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1. LIST OF ABBREVIATIONS

BG bubble grade

C Celsius

CBC complete blood counts

DCS decompression sickness

FiO, fraction of inspired oxygen

FMD flow-mediated dilation

HIT high intensity training

HR heart rate

HR ,.x maximal heart rate

IPAVAs intrapulmonary arterial-venous anastamoses
MPs microparticles

MPO myeloperoxidase

MSW meters sea water

O, oxygen

PFO patent foramen ovale

SCUBA self-contained underwater breathing apparatus
TTE transthoracic echocardiography

VGE venous gas emboli

VO;max maximal volume of oxygen consumption

W watts
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2.1. Introduction

Open sea SCUBA (self-contained underwater breathing apparatus) diving is an
occupational tool as well as a recreational activity. Although diving science has been
continuously advancing over the past decades, there remains an effort to increase the safety
related to acute and chronic exposures to the undersea hyperbaric environment. With these
advances, along with more capable, inexpensive, and user-friendly equipment, the population of
divers has grown from elite adventurers to an all-inclusive holiday activity with an estimated 1.2
million divers around the world. While previous empirical development and refinement of diving
protocols (decompression tables) has dramatically reduced the incidence of decompression
sickness (DCS) (17), cases of “undeserved” DCS are reported in divers who follow safe practices
(67). Additionally, the chronic implications of a lifetime of diving are not yet known. It is

important to consider that these original diving procedures were developed and tested on military



divers who now represent a small fraction of a diving population that now includes the elderly
and those with chronic disease and complications.

In addition to the environment, members of this newer dive population can be on any variety
of drugs to treat chronic conditions such as heart disease (8), diabetes (6), pulmonary diseases or
cerebrovascular conditions. Recommendations for these populations are scant and mostly advise
the use of extremely conservative dive profiles (31, 35). Since holiday diving is the most likely
scenario in which these types of divers would be found, consideration must be given to the
location and ease of accessing emergency treatment.

Outside of the diving research community SCUBA serves as a unique model for multimodal
stress that has usefulness beyond recreational or professional diving. For example, endothelial
function is now linked to many clinical manifestations of cardiac disease (57). Studies that
investigate dysfunction in healthy subjects often use tools such as a high fat meal to temporarily
reduce endothelial function (65). SCUBA diving can accomplish the same thing, only with results
that last up to 24 hours or longer (9, 48) rather than 2 to 6. The study of relationship between
patent foramen ovale (PFO) and arterialization of venous gas bubbles (VGE), along with
conditions that impact them, is useful in stroke research. The mechanisms that allow an air
bubble to arterialize could do the same for thrombi thus contributing to stroke risk, thus VGE
crossover to the arterial side can be used as a model for thrombotic emboli (18).

Originally, DCS was simply thought to be the result of inert gas bubbles circulating
throughout the body following inadequate decompression and occluding blood flow to various
organs. Although this has been demonstrated in extreme cases, with autopsies after accidents
revealing the complete occlusion of cerebral arteries from gas bubbles (38), this is not a common
manifestation of DCS (67). Neurological type II DCS has also been attributed to emboli lodging
in the spinal column, while joint pain is attributed to emboli in those locations as well (type 1
DCS). Despite clear in vivo demonstration of these occurrences, the story is not that simple. Data
collection over the past few decades has demonstrated that even mild recreational dives can
produce large quantities of VGE (23) with no clinical implications (42, 43). Studies that sought to
find a relationship between VGE specifically and DCS have not found correlations between the
two (25). It is possible that, now with more advanced equipment, researchers can visualize more

VGE than would have been possible in the past. Many methods of VGE detection are in use



today and those groups with budgetary constraints may limit the use of high resolution in the
field.

Considering these findings of a high number of bubbles in some divers they are not yet
considered harmless. Anecdotally, many research groups report that certain individuals may
present with a large quantity of bubbles compared to other subjects regardless of the dive profile
yet show no signs or symptoms of DCS (in our divers’ population ~20%). Although anyone has
yet to quantify this observation the “bubble producers” demonstrate some level of individual
response. A lack of a strong correlation does not mean the gas bubbles do not play a role in the
development of DCS. These gas bubbles are commonly found in the venous circulation, as
nitrogen from off-gassing tissues diffuses into the blood as it perfuses through the tissue, and are
trapped in the pulmonary microcirculation, and diffuse into the divers exhaled breath. Following
this path, VGE have little opportunity to wreak havoc in other tissues as they are headed straight
for elimination. However, if bubbles cross over from the venous to arterial circulation (Fig 1)
they have more opportunity to interact with sensitive tissues such as the brain (33). Indeed this

crossover is associated with a higher incidence of neurological DCS (30, 58, 64).
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Fig. 1. Image displays arterialization (white arrows) in the left
ventricle (LV) and emboli in the right ventricle (RV, white
oval). Image was obtained with a Vivid q (GE, Milwaukee,
WI) with a cardiac probe on a subject after diving. RA, right
atrium; LA, left atrium.



Interaction between SCUBA diving and exercise

The safety of diving and mitigation of decompression stress remains one of the more practical
goals of recent SCUBA research. The impact of exercise on diving has been investigated in
several studies. Some of these studies utilized simulated dry chamber dives (32), which may not
accurately replicate the stress associated with open water diving (54). While a chamber can
recreate the hyperbaric experience of diving there are additional factors such as water immersion,
increased effort of breathing, and compression from wetsuits that add to the stress of the
environment. Currently, exercise is considered by some to be a form of protective
preconditioning for SCUBA diving (19, 22, 29); although these claims have been based on
animal survival studies (71) or decreased VGE in humans after aerobic exercise. The execution of
preconditioning includes some sort of procedure completed before diving to mitigate
decompression stress and decrease the risk of DCS. In addition to exercise procedure such as
antioxidants, whole body vibration, hyper hydration, heat treatment, and oxygen breathing have
been tested (29). Proposed mechanisms of exercise preconditioning include altered
hemodynamics (3), increased nitric oxide concentration and improved vaso-reactivity (22).

Exercise protocols tested before diving varied in intensity from 60% age-predicted maximal
heart rate (HRyax ) (4) to intervals at 90% HR .« (19), with running as the mode of exercise.
Studies examined interactions of exercise with diving within 2 (3, 4, 10) or 24 hours (19) prior to
diving. In these studies exercise reduced the quantity of VGE to varying degrees which is why
some consider it a form of preconditioning. Although many of these studies were conducted in
the open sea, whether or not a reduction in VGE alone is enough to mitigate decompression stress
is yet to be determined. There has been little discussion of mechanisms other than VGE reduction
such as preservation of endothelial function or a reduction in platelet aggregation and MP
expression.

Exercise during decompression stop has been evaluated as well, with the goal of decreasing
the time it takes to clear VGE from the blood secondary to an increase in cardiac output (69).
While this was intended to reduce the time of nitrogen washout before a spacewalk, it has been
used during decompression stops under sea while diving to reduce the VGE load (21). In this
study mild exercise, fin swimming at 30% VO, during a decompression stop resulted in a

significant reduction of VGE.



Research on the impact exercise after diving is limited at this time and limited primarily
to the chronic effects. Blatteau et al. examined the impact of strenuous exercise interspersed
between diving sessions over a period of time and found a slight increase (41 to 47%) in the
prevalence of right-to-left shunts in these divers (5). Another study reported a single case of
pulmonary shunt after diving during exercise but concluded it was a rare event (55). The same
group examined the effect of cycling up to 85% VOomax after a dive in a small group of divers
and observed a decrease in VGE with no observation of shunting (20). Timing of exercise, related
to diving and decompression, appears to be important.

Microparticles and diving

Due to the complexities of the relationships between gas bubbles, DCS, and
decompression stress, their measurement alone may not be the best method of quantifying DCS
risk. Despite this, a majority of studies continue to rely on VGE as a surrogate marker for
decompression stress, which may not tell the whole story. There are other measures of
decompression stress that may be quantified follow a dive, and likely contribute to the
pathophysiology resulting in DCS. These include platelet activation (56), endothelial dysfunction
(49, 52), reactive oxygen species (12), markers associated with vascular damage (2), and
microparticles (MPs) (60).

Microparticles are fragments released from the cytoplasm of whole cells or fragments of lysed
cells, once thought to be inconsequential waste, in the circulation. MPs range in diameter from
0.1 to 1.0 um and may contain a lipid bi-layer, protein aggregates, and other cellular debris. Once
thought to be useful simply as biomarkers of physiological/pathophysiological stress, newer
research has linked them to pathogenesis of many chronic conditions including certain cancers
(1) and cardiac disease (27), therefore increasing interest in activities, such as exercise and
diving, that result in an increase in MPs. They increase with traumatic and inflammatory
disorders, and may serve as intercellular messengers because they can directly stimulate the
release of cytokines or other signaling proteins, mRNA, and micro-RNA (51). MPs are
characterized by the surface expression of antigenic markers from their parent cells and many
also have surface-bound annexin V because, as they are formed, negatively charged
phosphatidylserine residues become exposed. Annexin V-positive platelet derived MPs exhibit
pro-coagulant properties in addition to leukocyte activation and aggregation (14). Research in the

murine model has been interesting enough to warrant further investigations in human subjects.



Due to the highlighted relationship between MPs, inflammation, and vascular damage Thom
et al. hypothesized that MPs generated during decompression play a role in the pathogenesis of
DCS, and, that abatement of such MPs would disrupt the process that leads to injury (62). This
was demonstrated in mice where an abatement strategy resulted in significantly lower tissue
damage in the brain, omentum, and psoas (63). Animal studies have the advantage of potentially
producing more concrete evidence since protection from DCS can be observed as changes in
survival rate and they can be sacrificed to achieve a deeper level of tissue analysis. The
disadvantage to such studies is, despite the similarities in all mammals, there are limits to the
translation between human and animal models.

Yang et al. hypothesized that some MPs contain an inert gas core, which may serve as a
nucleation site for nitrogen as it is released from the saturated tissues during decompression,
resulting in VGE (72). An increase in these so called enlarged MPs (1.0 to 3.0 pm in diameter)
was found in mice immediately decompression and continued to increase for 24 hours. The
theory of the gas core was supported by hydrostatic recompression of MP samples. There was a
significant reduction in large MPs following recompression with no change in the normal sized
MPs. Next, mice were injected with enlarged MPs and recompressed MPs. The result was a
decrease in markers of platelet and neutrophil activation and vascular damage in the mice
injected with the recompressed smaller MPs (72).

Follow up diving studies in human subjects demonstrated an increase in MPs and associated
inflammatory parameters as well (60, 61). In these studies, the increase in MPs was correlated
with increased neutrophil activation and interaction with platelets. In the follow up study, the
number of large MPs (> 1.0 pum) was correlated with bubble grade in certain conditions.
Although these human trials cannot be taken to the same extreme as the murine studies the
similarities in MP increase and expression following diving remain. If these alterations play a
role in the body’s reaction to decompression, as well as DCS, it is possible that previously
researched preconditioning techniques, such as exercise that were evaluated on VGE alone, could
have other beneficial or harmful effects on other parameters such as MPs.

IPAVAs and diving

While there is little research on exercise after diving, following decompression to
atmospheric pressure, there are a few studies that suggest this may be harmful to the diver. This

theory is based on the idea that exercise can increase the incidence of arterialization of VGE.



Emboli found following a dive vary in size from 19 to 700 um (37) while the diameter of the
capillaries at the site of gas exchange in the lungs ranges from 6 to 15 um. This essentially traps
the bubbles and they diffuse into the lungs to be exhaled. Previously, agitated saline was used to
create contrast bubbles in order to visualize arterialization through special larger diameter vessels
in the lungs in the absence of a PFO. The presence of PFO is determined through the injection of
contrast bubbles into the venous circulation and observing if, and how soon, they cross over to

the left chambers of the heart (fig 2).

2013 13:38:34

Fig. 2. Image displays grade 4C near “white out” in right cardiac
chambers with empty left chambers indicating no PFO as long as LV
and LA remain clear for 4 cardiac cycles. The appearance of bubbles
after 4 cycles indicates pulmonary shunt. RA, right atrium; LA, left
atrium: RV, right ventricle: LV, left ventricle.

The pulmonary vessels that allow arterialization are called intrapulmonary arterial-venous
anastamoses (IPAVAs), are not always open, and can be up to 60 um in diameter (46); large
enough to allow the passage of bubbles. Other characteristics of IPAVAs originally found in the
lab are also interesting to divers in the field. Most notable are that IPAVAs open more readily

when breathing hypoxic gas mixtures at rest and during exercise (FiO, 0.12) (44) and close when
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breathing (100% O,) (45), as well as how they behave during exercise (26, 39, 59) or under
combinations of these conditions (44). Although the exact physiological role of IPAVA is not yet
clear, recent studies have found that they open during physical activity and may serve to help
reduce pulmonary arterial pressure and therefore, right heart afterload (44, 59). The intensity of
VO, consumption at which this occurs is variable, ranging from rest to maximal effort, with few
subjects not showing any evidence of opening at all (26). Commercial and military diving may
involve physical activity during decompression related to the nature of the job. Recreational
divers as well often must be active immediately following a dive; activities such as surface
swimming back to the boat or walking carrying heavy gear could easily reach and surpass the
workload that elicits the opening of shunts, especially for those whose shunts open at a relatively
low percentage of their VOamax.

The present body of research suggests that exercise before diving and during recompression
may be beneficial. Laboratory studies have shown that exercise can open up large diameter
pathways in the pulmonary circulation facilitating the arterialization of gas bubbles. Therefore
understanding the timing of exercise is important and may determine whether it is beneficial or
potentially harmful. VGE alone may not be the best way to determine the efficacy of exercise.
Other parameters, such as MPs and endothelial function, may provide additional markers of
decompression stress, as well as provide insight to the pathogenesis of DCS. Given the above, the
aim of this dissertation is to test the following hypothesizes in a series of studies:

1. Exercise before diving will impact MP counts and expression following the dive
compared to a control dive of equal depth and duration.

2. The mode, intensity, and duration of exercise are related to the outcome, and alterations of
these variables will impact MP expression

3. Repeated dives with exercise will have different outcomes than a single dive due to a
potential acclimatization (73) or an increase of global fatigue.

4. Exercise of increasing intensity following a dive will cause most people to arterialize once
the threshold intensity is reached. This arterialization would stop once the exercise is
terminated.

5. Breathing 100% O, during exercise, that was intense enough to provoke arterialization,

will prevent these incidents.
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2.2. Combined methodology
2.2.1. Subjects

The subjects were recruited from the Croatian navy and police dive units, or volunteer search
and rescue divers. The subjects were apparently healthy prior to the studies and recently given
clearance to dive by a physician. No subjects reported previous cases of DCS. After receiving a
written explanation and an oral briefing of the methods and potential risks for each study, all
subjects gave their written informed consent. All studies were approved by the University of Split
School of Medicine Ethics Committee and all procedures were conducted in accordance with the
Declaration of Helsinki.

2.2.2. Methods used in the studies

Anthropometry. Height, weight, and percent body fat for each subject was measured before
diving. Percent body fat was estimated by measurement of subcutaneous skin fold thickness with
a caliper (Harpenden skinfold caliper, Baty International, West Sussex, England) at the three sites
as dictated by the Jackson Pollock equations for male and female subjects.

Spirometry. Pulmonary function assessment including forced vital capacity and maximal
voluntary ventilation tests were performed (Quark PFT, Rome, Italy).

Treadmill VO .y testing protocol. The VOonay test was an incremental test conducted on a
treadmill (Cosmed T165 sport, Rome, Italy) beginning at 3 km/h and 2% grade and increasing 1
km/h every minute until voluntary termination or at least two of the three following requirements
were met: 1) A plateau of VO, (<150 mL absolute increase) or heart rate (HR) with an increase in
workload, 2) respiratory exchange ratio > than 1.1 and 3) HR in excess of 90% of age predicted
(220 — age) maximal values. Once these criteria were met, the highest five second average VO,
was selected as the subject’s maximal value.

PFO screening. A 20-gauge catheter was placed in the left cubital vein and a three-way
stopcock was attached with two syringes connected to its ports. One syringe contained 9 ml of
saline and 1 ml of blood, and the other syringe contained 1 ml of air. The contrast bubbles,
created by alternating the plunger depression six to eight times, were injected as a bolus while
images were simultaneously obtained in the apical four-chamber view. The contrast agent was
injected at rest and during a Valsalva maneuver. After injection, the presence of contrast bubbles

was examined in the cardiac cavities by TTE for a duration of three minutes. Rapid filling of the
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left cardiac cavities with contrast bubbles within three to four cardiac cycles observed at rest or
after a Valsalva maneuver was indicative of PFO (Fig 2).

Trans-thoracic echocardiography (TTE). The divers were placed in the supine position where
a dual frequency (1.5-3.3 MHz) ultrasonic probe connected to a Vivid q echographic scanner
(GE, Milwaukee, WI, USA) was used to obtain a clear apical four chamber view of the heart.

Bubble grading. Bubble were recorded and graded on a scale of 0 to 5 with 4 being subdivided
into 4A, 4B, and 4C, according to the method described by Eftedal and Brubakk (24), and later
modified by Ljubkovic et al. (41). In addition to monitoring scores at rest, VGE were graded after
two different movements, arm and leg contractions, to mobilize bubbles that may be lodged in the
venous circulation.

Flow-mediated dilation. Measurements were performed with a Vivid q echographic scanner
(GE, Milwaukee, WI, USA) fitted with a 5.7 to13.3 MHz linear probe. Images of the longitudinal
brachial artery (including the lumen-intima interface on anterior and posterior walls) were stored
for later analysis. Once a baseline image was obtained, arterial occlusion was created by inflating
a cuff placed on the forearm to 250 mmHg for five minutes. Next, the cuff was deflated,
producing a high-flow state resulting in arterial dilation. FMD was calculated as the percentage
increase in brachial artery diameter from baseline to peak dilation measured after occlusion.
Measurements were made with previously recorded video using Vascular Research Tools 6
software (Medical Imaging Applications-LLC, Coralville, IA, USA).

Repeated Wingate protocol. Anaerobic intervals were performed on a weight braked bicycle
ergometer (Monark 894E, Vansbro, Sweden) consisting of 4 x 30 sec maximal efforts (resistance
set at 7.5% body mass) with four minutes of active recovery (cumulative time 23 minutes
including warm up) spaced at least three days apart from the control dive.

Running protocol. Subjects completed a 20 minute self-selected jogging warm up (up to 20
beats per minute below prescribed interval HR) immediately followed by 40 minutes of intervals
(three minutes at prescribed intensity with two minutes active recovery repeated eight times) at
an intensity corresponding with 90% of HR at VO, for a total of 60 minutes of running. The
run was conducted in a natural park (for study 3, on a treadmill for study 2) on the same site as
the dive location. Subjects ran on their own and controlled their effort via HR with a monitor

(Garmin Forerunner 305, Garmin International, Olathe KS, USA).
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Detection of shunts during exercise. The subject was seated at an electronically braked cycle
ergometer in an upright position. The torso was strapped into a support device designed to
immobilize the torso, and the left arm was moved into the abducted and externally rotated
position. The subjects completed a single incremental exercise bout with a starting workload of
60 watts and a 30 watt increases every two minutes. After beginning exercise, on the first
appearance of bubbles in the left heart the exercise was immediately suspended while TTE
observation of the heart continued. The criterion for clearance of the bubbles was 20 consecutive
cardiac cycles without appearance of bubbles in the left heart. Once the left heart was clear of
bubbles, exercise was resumed at the same intensity from which it was suspended when the
shunting occurred. The subjects continued with the protocol until bubbles were again observed in
the left heart. At this second occurrence of arterialization, exercise was terminated and oxygen at
a concentration of 99.5% O, was immediately given. Expired gasses and heart rate were
monitored and recorded during the initial VOjn,x test and during the exercise protocols after
diving via a portable metabolic system (Cosmed K4 B*, Rome, Italy).

Microparticle flow cytometry. Flow cytometry was performed with an 8-color, triple laser
MACSQuant (Miltenyi Biotec Corp., Auburn, CA) using the manufacturers’ acquisition software Gates
were set to include 0.3- to 5.0 um particles, with exclusion of background corresponding to
debris usually present in buffers. MPs were stained with annexin V antibody and analyzed as
previously described, including micro-beads with diameters of 0.3 um (Sigma, Inc.), 1.0 um, 3.0
pm and 5.0 pm (Spherotech, Inc., Lake Forest, IL) to assess the size of particles. We define MPs
as annexin V-positive particles with diameters up to 1 pum. Analysis of neutrophils was
performed on fixed blood samples as previously described in Thom et al (60). Platelet activation
was assessed by staining samples with CD41 and annexin V antibodies in samples that included
micro-beads with diameters of 3.0 and 5.0 um. Platelets were identified as particles between
these micro-bead size limits that were CD41-positive and annexin V-negative and activation
assessed as surface expression of CD63 and CD62b analogous to procedures described by others
(66).

CBC analysis. Whole blood samples were obtained from the subjects before exercise (exercise
protocols only) or the control trials, approximately 30 minutes before diving, and 15 minutes
after surfacing. Blood was stored in a cooler and transported to the Department of Biochemistry,

University Hospital Split, for analysis within two hours of obtaining the sample. Complete blood
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count (CBC) values were measured with the Abbot Cell-Dyne 4000 cell counter (Abbot Park, IL,
USA).
2.2.3. Experimental protocols

All diving took place at a Croatian naval installation, while laboratory work, exercise testing,
and anthropometry were conducted at the laboratories of the Department of Integrated
Physiology in the University of Split School of Medicine. Blood samples were analyzed at the
Pennsylvania Medical University and the University of Maryland. Treadmill exercise was
completed at a local health club convenient to the dive location while outdoor running was
completed in a natural park connected to the Croatian navy installation. Diving procedures varied
little between the four studies, only in the bottom time. The standard dive protocol was performed
at a depth of 18 meters sea water (msw) with a bottom time of 41 minutes. This dive profile was
selected with dive planning software built into Galileo dive computers (Uwatec Galileo Sol,
Johnson Outdoors, Racine, WI, USA) which were also used to verify subject adherence to the
dive protocol. Decompression was performed at a rate of nine msw/minute, with a direct ascent to
the surface. Throughout the dive, divers performed swimming of subjectively moderate intensity
and HR was monitored via dive computers.

A small pilot study was conducted to observe the MP response following three different types
of exercise. The goal was to compare a treadmill protocol, which has proven to be beneficial to
divers related to VGE production in a previous study (8), to a similar protocol performed on a
cycle ergometer, and an anaerobic protocol. Wingate cycling was chosen for the anaerobic trial
because of the relative safety compared to equivalent anaerobic efforts performed on a treadmill.
These trials were conducted two months prior to the beginning of the study to determine what
exercise protocol should be used before diving. Briefly, the following protocols were performed
each with four subjects: 1) Intervals on a bicycle ergometer consisting of three minutes at VO,
power (W) and 1.5 minutes of active recovery. The intervals were repeated until the subject could
no longer maintain 90% of VOimax power (cumulative time 15 to 18 minutes), 2) Repeated
Wingate tests on a bicycle ergometer consisting of 4 x 30 second maximal efforts with four
minutes of active recovery (cumulative time 23 minutes including warm up) and 3) Treadmill
intervals consisting of three minutes at a velocity that elicited 90% of HR ,.x determined by prior
testing and two minutes at 50% repeated eight times (cumulative time 60 minutes). Treadmill

interval exercise (protocol 3) was selected for study 1 for two reasons; it is the same protocol



15

utilized in an earlier exercise and simulated dive study (8) shown to decrease VGE, and the MP
response was more pronounced and prolonged compared to the cycling protocols (data not
shown).

Cycling was chosen for use after diving so the torso could be held still enough to allow TTE to
be performed while exercising. A ramp protocol was selected so we could observe the effect of
increasing intensity and determine if there was an individual threshold which would result in
arterialization.

Study 4 examined only one dive per subject followed by incremental exercise while
performing TTE in order to view emboli in the right and left heart. 100% O, was given to those
who arterialized to determine its effects on right to left shunt. Studies 1 and 2 compared MPs and
VGE following diving in subjects who served as their own matched controls. Study 3 utilized a

crossover design and the protocol is depicted in figure 3 below.

A

Dive no. 1 2 3 (5 DAY REST) 4 5 6

Dive: 18 | BGat 30, 60, and 90
C B,FMD | msw, 41 min B
min FMD
1 2 3 4 5
Elapsed time (hrs)
C
1 hr Dive: 18 | BG at 30, 60, and 90
X B, FMD aerobic rest msw, 41 min B
exercise min FMD
1 2 3 4 5 6 7 8

Elapsed time (hrs)

Fig. 3. A. Study protocol for G1 (dark shaded track) and G2
(light grey track). Numbers along x-axis represent dive no. C =
control protocol, detailed in 1B, and X = exercise protocol,
detailed in 1C. Numbers along x-axis in 1B and C represent
elapsed time in hours.
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2.2.4. Statistics

After analysis of distribution with the Shapiro-Wilk test, MP counts, platelet, and neutrophil
activation were analyzed by repeated measures analysis of variance (ANOVA) followed by a
Bonferroni correction. Bubble grades were analyzed with the Wilcoxon signed-rank test. The
Students T test was used for within-groups comparisons.

2.3. Summarized results

2.3.1 Paper 1

Data for the 14 males and 5 females are grouped together. The median bubble score, taken at
rest, was unchanged between the exercise and the control dive. Platelet counts were significantly
reduced following the exercise dive compared to the control dive at all measured time points after
surfacing (15 min p=0.013, 2 h p=0.037, 4 h p=0.002, and 24 h p=0.003). Leukocytes were
significantly increased by exercise when measured before diving (p=0.0002) and were also
significantly increased by diving during both the exercise and control dives (p=0.000 and .002).

Circulating MP and enlarged MP counts related to the exercise and control dive are displayed

in Figures 4A and 4B respectively. There was no significant difference in annexin V-positive
MPs (0.3-1um) before exercise and before diving on the day of the control dive, indicating no
difference in baseline among divers before the two different dive conditions. MPs increased
significantly at all time points up to four hours after surfacing in both dives. There was a
significant difference in MP number between exercise and control dives at all four post-dive
measurements, with lower response in the exercise group. Elevated MP values persisted for 24
hours following both dive conditions but were only significant following the control dive.
Elevations of large MPs occurred following the control dive in a pattern similar to the 0.3 to 1

um MPs, but not following the post-exercise dive (Fig 4).
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Neutrophil activation was assessed as surface expression of CDI18 and myeloperoxidase
(MPO) on CD66b-positive cells (Fig. 5SA and 5B). Activation occurred after the control and
exercise dives with a significant difference at all post-diving measurements of CD18 and at 15
minutes, 2 and 24 hours for MPO. Platelet-neutrophil interactions were evaluated as the presence
of CD41 on CD66b-positive cells (Fig. SC). Notably, there was an increase of CD41 fluorescence
following pre-dive exercise, mean fluorescence and remained elevated following the dive.
Following the control dive, fluorescence was increased compared to both pre-dive values and

compared to all time points of the exercise dive.
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2.3.2 Paper 2

There were no adverse effects reported from any of the subjects after exercise and SCUBA
diving activities. Median bubbles grades were significantly lower in the cycling group (median
BG of 3 compared to 4B, p= 0.028) at the 15 minute measurement. No significant differences
between the groups were observed at 40, 80, or 120 minutes post-diving (data not shown).

There were no significant differences in leukocyte, erythrocyte, hematocrit (Hct), or
thrombocyte counts following the Wingate protocol and before diving (data not shown).
Leukocytes were significantly higher 15 minutes after surfacing following both the cycling (p=
0.014) and control (p= 0.002) protocol compared to pre dive values.

Circulating MPs and enlarged MPs related to the exercise and control protocols are displayed
in Figure 6. Total MP counts are elevated following both protocols. This increase is significantly
lower at both time points following the cycling protocol (p=0.011 15 minutes and p= 0.008 120
minutes). Enlarged MP (size 1 to 3um) counts were lower at both measurements in the cycling

protocol as well (p=0.002 and 0.001).
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Fig. 6. Total circulating MPs and enlarged MPs. Data show mean of
circulating a MPs (0.3 — 1.0 pm)/ul and b enlarged MPs (1.0 — 3.0 um)/pl.
BX = Sample taken before exercise (AC dive only). BD = sample taken
before diving, both dives. * P <0.025, ** P <0.01, significance between
MP count at same time point between AC and CON dives.
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Neutrophil activation was assessed as surface expression of CD18, myeloperoxidase (MPO),
and CD41 on CD66b-positive cells and is displayed in Figure 7. All parameters were elevated
following SCUBA diving. There was no significant difference at any time point in MPO mean
fluorescence between both conditions. Following the AC dive, there was less of an increase in

CDA41 fluorescence at both time points, and in CD18 at the 15 minute time point.
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Fig.7. Geometric mean fluorescence representing neutrophil activation. Neutrophil
activation identified by CD66b staining and co-expression of a CD41, b CD18, and ¢
MPO, shown as geometric mean fluorescence AU (arbitrary units) for each marker. BX
= Sample taken before exercise (AC dive only). BD = sample taken before diving, both
dives. * P < 0.025, ** P < 0.01, significance between expression at same time point
between AC and CON dives. AC, anaerobic cycling. CON, control
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2.3.3 Paper 3
In this study, exercise did not have a significant impact on BG at rest for any time point in all
groups. When comparing subjects strictly by sex, females as a group, had a lower median resting
BG at nearly every measured time point compared to the males (table 1). There was no
significant difference in the incidence of arterialization between the two groups, male and female,

or exercise and control protocols.

Table 1. Median bubble grade at rest 30, 60 and 90 min after surfacing

30 min
Control dives Exercise dives

Dive 1 2 3 1 2 3
Male 3 3 3 4A 3 3
Female 1* 2% 1* 1* 2% 1*

60 min
Male 3 3 3 4A 3 3
Female 2 3 2% 2% 2 0*

90 min
Male 3 2 2 3 2 2
Female 1* 1* 0* 1* 1* 0*

Values represent median BG on Brubakk scale. Male and female subjects are
compared within each dive, separately from assigned groups. * p < 0.05 compared to
male subjects.

Endothelial function was assessed through FMD and is displayed as the percent change in
peak arterial diameter before and after forearm occlusion in Figure 8. All subjects throughout the
entire protocol experienced a significant decrease in FMD after diving. There was no significant
difference in FMD between exercise and control conditions. The pre dive FMD values for both

groups were significantly lower on dive three compared to dive one.
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Fig. 8. Flow mediated dilation. Data show pre (dark shaded bars)
and post (light grey bars) AFMD % for all divers in chronological
order. *, p<0.05 between dive 1 and 3 for all divers.

Circulating MP counts are displayed chronologically in figure 9A. There was no significant
difference in annexin V-positive MPs between the two groups. Additionally, when comparing the
exercise and control protocol within each individual group, there was no significant difference.
However, both groups had significantly reduced MP counts (G1 p=.0008, G2 p=.0001) in the
second series of dives. This reduction occurred regardless of performing the exercise or control
protocol during the second series.

Neutrophil activation was assessed as the percentage of surface expression of CD18 and
myeloperoxidase (MPO) on CD66b-positive cells (Fig. 9B and 9C). In G1 there was no
significant difference between exercise and control conditions. In G2, MPO% was decreased
(p=.001) in dives four through six (control) compared to dives one through three (exercise).
There was no significant change throughout the dives in both groups in the percent of CD66b-
positive cells expressing CD18. As with circulating MPs, both groups show a significant decrease

in the second series of dives compared to the first (G1 p=.035 G2 p=.003).
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2.3.4. Paper 4

23 experienced divers (20 male and 3 female) age range of 23 — 65 years participated in the
study. Subjects selected have either been tested negative for patent foramen ovale (PFO) within
the past three years or were screened prior to participation in the study.

In subjects 1 — 3 (not shown) we detected gas bubbles in both the right and left sides of the
heart at rest. These divers then completed the oxygen protocol. Subjects 4 — 23 displayed a range
of emboli (BS 0 —4B) in the right heart at rest, but without apparent arterialization, and advanced
to the exercise protocol. Subjects 4 — 15 (table 2) displayed arterialization at some point during
exercise to VO, max, while in subjects 16 — 23 (not shown) we did not observe arterialization at

any point during the study.

Table 2. Selected parameters observed leading to arterialization with exercise

Rest Ist exercise arterialization 2nd exercise arterialization

BG BG % BG Time

VO Time of  Time to
Time of  Time 2 power time to ex of 2nd %VO  power  close
# R L exonset of art R L max (W) close resume art R L 2max (W) w/02

4 1 0 36:23 42:57 301 81 150 00:01:23 44:48 * *oook * * *
5 i 0 37:46 40:32 301 25 60 00:00:58 41:57 46:00 3 1 22 60 01:09

6 i 0 38:38 42:34 i 1 45 90 00:01:18 43:03 * ¥ * * *
7 14B 0 38:32 41:45 : 1 32 90 00:00:30 44:25 45:06 i 1 46 90 00:29
8 30 37:49 44:52 i 1 60 150 00:02:34 47:42 48:18 i 1 56 150 00:34
9 14B 0 37:18 45:15 4B 2 48 150 00:01:20 46:51 48:14 4B 1 56 150 01:02
(1) 3.0 30:00 3047 4B 2 23 60 00:00:47 32:20 32145 4B 2 38 60 00:40
i 4B 0 43:00 4525 4B 2 55 135 00:02:45 48:30 51:00 4B 2 38 60 00:51
; i 0 34:10 40:52 i 1 30 150 00:01:21 42:24 44:15 /i 1 79 150 01:00
; 30 39:24 50:40 301 92 210 00:01:40 54:10 54:58 3 1 94 210 00:33
4]1 i 0 36:25 40:41 i 1 50 120 00:01:03 42:03 42:46 /i 1 41 120 00:30
; 3.0 32:58 33:40 : 1 31 60 00:50:00 35:00 36:00 i 1 28 60 00:49

#, subject number. R, right cardiac chamber. L, left cardiac chamber. BG, bubble grade. W, watts. *, no 2nd
arterialization observed.

The exercise intensity, as % VO, max, at which arterialization was first observed in subjects 4

- 23 is displayed in Figure 10.
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Fig. 10. %VO;max during which arterialization was first
observed.

Once arterialization was observed, and exercise suspended, the mean time until the left heart
was clear of emboli was 88 + 41 seconds. Exercise was then resumed at the same intensity that it
was suspended. During the second round of exercise, supplemental O, (99.5%) was given once
arterialization was observed and exercise was suspended. The %VOjm.x that elicited
arterialization in the second round was variable within individuals. However, the workload in
watts at the time of the observed arterializations was equal in nine out of ten subjects who
arterialized in both rounds of exercise. The mean time until the left heart was clear of emboli was
46 = 15s. Subjects 4 and 6 did not produce any observable emboli in the left heart during the

second round of exercise.
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2.4 Discussion

The purpose of this research was to examine how exercise before and after diving impacts
physiological parameters associated with decompression stress and DCS. Secondary to those
goals, analysis techniques were used to look beyond VGE alone as a marker for stress after
diving. These studies provide novel information on the interaction of exercise and SCUBA diving
and why timing is important.

SCUBA diving presents a unique challenge to homeostasis and serves as an excellent model
for environmental stress on a variety of physiological parameters with implications in diverse
populations. The diving community is expanding to include much larger, diverse, and at-risk
participants. The study of exercise as a preconditioning countermeasure or as a risk factor in
healthy subjects is the first step towards the expansion of diving protocols and procedures best
suited for these populations. Finally, diving does not occur in an isolated instance; health and
nutrition status, exercise, and stresses from other sources all combine with the stress of the dive
itself to challenge the participant.

Exercise before diving

Although exercise before diving does not seem like a common scenario, the case may be more
common in military divers; especially during times of training and indoctrination into special
warfare communities. Exercise per se is not the only way to increase the workload on an
individual. It is possible that some may open IPAVAs at such a low intensity that even some of
the more stressful activities of daily living may be enough to trigger their opening.

Prior to beginning the first study three protocols were tested to determine their MP response.
In addition to the following two selected for the studies an aerobic interval cycling test, similar to
the selected treadmill routine, was trialed as well. The aerobic intervals consisted of a 20 minute
warm up followed by eight, three minute intervals at 90% VOjm.x each followed by active
recovery. The HIT protocol consisted of the repeated Wingate protocol; four 30 second maximal
effort cycling intervals each followed by four minutes of active recovery. When comparing a dive
preceded by exercise to a control dive the following general observations can be made for both
the aerobic interval and high intensity training (HIT) studies (studies 1 and 2):1) No change in
median VGE, following the exercise dive compared to the control dive; 2) Smaller increases in
platelet counts at all time measurements; 3) Increased leukocyte counts pre diving; 4) Fewer

circulating MPs; 5) A smaller increase in CD41 and CD66b-positive MPs; 6) evidence of platelet



27

activation pre-diving but less activation post-diving, and; 7) less evidence of platelet-neutrophil
interactions.

The two different modes of exercise were selected in an attempt to eliminate certain variables
related to longer duration exercise, such as dehydration through sweat loss, resulting in
alterations in cardiac parameters. These alterations are the basis of one hypothesis on why
exercise before diving may be beneficial (3). Additionally, high intensity exercise (HIT) has been
shown to be as effective as aerobic training in certain outcomes such as increases in
mitochondrial density (13) contributing towards an increase in VO2max (28). Shorter HIT
protocols on a stationary bicycle are more practical to implement and cycling does not require the
skill that HIT on a treadmill requires.

Exercise itself results in increased MPs (11, 50, 53) which we also observed in the pilot
studies (47). The above results are contrary to the initial hypothesis: paradoxically, exercise
which leads to an increase in MPs, results in fewer MPs after diving which itself has been shown
to increase MPs, suggesting potential protective effect.

It is unclear whether reductions in MP counts following dives preceded by exercise compared
to control dives are related to an increased rate of uptake or a decrease in MP production.
Currently, little is known about MP clearance and elimination. Phagocytosis is believed to be the
primary means of MP clearance as has been demonstrated by Distler et al in vitro (16). It is
believed that this is a result of the interaction between MP surface expression of
phosphatidylserine and splenic macrophages. An alternative clearance pathway consisting of MP
binding via surface expression of Del-1 was associated with the ability for endothelial cells to
internalize MPs, describing a potentially more widespread clearance from vascular beds (15).
This implies a complex relationship between exercise, diving, and endothelial function worth
further investigation. Intense exercise can stimulate an acute increase of circulating leukocytes
followed by a decrease as they move from the blood to the periphery in preparation to support a
“fight or flight” response (68). It is possible that sympathetic activation associated with this
immune response could be responsible for increased uptake and destruction of MPs: our data
show a significantly increased leukocyte count before and 15 minutes after diving in the exercise
group compared to the control group. Regardless of the mechanism, more research is needed to

determine if the reduction in MPs and concomitant diminution in neutrophil activation associated
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with exercise are related to the protective effect of exercise which has been shown to reduce the
incidence of DCS in mice.

Platelet and neutrophil activation and interactions are associated with DCS in mice. Platelet
derived MPs play a key role in neutrophil activation (62) and the reduction following the exercise
before diving protocols could be related to a reduction in neutrophil activation observable as a
decreased CD66b and MPO expression. A decrease in CD66b expressing MPs was also
associated with a decrease in vascular injuries in mice (62) although further investigation is
needed to determine if these risks are present and subsequently ameliorated by exercise before
open water diving in humans. Recall that measures taken to prevent these changes and minimize
MP production and expansion resulted in decreased rates of death and DCS symptoms (62),
measured as damage to the brain, omentum, and soleus muscle.

The pattern of MP expression is not as clear following repetitive dives, defined in this thesis
as two sets of three dives in three days. However, there was an unexpected yet intriguing result.
Both groups experienced a significant decrease of all MP measurements in the second series of
dives compared to the first, regardless of the placement of exercise. At this time there is not
enough information to determine if this is related to an exhaustion and suppression of MP release
or an increased clearance. The final measurement was significantly lower than the initial pre dive
measurement, which had taken place before any exercise or diving, in both groups of the study
(p=0.001 and 0.008 respectively).

The benefits on MP counts and neutrophil activation were observed in dives preceded by
exercise despite no significant change in median bubble grades between the exercise and control
dive procedures. These data are contrary to previous studies where exercise pre-diving was found
to result in a clear reduction in post-dive bubbles (4, 10, 19, 22, 29). There are many factors that
influence VGE production outside of exercise including fatigue, environmental conditions, and
more recently, acclimatization to repeated bouts of SCUBA diving (2). It is possible that any one
of these could have overshadowed any potential changes in VGE activity resulting from the
exercise intervention. Finally, changes in environmental conditions such as temperature, timing
in the dive season, and individual response to decompression stress could also impact the VGE
loads. While measures can be taken to mitigate these variables, human trials cannot be controlled

to the degree that animal or in vitro studies can.
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Exercise after diving

The results of study 4 show that subjects who were not arterializing at rest after SCUBA
diving experienced arterialization during exercise on a cycle ergometer. Although the subjects
were seated in an upright position during exercise it is unlikely that the posture change alone was
responsible for arterialization since subjects were observed in both the seated and supine
positions at rest. Ljubkovic et al. (43) detailed the conditions necessary to provoke arterialization
of VGE after diving at rest. One of these conditions was a bubble grade of at least 4B in the right
heart. We have shown that, with post-dive exercise, divers can arterialize with a bubble score as
low as 3.

The timing of exercise after diving may impact arterialization since divers typically reach
peak bubble production 30 to 60 min after surfacing. It is thus possible that timing of exercise
could be the difference between arterialization or not. However, in this study there was no
significant difference in the exercise start time between those who did and those who did not
arterialize. Rather, there was a significant difference in the initial bubble score, both supine and
seated, which may contribute to arterialization during exercise. It is possible that there is still a
minimal bubble score required to arterialize, even if open IPAVA during exercise provide a
pathway. In this experiment, the only way to visualize the shunts was observation of emboli in
the left heart. Bubble grades of 1 and 2 mean that emboli are not present in every cardiac cycle.
Therefore, IPAVAs may be open, but the emboli used to observe this crossover may not be in
high enough quantity to visualize through TTE.

In this study, administration of 100% oxygen upon detection of gas bubbles in the left heart,
both resting and immediately after exercise, caused rapid cessation of arterialization in all tested
individuals. Furthermore, the use of oxygen terminated arterialization quite rapidly (60-90
seconds of oxygen breathing) compared to breathing room air. It is believed that this is related to
the mechanism of closing IPAVA with the application of oxygen. One proposed alternative is
that this decrease in arterialization is related to an increased rate of nitrogen elimination, seen as a
reduction of bubble load in the right heart. Oxygen pre-breathing is used in high altitude flights
and astronaut extra-vehicular activity (EVA) to eliminate nitrogen from the blood via an
increased concentration gradient and this principle has also been applied to SCUBA diving (7).
This de-nucleation protocol can last between one and four hours for high altitude excursions (70).

Exercise can speed this process up by increasing cardiac output and blood flow though the
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pulmonary circuit, although even the shortened protocols studied last at least 15 minutes (69).
Due to the rapid cessation of arterialization (mean time of 46 seconds) and the relatively low
duration of oxygen administration, the time frame matches up more closely with other exercise
and [IPAVA studies rather than nitrogen washout. Additionally, our subgroup of six divers
breathing oxygen shows that while oxygen did reduce VGE in divers at rest, this reduction was
not significant until 16 minutes into the administration procedure. However, we cannot
completely rule out the possibility that breathing 100% O, leading to an increased concentration
gradient for nitrogen elimination at the alveolocapillary membrane, may still reduce the amount
of bubbles in the pulmonary microcirculation.

This study also demonstrated that the use of supplemental O, can stop arterialization after
SCUBA diving. The use of oxygen significantly decreased the time for emboli to leave the left
heart compared to breathing room air. With only three subjects arterializing at rest, statistical
conclusion are of little use, however in this study the difference in the time to stop arterializing
with oxygen versus room air was noticeable. In both the case of rest and exercise, once the
subject was taken off the oxygen, arterialization resumed after a relatively short amount of time.
Without the use of supplemental oxygen, the half life of the bubble scores and arterialization at
rest followed closely with previously observed results with similar dive profiles (60). The mean
time for the reduction of the bubble grade to 0 in the left heart occurred at 45:05 minutes after
surfacing accompanied by a concurrent decrease in VGE in the right cardiac chambers. For the
subjects who shunted with exercise, while oxygen did decrease the time to clear emboli from the
left heart, for practical purposes, removing the exercise stimulus also stopped arterialization
within a few minutes.

As previously mentioned, VGE that cross over to the arterial circulation are considered more
dangerous (67) than when they remain in the venous circulation. The common path of VGE takes
them from the site where they were formed in the veins, through the right heart, and on to the
pulmonary circuit for elimination. Bubbles that make it to the arterial side have opportunities to
enter other tissues or block arterioles. If these bubbles interact with specific areas, such as brain
and nervous tissues or joint capsules, they may directly lead to clinical signs and symptoms of
DCS.

The patent foramen ovale (PFO) is one of the more commonly known means for emboli to

crossover to the arterial side (34, 40, 58, 64, 67). As a brief review, the PFO is a congenital defect
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where the opening between the two atria has failed to completely seal. Rather than thinking of it
as a hole in the wall, a more accurate visual would be a closed door that can open under specific
circumstances.

The acute and chronic consequences of arterialized emboli are still under investigation. While
studies of long-term cognitive function show no impairment from injury free SCUBA diving (36)
other studies showing brain lesions in sport divers warrant further investigation into the subject
(33). It seems clear that divers with a right-to-left shunt, whether PFO or IPAVA, are at a higher
risk than those without (33, 34, 40).

2.5 Conclusions

A single bout of exercise two hours before diving reduces MP counts and some indicators of
platelet and neutrophil activation which are correlated with DCS in mice. The effect was
observed following both aerobic interval training and anaerobic cycling. The effects get more
complicated when this pattern is repeated daily. Over a series of repeated dives MP counts
continued to rise. Following a rest period and a second series of dives, absolute MP counts were
lower compared to the first series.

Exercise after diving increases the incidence of arterial gas embolism. While the overall risk
of DCS remains low, evidence suggests arterialization likely increases relative risk of
neurological DCS. Studies on career divers show some evidence of brain damage, however, there
is no link to a decrease in cognitive performance and the rate of arterialization in these subjects is
not know. Further research on the chronic effects of frequent arterialization is needed to
completely determine the risk of IPAVAs and PFO. Exercise after diving is not limited to
exercise per se, but physical activities associated with diving such as carrying heavy equipment
and surface swimming in full kit could be enough to open IPAVAs. Populations with specific
types of risk, such as stroke or increased thrombi production may be at an increased risk

compared to healthy populations.
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2.6 Summary

The aim this dissertation was to examine the interactions between exercise before and SCUBA
diving. The impact was determined on variables beyond VGE, which traditionally have served as
a surrogate marker for decompression stress, but alone are a poor indicator of DCS risk. Four
dive studies were conducted for this investigation, three on exercise before diving and one on
exercise after diving. In addition to VGE, outcomes to assess decompression stress included
arterialization of gas bubbles; changes in circulating MP counts, MP subtype expression
associated with the inflammatory response, platelet counts and activation, and endothelial
function.

Exercise before diving was already considered by some to be a protective form of
preconditioning, however, this conclusion was primarily based on VGE analysis. These studies
demonstrate a mitigation of MP counts and platelet-neutrophil activation and interaction that is
associated with protective benefits in the murine model, providing additional information on the
mechanism beyond VGE analysis. This effect was observed with both aerobic running and
anaerobic cycling and was more pronounced following the running.

Exercise after diving led to an increased incidence of arterialization compared to resting
conditions. Arterialization during exercise was preventable with concurrent 100% O, breathing
and, arterialization while breathing atmospheric air ceased almost immediately after exercise was
terminated. This may also demonstrate one of the mechanisms responsible for the positive
outcomes associated with O, breathing as a first aid treatment for DCS. The intensity at which
this arterialization occurred is variable with each individual. In some individuals the simple task
of surface swimming or carrying equipment after a dive may be intense enough to cross the
arterialization threshold.

From this study it was demonstrated that exercise after diving can provoke arterialization,
which is associated with 