation of another, which in turn further activates the
original cell type. In such a setting, an intriguing phenomenon
may occur: Despite being activated and having a tendency
for neutrophilia, the neutrophil count might decrease due to
migration/sequestration in damaged tissues [63,64]. In other
words, the inflammatory condition might appear, without
changes in neutrophil count.

Considering HRV as an index of physiological stress from
various sources, our results, along with other reports [18,32],
suggest the putative illustration depicted in Figure 10. The
initial phase of decompression leads to a certain degree of
bubble formation and inflammatory response activation [65].
Subsequently, depending on the decompression rate, one of
three outcomes may occur, as modeled in a dynamical system
by Schirato et al. [65], which represent the interactions of
supersaturation, bubble production, inflammation, and their
respective feedbacks.

In the case of elevated overall supersaturation, increased
tissue damage and bubble formation occur, resulting in positive
inflammatory feedback [66,67]. At the end of the decompression
process, a state of high physiological stress with an important
inflammatory process in progress is likely to be observed. In
this case, subjects will most probably develop decompression
sickness [68].
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L ETDEEEELS * Important inflammatory response
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Later reduction in
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Figure 11. Possible schematics of the immune system response to decompression, with platelet- and endothelial-derived MPs are referred to as pMPs

and eMPs, respectively

Abbreviation: MP: Microparticle; pMPs: Platelet microparticles; eMPs: Endothelial microparticles
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Finally, if the decompression proceeds at a pace that allows
neutrophils to become active but not activated by platelet- and
endothelial-derived MPs, they will inhibit the ongoing
inflammatory process initiated earlier. Bubble formation would
likely be minimal due to the absence of nucleation sources,
resulting in the individual surfacing with low physiological stress.

The levels of supersaturation required to trigger the processes
depend on individual responses, i.e., activation of the person’s
inflammatory processes. Moreover, the correlation between
HRYV and the degree of stress (sympathetic tonus) seems to be
highly individualized. Notably, different decompression profiles
generate different tissue supersaturation upon surfacing. The
composition of the breathing gases (i.e., the fraction of oxygen
and the presence of helium) causes different physiological
responses. It might be possible to speculate the existence of a
dose-dependent response, where lower tissue supersaturation
would lead to little or no physiological alterations, while higher
tissue supersaturations would lead to progressively greater
physiological responses and subsequently the development of
decompression sickness.

Our proposed schematics presented in Figure 11 highlight
two aspects of decompression: (i) the combination of bubble
count, inflammatory markers, and HRV can be an important
predictor of decompression success on an individual basis;
(i1) if a clear relationship between HRV indexes and bubble/
inflammation is established post-decompression, HRV could be
employed to assess an individual’s likelihood of success in a
given decompression profile.

Of course, the ideas presented in this study should be
interpreted with caution due to the small cohort of investigated
divers and the large inter-individual variance observed in the
variables analyzed. Besides, it is important to note that the
data were obtained through dives simulated in hyperbaric
chambers, which might not necessarily reflect the actual
conditions encountered when divers are immersed [69], though
the data obtained in chamber and swimming pool dives, already
presented in other studies, displayed similar patterns.

5. Conclusion

Although no cases of decompression sickness were observed
in the experiments described in this manuscript, it has been
demonstrated in the present study that different decompression
profiles trigger different physiological responses. Whether these
physiological responses translate into a higher risk of developing
symptoms of decompression sickness is unclear at the present
moment, and further research is required. It can be speculated,
however, that, according to the scheme described in Figure 11
and further developed by Schirato et al. [65], they might play a
relevant role in more aggressive exposures.
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