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Preconditioning to Reduce Decompression Stress in
Scuba Divers

Peter Germonpré; Costantino Balestra

Using ultrasound imaging, vascular gas emboli (VGE) are observed after asymptomatic scuba dives and are considered a
key element in the potential development of decompression sickness (DCS). Diving is also accompanied with vascular
dysfunction, as measured by flow-mediated dilation (FMD). Previous studies showed significant intersubject variability
to VGE for the same diving exposure and demonstrated that VGE can be reduced with even a single pre-dive interven-
tion. Several preconditioning methods have been reported recently, seemingly acting either on VGE quantity or on

Nine male divers who consistently showed VGE postdive performed a standardized deep pool dive (33 m/108 ft, 20 min
in 33°C water temperature) to investigate the effect of three different preconditioning interventions: heat exposure

(@ 30-min session of dry infrared sauna), whole-body vibration (a 30-min session on a vibration mattress), and dark
chocolate ingestion (30 g of chocolate containing 86% cocoa). Dives were made one day per week and interventions

These interventions were shown to selectively reduce VGE, FMD, or both compared to control dives. Vibration had an

effect on VGE (39.54%, SEM 16.3%) but not on FMD postdive. Sauna had effects on both parameters (VGE: 26.64%, SEM
10.4%; FMD: 102.7%, SEM 2.1%), whereas chocolate only improved FMD (102.5%, SEM 1.7%).

This experiment, which had the same subjects perform all control and preconditioning dives in wet but completely

standardized diving conditions, demonstrates that endothelial dysfunction appears to not be solely related to VGE.

BACKGROUND:
endothelial inflammatory markers.
METHODS:
were administered in a randomized order.
RESULTS:
DISCUSSION:
KEYWORDS:

decompression illness, diving, preconditioning, prevention, protective interventions, vibration, sauna, chocolate.

Germonpré P, Balestra C. Preconditioning to reduce decompression stress in scuba divers. Aerosp Med Hum Perform. 2017; 88(2):114-120.

ascular gas emboli (VGE) are routinely observed after

asymptomatic scuba dives using ultrasound imaging or

precordial Doppler. Although the presence of VGE is
by itself not predictive for decompression sickness (DCS),'" a
statistical link has been observed between the amount of
observed VGE and the risk for development of DCS.? There-
fore, and in the absence of better biomarkers, VGE are still
considered a key element in the potential development of
decompression sickness, which is potentially life threaten-
ing.>*® In addition, the presence of VGE and/or microparticles
and/or other circulating factors seems to be at least partially
responsible for functional changes in the vascular wall postdive.
Although completely asymptomatic, this vascular dysfunction
can be objectivized by measurement of brachial artery flow-
mediated dilation (FMD).?! Although the magnitude of FMD
changes postdive cannot be placed in correlation with the risk
of developing DCS, it is clearly an indicator of so-called “decom-
pression stress” and has been linked to the presence of VGE,

of endothelial microparticles,' and oxidative stress induced
by high partial pressures of oxygen during the dive.”> Adminis-
tration of antioxidants before the dive only partially prevents
postdive alteration of FMD,*”*® indicating that oxidative stress
is not the only factor contributing to the postdive vascular
dysfunction.

The exact mechanisms of VGE formation are not known.
Observable VGE form during decompression after a more or
less saturating dive, and are observed more frequently and
abundantly after dives with higher “decompression stress”
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However, for a given dive and decompression profile (depth,
breathing gas, ascent rate, decompression stops), there is con-
siderable variability in the number of VGE observed, both
between subjects and also intra-individually.* Personal factors
have been postulated such as age, sex, and body fat mass, but the
relationship is insufficiently clear to be used as a prediction tool
even if some data are available in rodents.” Subjects of younger
age and in good physical condition have been shown to be at
lesser risk of postdive VGE than older and less fit divers.®

This uncertainty limits the practical interpretation of post-
dive VGE-based research. However, it is generally accepted
that divers in whom no VGE are detectable post-dive have a
very low risk of developing DCS.'**>¢ While the bulk of past
research was directed at reducing DCS risk (as evaluated by
VGE detection) by modifying the decompression procedures,
it has become clear in the last decade that, perhaps surpris-
ingly, pre-dive interventions (“preconditioning”) seem to be
able to influence the level of postdive VGE.

Experimental studies in rats have shown that a single bout of
exercise 20 h pre-dive reduces VGE postdive and also DCS
occurrence and DCS mortality.*’ In humans, the role of exercise
has been debated'? and depending on its timing and intensity
seems to be able to increase or decrease bubbles.>”? A nitric
oxide (NO) mediated change in the surface properties of the vas-
cular endothelium, favoring the elimination of gas micronuclei,
has been suggested to explain this protection from bubble forma-
tion."! It was demonstrated that NO synthase activity increases
following 45 min of exercise and that NO administration imme-
diately before a dive reduces VGE.*! Nevertheless, bubble pro-
duction is increased by NO blockade in sedentary but not in
exercised rats,’ suggesting other biochemical pathways such as
heat shock proteins, antioxidant defenses, or blood rheology.

A protective effect of pre-dive heat exposure was observed in
rats and could be related to biochemical processes involving
heat shock proteins (HSP). HSP are proteins contributing to
increased cell survival after thermal or other stresses.?? Several
types of HSP have been described; the ones of importance here
seem to be of the 70-kDa range (HSP70). In humans a previous
study with a “dry” hyperbaric chamber dive and a single expo-
sure to infrared dry sauna for 30 min, ending 1 h before the
dive, showed a significant decrease in VGE, a significant
increase in plasma HSP70 2 h following the sauna treatment, an
extracellular dehydration resulting in slight hypovolemia, and a
significant reduction in FMD decrease. It was speculated that
sweat dehydration, HSP, and the NO pathway are all involved in
the protective effect of the dry sauna exposure. It has been dem-
onstrated that HSPs are able to interact with the endothelial NO
pathway.* On the other hand, high environmental temperatures
lead to a sweat response, resulting in dehydration and some
authors' have shown that a moderate pre-dive dehydration, as
induced by exercise, could influence vascular bubble formation.
Conversely, preventive hydration before the dive has also been
shown to enhance the efficacy of decompression. Pre-dive fluid
ingestion may prevent the lowering of cardiac preload at the
end of a dive, resulting in an increased elimination of excess
inert gas during the decompression phase of a dive.!”

DECOMPRESSION STRESS REDUCTION—Germonpré & Balestra

It was demonstrated that 30 min of whole-body vibration
before a wet dive had preventive effects on postdive VGE.'® As
there was no observed change in FMD after vibration, the
authors did not believe a NO mediated mechanism was
involved; rather, a mechanical dislodgement of VGE precur-
sors (located in microcrevices between endothelial cells) or
enhanced lymphatic elimination of gas nuclei (in the extracel-
lular interstitial space) was hypothesized. Vibrations could
induce, by force transmission, a modification of endothelial
spatial conformation. Secondly, the increase in lymphatic circu-
lation induced by vibration>** would allow the elimination of
intercellular tissue-located micronuclei. The effectiveness of
pre-dive vibration on VGE elimination might thus be explained
by the mechanical action of vibration on endovascular and tis-
sue localization of the micronuclei.

Biochemical interventions have been studied. The effect of
chocolate on cardiovascular health has been extensively studied
outside of the diving context; for instance, endothelial function
is improved with high cocoa content chocolate supplementa-
tion.!* Recently, the effect of ingestion of 30 g of dark chocolate,
2 h pre-dive, on the reduction of endothelial function and VGE
after diving was studied. It was shown that chocolate had a sim-
ilar effect on FMD as pre-dive heat exposure, but its effect on
VGE was less pronounced and not significant.*® The action of
dark chocolate seems to be mediated via flavonoids. Flavo-
noids contained in chocolate were shown to decrease platelet
adhesion 2 h after their ingestion'* and increase NO secretion
by activation of endothelial nitric oxide synthetase.** NO has
an inhibiting action on platelet adhesion and aggregation.* All
of these properties would prevent the stability of VGE. In addi-
tion, NO secretion causes arterial vasodilatation and, thus,
could reduce the risk of injury from any arterialized VGE
emboli.

From the brief overview above, it is clear that several differ-
ent preconditioning interventions may have a favorable influ-
ence on VGE and/or endothelial dysfunction postdive. These
interventions, however, have not been consistently compared in
real diving conditions and some of these previous studies have
found conflicting results.

The aim of the present study was to investigate the effect of
three different preconditioning interventions (chosen because
of their easy practical application) on the same group of divers
performing the exact same “wet” dive. By selecting divers who
consistently show VGE after the selected dive profile, we
sought to eliminate the influence of intra-individual variability.
By comparing each diver to his own “control dive” VGE and
FMD results, we sought to eliminate the influence of interindi-
vidual variability.

METHODS

Subjects

Volunteer divers were selected according to the following crite-
ria: male, ages 25-45 yr, body mass index 20-25, good general
health (at least three times per week some physical exercise),
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nonsmoking, and certified as “advanced divers” with at least 50
logged dives. The study protocol was approved by the Local
Ethical Committee Brussels (Academic Bioethical Committee,
Brussels, Belgium), and each subject gave written informed
consent before participation. All studies were performed in
accordance with the Declaration of Helsinki. The study is part
of a series of ongoing field studies on VGE.

Procedures

Dives were performed one day per week, with a minimum of
three previous nondiving days. All dive profiles were identical:
square profiles to 33 m (108 ft) of fresh water in a swimming
pool (Nemo33, Brussels, Belgium) at a constant water tempera-
ture (33°C) for 20 min bottom time, without decompression
stops. No physical exercise was performed during the dive: div-
ers moved around freely in the restricted area (30 m?) on the
bottom of the pool or sat on their knees to perform a variety of
psychometric tests. Dives were performed in a randomized
order to be “control” dives (no preconditioning), “vibration”
dives, “sauna” dives, or “chocolate” dives. The randomization
was done according to a randomized number generator (Micro-
soft Excel) to comprise at least three control dives and at least
one of each preconditioning dive. All divers were scheduled to
perform a minimum of six dives (three control dives and three
intervention dives) over a period of 9 wk. Those divers who, for
personal reasons, could not perform all dives were excluded in
the final analysis; also, those divers who did not, in the course
of the three control dives, present any VGE were excluded from
the analysis.

Vibration dives were preceded by 30 min of whole-body
vibration on a commercially available vibrating mattress
(VM9100RM, HHP Products, Karlsruhe, Germany). Vibration
frequencies ranged from 35 to 40 Hz (rms 2.0-4.0 m - s~ ')
along the whole body thanks to 11 motors embedded in the
mattress. Subjects lay motionless on the mattress during the
whole vibration session, which ended 1 h before the start of
the dive.

Sauna dives were preceded by a 30-min resting exposure in
an infrared dry sauna (Model Ecozen Duo, Biozendo, Belgium)
at 60°C ending 1 h before the dive, with mandatory ingestion
of 500 ml of still water immediately after the sauna session.

Chocolate ingestion, taken orally 2 h before the dive, con-
sisted of 30 grams (3 squares) of a commercially available
Belgian dark chocolate (Cote d'Or Fin 86% Noir Brut; Cote
d’Or, Belgium), containing 86% of cocoa; the amount of
polyphenols was 135.8 = 2.9 wmol of catechin equivalents
per gram.

Postdive VGE were observed using transthoracic echocar-
diography and a “frame-based” counting method for VGE
recently described, allowing continuous values and parametric
statistical approaches.'” Echocardiography was done with a
Vivid-i portable echocardiograph (GE Healthcare, UK) used
poolside; echocardiography loops were recorded on hard disk
for offline analysis by three evaluators blinded to the nature of
the preconditioning. VGE numbers were counted at 30 min
and 90 min postdive. NO mediated endothelial function

was measured by means of FMD of the brachial artery with a
5-10 MHz transducer (Mindray M9, Mindray, China), as pre-
viously described,® in parallel with VGE detection 30 min
post dive.

Any diver not consistently showing VGE after the three con-
trol dives was excluded for the purpose of this study. In our
dive series, 11 out of 24 divers were thus excluded. Of the 13
“bubblers” (54%), 9 divers (age: 33.8 = 0.66 yr, BMI = 23.7 =
0.19 kg - m~?) took part in all preconditioning dives and were
selected for this analysis.

Statistical Analysis

Every preconditioning procedure was assessed according to
relative changes of VGE counts as well as FMD variation, with
each diver serving as his own control. For each diver, mean val-
ues of VGE and FMD after the control dives were referred to as
“100%” so a percentage of variation could be used for compara-
tive analysis of each preconditioning method. Data are thus
given as a percentage of predive values and quoted as means
and 95% confidence interval (CI).

Statistical analyses were conducted using the software
GraphPad Prism 6 (La Jolla, CA). The differences between the
percentage of postdive and pre-dive FMD values (taken as
100%) and the difference in VGE after each preconditioning
procedure compared to the control dives (taken as 100%) were
compared by a two-tailed one-sample t-test after normality of
the sample was assessed by the Kolmogorov-Smirnov test. The
differences between postdive FMD variation with each precon-
ditioning intervention compared to the control dive were tested
with ANOVA for repeated measures with Dunnett post-test.
Statistical significance level was set a priori at P < 0.05.

RESULTS

As they had been selected according to strict biometric criteria
to be part of a homogenous group in the first place, biometric
data of the nine divers were not significantly different (Table I).
Control dives were characterized by a very significant decrease
of FMD postdive (mean 93.45% of pre-dive values; SEM 1.8),
which is in accordance with previously reported data in the
literature.'® Vibration preconditioning also showed a signifi-
cant FMD impairment postdive, although reduced compared
to the control dive values (94.56% of pre-dive values; SEM
1.6). However, both sauna and chocolate prevented the FMD
decrease postdive (Fig. 1) (sauna: 102.7% of pre-dive values,
SEM 2.1; chocolate: 102.5% of pre-dive values, SEM 1.7).

Table I. Biometric Data (N = 9).
AGE (yr) WEIGHT (kg) HEIGHT (cm) BMI (kg/m?)

Mean 35 76 178 24

Standard deviation 56 47 5.1 13

Lower 95% Cl of 34 75 177 24
mean

Upper 95% Cl of 37 78 179 24
mean

116 AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 88, No.2  February 2017

SS900E 93l} BIA $1-G0-GZ0g 1e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



150+ ns =150

[7:]
S ns ns o
— w °
g 100 @ &
@ <
2 20
g S

o)
= 50 Zo
e o S
° 0 2
2 o

0

Fig. 1. Effects of different preconditioning methods on endothelial function
preservation as measured by FMD (dark bars and left Y axis) and on postdive
VGE counts (white bars and right Y axis). FMD = flow mediated dilation, VGE =
vascular gas emboli. Data are expressed as means = SEM. *P < 0.05, **P < 0.01,
and ***P < 0.001. The differences between postdive FMD values and pre-dive
FMD (taken as 100%) were compared by a two-tailed one-sample t-test after
normality of the sample was assessed by the Kolmogorov-Smirnov test. The dif-
ference in VGE counts compared to the individual mean VGE count after control
dives (taken as 100%) was compared by a two-tailed one-sample t-test after
normality of the sample was assessed by the Kolmogorov-Smirnov test.

The differences between parameters measured with each
preconditioning intervention compared to each diver’s own
control postdive FMD variation (taken as 100%) showed that
the vibration dive did not significantly alter FMD decrease
(94.97%, P > 0.05); however, both sauna (86.85%, P < 0.01)
and chocolate (86.83%, P < 0.01) prevented the postdive
FMD decrease in a very significant way. Data are summarized
in Table II

The mean VGE counted on the three control dives was
taken as 100% for each diver separately. Chocolate precondi-
tioning did not show a significant difference in number of
postdive VGE (101.5%, SEM 33.4%). However, VGE counts
were significantly reduced after the vibration dive (39.54%,
SEM 16.3%) (P < 0.05) as well as following the sauna precon-
ditioning (26.64%, SEM 10.4%) (P < 0.001). Fig. 1 shows the
comparative effects of all three preconditioning procedures on
FMD and VGE.

Table Il. FMD Variation After Preconditioning (Pre-Dive FMD = 100%).

VALUE (%) 95% CI P-VALUE
Pre-dive FMD 100%
Postdive FMD
Control dives 93.45% 89.7-97.2% <001
Vibration 94.56% 90.7-98.4% < 0.05
Sauna 102.7% 97.7-107.7% N.S.
Chocolate 102.5% 98.7-106.3% N.S.
Change in postdive FMD variation after preconditioning (individual
postcontrol dive FMD decrease = 100%)
Control dive 100%
Vibration 94.97% 85.5-104.43% N.S.
Sauna 86.85% 77.69-96.00% <001
Chocolate 86.83% 77.68-95.99% <001

DECOMPRESSION STRESS REDUCTION—Germonpré & Balestra

DISCUSSION

VGE start forming during the off-gassing of tissues in the
decompression (ascent) phase of a dive, and are believed to
result from the triggering of bubble precursors (nuclei) into
growth. The precise mechanism of micronuclei formation is
still debated, with possible sites in facilitating endothelial sur-
face regions having surfactants, hydrophobic surfaces, or
crevices.”~! Previous studies have pointed out a significant
intersubject variability to VGE for the same diving exposure.
There is also a large intra-individual variation, indicating that
diving time and nitrogen pressure are not the only determi-
nants of VGE formation. It has been shown that VGE formation
can be reduced with a single pre-dive intervention;*'® however,
the precise mechanisms by which such preconditioning “works”
have not yet been determined.

This large inter- and intra-individual variability make
research into pre-dive interventions difficult, as there are always
possible confounding factors. Therefore, in order to deter-
mine the effect of a certain preconditioning procedure, it is of
paramount importance that not only the dive profile, but also
the diver biometrics be standardized as much as possible;
moreover, the diving experience, exercise, smoking, and pos-
sibly even dietary habits should also also be controlled as
much as possible.*? There appears to be a potentially large dif-
ference in VGE postdive for a similar pressure-nitrogen expo-
sure, depending on whether the dive was performed “wet” or
“dry”**

The presumed micronuclei-originated VGE production is
consistent with the fact that a certain form of “acclimatization”
to decompression stress seems to exist, with a higher probabil-
ity of VGE for the first dives after a period of nondiving."** In
order to avoid this possible confounder, no diving or strenuous
physical exercise were allowed in the 3 d before each research
dive day. All dives were performed in the early afternoon, with
divers being instructed to take a standard breakfast and a light,
low-fat lunch.

Even when, as in our experimental dives, most of these factors
are accounted for, there seems to exist a population of “non-
bubblers;” “inconsistent bubblers,” and “consistent bubblers” for
reasons as yet unknown. Extensive biochemical testing of all
our divers before each dive failed to reveal a clear pattern as to
a biochemical origin of this variation (data not shown). This has
been reported before, a number of years ago.'? For this reason,
it is necessary to assess any effect that preconditioning might
have on postdive parameters on the same subjects, each acting as
their own control, once a consistency of VGE levels for these sub-
jects during control dives has been demonstrated. For this study
and because of these unknowns, “inconsistent bubblers” have
been excluded from analysis.

Finally, it is important to be able to detect VGE in an objec-
tive reproducible manner and, if possible, allow a true quantita-
tive (continuous) counting of VGE. This is not only necessary
in order to determine whether a diver is a “consistent bubbler”
or not, but also to be able to discern a true difference in VGE
counts. These are, in the range of diving where human
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experiments can ethically be performed, usually mild to mod-
erate, and existing grading scales (Spencer, Kisman-Masurel,
Eftedal-Brubakk) are nonparametric in nature and/or have too
large a step in categories exactly in the range observed. The
Eftedal-Brubakk scale,'® for instance, “jumps” from 1 bubble
per cardiac cycle (grade 3) to 1 bubble per square centimeter
(grade 4). This is exactly the range where recreational and
sports diving are expected to yield bubble counts. The recently
validated technique of frame-based bubble counting'” is better
suited to this goal; however, it requires as yet specific hardware
and some manual labor, pending automatic video ingestion
and VGE counting software.

FMD is a noninvasive technique allowing a longitudinal
evaluation of endothelium-dependent vascular reactivity. The
technique has been well described and standardized.>* However,
variations in the technique (e.g., placement of the occluding
cuff at the level of the humerus or the forearm, duration of
occlusion, and interval between release of the cuft and measure-
ments) and individual characteristics may influence the magni-
tude of the FMD.? In this study, all divers were compared to
their own control values and the technique used was identical
for all divers, both before and after the dive (5 min total occlu-
sion at the level of the mid-humerus, as described previously?).
It is argued that the imposed shear stress by occlusion and
release may be different in different persons (owing to anatomi-
cal and physiological differences) and that it is thus necessary to
normalize the results obtained by the shear stress. However, in
the strict timing of our experiment, a prolonged measurement
of the shear stress was not possible as this would interfere with
the other measurements. Furthermore, it was not possible to
have the equipment needed for this normalizing evaluation
available at the dive site. While this may be viewed as a limita-
tion to our study, it is not likely that anatomical or physiological
characteristics of our (young and healthy) divers would change
over the course of 7-8 wk in such a way as to exert a major
influence on the results.

From previous literature, the relative influence of NO medi-
ated changes (FMD) and VGE have not been satisfactorily
clarified:

* Changes in FMD (decreased reduction of FMD postdive)
could modify VGE production (with increased NO levels
acting on micronuclei sites, possibly in crevices or hydro-
phobic endothelial surface sites).!"*’

* Decreased VGE production might change FMD by provok-
ing less mechanical or biochemical endothelial damage.
Even though VGE are primarily detected in the venous vas-
culature, whereas FMD is a measure of arterial “stiffness,”
the sensibility of the VGE detection methods is thus that
small, undetected VGE (less than 22 um'®) might pass the
pulmonary vasculature (which acts as a bubble “filter”®) and
exert influence in the arterial vascular bed. Even as VGE
detection techniques improve (from acoustic Doppler to
visual 2D echocardiography to second harmonics echocar-
diography), there obviously is a size limit below which no
VGE will be detected.**!

* Finally, it is entirely possible that there is no direct relation-
ship between VGE and FMD, but that both are simply
caused by the same mechanism. A relationship between
VGE levels and the presence of endothelial microparticles
(MP) has been demonstrated.*>? Either by shear forces or
by mechanical/biochemical damage to the endothelial cell
wall, VGE might cause release of endothelial MP, which will,
unlike VGE, readily pass the pulmonary capillary filter.

Our results indicate various effects for each preconditioning
method. Nitric oxide mediated changes do not necessarily
reflect onto changes in VGE counts, indicating different mecha-
nisms involved.

From our results, it is already possible to formulate clear
hypotheses:

* Vibration and sauna might act by mechanical dislodging of
VGE nuclei (either by transmission of energy shocks or by
increased shear forces with increased circulation). Both fac-
tors might also be involved in the effects seen in pre-dive
exercise preconditioning, as this provokes an increased car-
diac output and mechanical movement—in this regard it is
interesting to note that treadmill running seems to have a
greater effect than bicycle ergometry.'® Sauna (heat expo-
sure) might improve FMD by an NO-mediated mechanism
or by intermediate action through HSP, both of which are
not likely with vibration (however, this remains to be con-
firmed). The lesser improvement of FMD by vibration might
be due to either a smaller number or to a smaller size range
of VGE (not detected by echocardiography) still “irritating”
the endothelium.

* Chocolate acts by improving NO-mediated changes, but
does not seem to be influencing VGE at all; this shows that
NO preconditioning might not have the same effect on
reduction of DCS incidence as would be expected. Our
results are in contrast with some previous studies using pure
NO donors.>*” However, these other studies did not stan-
dardize the dives, divers, and possible confounding factors
as ours did. Also, consistency of bubbling was not tested
over a series of control dives. On the other hand, a NO-
mediated decrease of diving induced endothelial changes
might, irrespectively of VGE counts, reduce further inflam-
matory changes by incomplete decompression. As there is
more and more evidence that DCS is only partially a “bubble
vascular blockade” disease and that many, if not most, of
persistent symptoms can be related to inflammatory reac-
tions caused by these bubbles, preconditioning “along the
NO pathway” would most likely be beneficial in any case.

Contrary to what was previously hypothesized, we show that
VGE and endothelial dysfunction after diving are not always
concurrent and can be decoupled. Indeed, on the same subjects
acting as their own control and in real wet diving condition-
ing, different preconditioning can selectively reduce VGE,
endothelial dysfunction, or both. This demonstrates the need
for an integrative personalized decompression stress assess-
ment, redefining decompression stress to include both VGE
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and endothelial function. Whereas the above-described precon-
ditioning techniques may not protect the diver from all instances
of inadequate decompression, we have shown that having a
relaxing whole-body vibration session, a nice sauna, and a good
taste of dark chocolate might be a good start to a dive day.
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