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UNDERSEA AND HYPERBARIC MEDICAL SOCIETY
www.uhms.org

The UHMS is an international, nonprofit organization serving over 2,500 members from more than
50 countries. Most UHMS members are diving or hyperbaric scientists and physicians. Associate
members are nurses, technicians, respiratory therapists and others who work in the field of diving and
hyperbaric medicine.

The Undersea and Hyperbaric Medical Society (UHMS) is the primary source of information for
diving and hyperbaric medicine physiology worldwide. It was founded as the Undersea Medical
Society in 1967 but in 1986 changed the name to Undersea and Hyperbaric Medical Society. The
name change reflects the rapidly growing interest in hyperbaric oxygen physiology and therapy. The
UHMS's purpose is to provide scientific information to protect the health of sport, military and
commercial divers and to improve the scientific basis of hyperbaric oxygen therapy, promote sound
treatment protocols and standards of practice and provide CME accreditation.

DIVERS ALERT NETWORK
www.diversalertnetwork.org

Divers Alert Network (DAN®) is a 501(c)(3) nonprofit dive safety organization associated with Duke
University Health Systems in Durham, N.C. Since 1980, DAN has served as a lifeline for the scuba
industry by operating the industry's only 24-Hour Diving Emergency Hotline, a lifesaving service for
injured scuba divers. Additionally, DAN operates a Dive Safety and Medical Information Line,
conducts vital dive-related medical research and develops and provides a number of educational
programs for everyone, from beginning divers to medical professionals.

DAN is supported through membership dues and donations. In return, members receive a number of
benefits, including access to emergency medical evacuation, travel and personal assistance for both
diving and non-diving needs, DAN educational publications, a subscription to Alert Diver magazine
and access to diving's premier dive accident insurance coverage. DAN currently has well more than
200,000 members worldwide.

The DAN Vision
Striving to make every dive, accident- and injury-free.

The DAN Mission Statement
DAN helps divers in need with medical emergency assistance and promotes diving safety through
research, education, products and services.
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2006 UHMS/DAN BREATH-HOLD WORKSHOP:
OPENING REMARKS

DR. LUNDGREN: I am very pleased to get this meeting started. It is 20 years since we had an
international symposium or workshop on breath-hold diving on this continent, the last one being in
Buffalo. A lot of things have happened in our field over those 20 years, many of which we will take a
thorough look at in the next two days.

We want to acknowledge that this event would not have happened without the collaboration between
UHMS and DAN. We also wish to recognize the generous support from the Office of Naval Research
and Naval Sea Systems Command, for which we are very appreciative.

DR. LINDHOLM: We will start with a few housekeeping details. First, the compact disks provided
with the registration packages include the complete proceedings from the 1965 breath-hold diving
symposium. We felt this was important to provide since paper copies are becoming increasingly more
difficult to find. We thank Eugene Hobbs at Duke University, the same person responsible for
scanning the UHMS archives, for providing us with this material.

The second piece of information is that we have a court stenographer with us to produce a verbatim
record of the meeting. An edited version of the discussions will be included in the proceedings of the
meeting.

Finally, personal issues have demanded the withdrawal of several presenters. This list includes Dr.

Andreas Fahlman, Dr. Massimo Ferrigno and Mr. Glennon Gingo.

Welcome.
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THE SCIENCE OF BREATH-HOLD DIVING:
PAST, PRESENT AND FUTURE

Claes E.G. Lundgren, MD, PhD

Center for Research and Education in Special Environments,
State University of New York at Buffalo, NY, USA

The title of my talk may be too ambitious, especially when it comes to the future, because, after all, as
the Danish humorist Storm Pedersen said many years ago, "Predictions are hard to make, especially
about the future."

I think what lies in the future in terms of research on breath-hold diving physiology will come out of
our discussions here, so it all rests with you. As for the past, I will dwell a bit on what conventional
wisdom has said about safety and possibilities when it comes to breath-hold diving, and we will see
how reality has come about to set those predictions or those ideas straight. As for the current, it will
be the material that will be presented by all of you here.
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Figure 1: Comparison of improvements in the no-limits breath-hold diving records and
Olympic 200 m running records over a 50- to 60-year period (modified from ref. 1).
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Now, some of you may have seen one version of this diagram before. This time I have added
something that I think is quite astounding. When you reflect on the immense increase in diving depths
for maximal breath-hold dives that has progressed from the mid- to late forties, when dives reached
down to maybe 30 or 40 m, to the most recent record that I am aware of, which is 209 m (686 ft), it is
more than a 700% increase in performance. Now, for comparison, look at the Olympic records. I have
chosen, because there was a fair number of data available, the Olympic records for 200 m runs, which
has progressed along this line. Now you have, of course, to pay attention to the time scale for the
runs, which is in seconds. So we have from 1950, about 20.6 s, to the most recent 1995 record, which
is about 19.4 s, a five percent improvement. I do not know that there is any other athletic activity that
can show the same improvement in records as deep breath-hold diving. And all the time happening in
the face of, we have to admit it, scientists predicting, that the limits would be much, much less than
what the divers have shown us.

It does force us to recognize that there is a credibility problem to some extent between us in the labs
and the divers who are spearheading the progress in the field. And it is an unfortunate problem,
because we do feel that communication is extremely important.

For those who are on the diving side more than on the laboratory side, [ would like to emphasize that
the reason that the apparently too restrictive limits were proposed at one time or another was that they
were based on insights and knowledge that had been gained, not by studying divers, but by studying
lung physiology in healthy, non-diving people and patients. And the other reason, of course, was that
since much of this was driven by physicians, there would be an overriding concern of not encouraging
activities that might do harm.

On the other hand, as I will elaborate a bit on, there are some observations and predictions that I think
the divers should take into consideration when it comes to potentially noxious effects of extreme
diving. And we will hear a fair amount about that as we go on.

One of the first concerns was the possibility that the pressure and chest and lung compression would
do harm. Consider a dive to 200 m (656 ft). And just for those of you who may not have pondered the
finer points of this before, let us look at somebody going from the surface starting out with, let us say,
a total lung volume of 9 L down to this record depth of currently 200 m. At 200 m the gas in the lungs
has been compressed to less than 0.5 L (that is more than one liter less that the normal residual
volume). For simplicity we can disregard small effects of oxygen and CO, exchange. Going from 9.0
L to 0.4 L is a tremendous compression. And the question that for the longest time concerned
researchers was, of course, while air certainly is compressed in the lungs and therefore the lungs
should be compressed, what about the chest wall and the discrepancy in compressibility between the
chest wall and the lungs? The chest wall in humans is certainly not as compressible as it is in, for
instance, the diving mammals where the chest wall is less developed, less stiff.

So, going down, let us look at the predictions as they used to be. The following numbers are for
measurements we did in an expert breath-hold diver diving in the wet-pot of our hyperbaric chamber.
His vital capacity was 7.4 L, his residual volume was 2.2 L, for a total lung capacity of 9.6 L. If one
predicts, as the rule was not too many years ago, the maximally safe diving depth based on the ratio
between the total lung capacity to residual volume (this assumes, of course, that the diver inhaled
maximally before diving) then 9.6/2.2 ~ 4.4, that is a compression to 4.4 ATA. Thus, the prediction
from this data would be for his safe maximum depth to be 34 m (112 ft). Well, when we put this data
together, he had done a dive to 133 m (436 ft), which makes for a compression of the lung air down to
0.67 L. Yet, his residual volume measured at the surface was 2.2 L. So there is a discrepancy of 2.2 -
0.67 = ~1.5 L that has to be explained. And the explanation is, to a large extent, that blood fills the
void, so to speak, between the chest wall and the lung.



As a matter of fact, we have recordings by pneumography taking external measures of the chest
volume in another well-known breath-hold diver, Enzo Majorca — and when I mention names in this
presentation, it is with the consent of the person in question — Enzo did dives in our wet pot, one dive
to 55 m (180 ft) and another to 50 m (164 ft) while we measured the chest volume (Figure 2).

Subject EM, depth: 55 msw, water temperature: 35 °C

ol \
N

\
Vblood, redistr.

Volume (L BTPS)
Depth (msw)

A +20

+ 30
V'chest"

Volume (L BTPS)
Depth (msw)

+ 40

ST S + 50
-6 : : 1 : 1 1 : 1 : | : 1 : ——
-20 0 20 40 60 80 100 120 140

Time (seconds)

Figure 2: Submersed breath-hold dives to 55 m (180 ft) in water at 35°C (95°F) and to 50
m (164 ft) at 25°C (77°F) in hyperbaric chamber performed by Enzo Majorca. Difference
between calculated compression of lung gas and measured reduction in chest volume
shown as volume of blood (area above zero volume line) redistributed from periphery
into chest (Figure courtesy Drs. D. Warkander, M. Ferrigno, C. Lundgren).

Furthermore, since we knew the volume of air he had in his lungs when he started the dive we could
calculate the compression of that air as he descended to gradually greater pressure. The idea was to
compare the volume of that air with the chest volume. Both of these graphs are designed the same
way. This is the time/depth profile down to and up from 55 m (180 ft). You have the smooth line



showing what is predicted in terms of compression of the air in the lung as he goes down. It is
maximally compressed at the 'bottom.' And then as he goes up, it expands again. Contrast that with
the actually measured reduction in chest volume and you can see that there is a considerable
discrepancy between the chest volume line and the lung-gas volume line.

We have set off this difference up here as a volume of blood redistributed. In this particular dive, it is
in the order of one liter of blood entering the chest, entering the space, so to speak, between the chest
and the lung. In reality, of course, it is distending the volume of the blood vessels in the chest. This
was Enzo's second dive, down to 50 m (164 ft). It produced a redistribution of about 1.5 L of blood to
his chest.

Now, what explains the larger volume of blood shift that is, one and a half liter at the lesser pressure
at 50 m (164 ft) than the one liter shift at 55 m (180 ft)? That is probably answered by the difference
in water temperatures, 25°C (77°F) at 50 m water versus 35°C (95°F) at 55 m (180 ft). The effect of
the colder water was, in all likelihood, to cause constriction of peripheral blood vessels so as to shift
more blood from the periphery into the chest than in the relatively warm water.

Thus, there is, without doubt, a very considerable distension of the blood vessels in the chest during
breath-hold diving. The question then worrying the researchers is: can that be safe? Is really the
human pulmonary vasculature designed to accept such tremendous volumes of blood? It is clearly
very unnatural, compared to the situation of normal life on dry land.

Figure 3: Schematic of the lungs and the distribution of blood that can be moved from the
periphery into the blood vessels of the chest. A hypothetic u-tube manometer compares
the gas pressure in the lung with the water pressure surrounding the chest (chest wall not
shown). TLC is total lung capacity and VC, i.e., the vital capacity represents the
compressible part of the chest and lungs; residual volume (RV) is the incompressible
part; ITBV is intrathoracic blood volume and ETBV is extrathoracic blood volume. A:
the situation after inhalation to TLC before dive with small ITBV and because of recoil
of chest and lungs a positive pressure in lung; B: beginning of dive with partial
compression of chest and some increase in ITBV, pressure equilibrated between lung air
and water; C: At this depth the chest-wall-lung system has reached RV and cannot be



compressed more from the outside so additional blood is moved ('sucked in') from the
ETBYV to the ITBV and pressure equilibrium is maintained; D: with increasing depth lung
gas pressure is lagging behind water pressure drawing in more blood because of limited
distensibility and full pressure equilibrium is not reached, i.e., blood pressure in the
vessels is higher than air pressure on the outside of the vessels which may burst (Figure
reproduced from ref. 1 with permission).

This is fine for theory but is over-distension of blood vessels in the lung and bleeding something
really to be concerned about? One of the first positive demonstrations of intrapulmonary hemorrhage
was presented by Boussuges and co-workers in France when a diver had done repetitive dives to
about 20 m (66 ft) during the day, started coughing up blood. He had a chest x-ray taken and
pulmonary lavage was also performed and confirmed that he had blood in the alveoli. So it is
definitively a potential risk. The remarkable thing is that there are people who can go down to
considerable depth apparently without any problems. And we have accounts of divers who bleed at 20
m or 30 m (66 or 98 ft). It is still a medical mystery why there is this difference because some of
those individuals have been subject to extensive diagnostic procedures without the bleeding source
being found.

There is one medical condition that has been suggested as a possible explanation in these cases of
bleeding after diving, and that is called the Osler disease, which is a condition with blood vessel
malformations that can be located in many different areas of the body, from the skin to the
gastrointestinal tract, and certainly in the lungs. These are somewhat akin to varicose veins. They are
actually located in the transition from arteries to veins, and may be weak points in, in this case, the
pulmonary blood circulation that could perhaps more easily rupture than the rest of the vascular bed.

There is other pathology which we will hear more about. Not too long ago it was claimed that there
are some natural divers who dive very, very safely, although very intensively, and those are in
particular, the Korean and Japanese Ama, who, it was at one time said, almost never suffered any ill
consequences from the diving. As we will hear later, the reality is sometimes quite different. Japanese
breath-hold divers have been diagnosed with severe brain lesions, most likely caused by
decompression trauma (2)

As it comes to oxygen usage and the risk of hypoxia during breath-hold diving, predictions again
based on conventional physiological wisdom fall considerably short of what reality and current
breath-hold divers are teaching us. Without going into all the fine details, let me just say that if you
assume a normal total lung capacity, say, of 6.5 L, and look at how much oxygen is available for
metabolism without risking severe oxygen lack, and if you hyperventilate before the dive, you may
have something in the order of 14 percent of that gas volume available as oxygen. That comes out to
about 900 mL of oxygen in your lungs available for metabolism before you get down to an oxygen
pressure of 30 mm Hg — this is at the surface now — at which point you should lose consciousness.

Those 900 mL would last, assuming a standard resting oxygen consumption of 300 mL-min™, for
three minutes. Then, the doctor says, you are going to lose consciousness from hypoxia. Yet, the
current static apnea record, held by Tom Sieta, is not three minutes but an astounding 8:58 min:s. So,
explanations? Well, one thing that breath-hold divers do that does help a bit in terms of increasing the
lung oxygen store is glossopharyngeal breathing. However, that can only increase breath-holding time
another half minute or so.

Then there is the improved storage capacity of the blood for oxygen after a series of dives because of
an infusion into the circulation of erythrocytes from the spleen (3) with some potential to store extra



oxygen, although I believe it is a rather modest effect. There is also the question whether the oxygen
usage of the diver is not 300 mL-min”' but perhaps something less, in which case, of course, the stores
would last longer. Now, this brings us to the well-known phenomenon of the diving response. Here
illustrated by recordings in Rossana Majorca in dives in our chamber to 50 m underwater. She had
graciously accepted to have an arterial catheter put into an artery in her arm for continuous blood
pressure recording and we also recorded her electrocardiogram (Figure 4).

Figure 4: Rossana Majorca's submersed dive in water at 25°C to 50 m (164 ft) in
hyperbaric chamber. Recordings (against time) from top to bottom: electrocardiogram
(ECQ), invasively measured arterial blood pressure, depth profile and breath-hold dive
duration. For comments see text. (Figure used with permission from ref. 4).

What is striking here, first of course, is that this was a somewhat stressful or at least exciting moment
where she was compressed underwater in the chamber at a relatively rapid rate. There was some
tachycardia and a slightly raised blood pressure of 180/110 mm Hg or so in the beginning. When the
dive starts, however, something quite remarkable happens. In this young, healthy woman with
otherwise normal resting blood pressure but who is now in a diving situation, the blood pressure
shoots up to this amazing level, the diastolic blood pressure at 190 mm Hg, and the systolic pressure
can be extrapolated to be about 280 mm Hg. Absolutely amazing. Then comes the diving bradycardia
and the pressure comes down. This is physiologically very interesting because it is being debated and
I do not claim that a couple of recordings that we have done in Rossana and her farther, showing
exactly the same thing, are conclusive proof that this is the primary mechanism in the diving
response. But it suggests that the rise in blood pressure is an important factor that causes the slowing
of the heart. It would do so by triggering the pressor reflex from the pressor receptors in the arteries
and causing reduction in sympathetic tone and lowering of peripheral resistance and, as you can see,
slowing the heart rate and therefore causing a drop in the cardiac output which would lead to the
reduction in blood pressure. Then, at the end of the ascent, you see the circulation picking up and
pressure getting back to where it was at the start.



Now, here are parts of ECG recordings in Enzo, Patricia and Rossana Majorca performing submersed
dives dives in our chamber (Figure 5). The dives caused marked slowing of the heart and ventricular
extrasystoles and we recorded heart rates of 8-10 beats'min” which looked very dramatic but only
lasted for a very short time: tenths of seconds.

A

Pre Dive Control M
B

g m Wﬂw
C

Pre Dive Control al 25m

A

Figure 5. ECG recordings during submersed descending dives in hyperbaric chamber in
EM (A) to 50 m, PM (B) to 40 m and RM (C) to 50 m; top tracing recorded before dive
and lower tracing at depth indicated (Figure used with permission from ref. 5).

This irregularity in heartbeat has also been observed by others and is apparently not of great concern
in an absolutely healthy person but it may be a different thing in somebody with a heart condition —

more about that in a while. But first something about the significance of the diving bradycardia, that
is, the slowing of the heart.
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Figure 6: Diving response in terms of heart rate reduction (HR) vs. duration of maximal
effort breath-holds during face immersion in cool water. Groups 1 to 3 were experienced
breath-hold divers, Group 4 was scuba divers and Groups 5 to 9 were non-divers. Diving
bradycardia was more pronounced and breath-holding time was longer in divers, but less
so in older individuals (Group 2, Ama) (Figure used with permission from ref. 6).

It is shows very nicely that the more pronounced the diving bradycardia is in divers the longer they
can hold their breath. In other words, it suggests that the diving response is beneficial for diving
performance.

I wish I could put in here another group, which would, however, be very hard to do the proper
experiments in, and that is little children, babies or toddlers who have been trained to swim
underwater, which they gladly do, if trained correctly. They have quite a vigorous diving response,
although, of course, you can never test to see what their maximum breath-holding duration is. What
makes this so fascinating is that nature apparently has given kids — this ability to react in a very
appropriate fashion to a situation of threatening suffocation. Why so? Well, in the process of being
born you are indeed, for a relative brief period of time, subjected to an enforced hypoxia that can
become extremely severe. It starts when the child passes the birth canal and the chest is kept in a very
firm grip so that it cannot expand even after the face has broken through, and the umbilical cord is
also compressed. The face has broken through and is cooled by the outside air and a profound diving
response develops. It can actually last for minutes after full delivery. This is nature's carefully tested
and through evolution developed method of protecting against dangerous hypoxia in the process of
birth.

The diving response is actually found almost throughout the entire animal kingdom, certainly among
vertebrates. It has even been demonstrated in slugs and in fish (Figure 7).
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Figure 8: On the horizontal axis is the breath-holding time. They held for something in
the order of four to five minutes. The vertical axis shows oxygen uptake. This is based on
analysis of the oxygen content in the lung air in repeated breath-holds. So each point here
is where the breath-hold on command was broken and a sample of the lung air was taken
to analyze how much of the oxygen had disappeared. Clearly, oxygen uptake from the
lung is growing as they hold their breath, but at a slower and slower pace, especially
when you compare it to the normal resting oxygen consumption, which is represented by
these straight lines, you can see that they definitely use less when they hold their breath.
The straight lines represent oxygen uptake when breathed quietly, and we just measured
oxygen consumption in the normal way. And here (open circles) are age and sex-matched
non-diving controls, in whom oxygen consumption, when they hold their breath, just
reproduces their normal oxygen consumption when breathing. (Used with permission
from ref. 8).

So certainly these divers were a breed apart, but what this figure illustrates applies to breath-hold
divers in general. And recordings in several laboratories have now shown that if you look at the
oxygen content in blood measured as oxygen saturation during divers' breath-holds it falls at a much

slower pace than in non-divers.

Another aspect of adaptation to breath-hold diving that probably is primarily due to training, is shown

here again in our favorite subjects, the Majorcas (Figure 9).
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Figure 9: Recording of relationship between spontaneous lung ventilation (vertical axis)
and end-tidal CO, pressure (horizontal axis) increased by inhalation of stepwise increased
CO; concentrations in an 0,-CO,-N, mixture. Open symbols: three expert breath-hold
divers; filled symbols: age and sex matched non-divers (reprinted from ref. 9 with
permission from Elsevier).

Recorded in the laboratory is their breathing in response to step-wise increases in CO, in inhaled air.
As the resulting CO, pressure in their lungs (horizontal axis) and arterial blood increases they react
with increased ventilation (vertical axis), according to this pattern. In other words, this is an
expression of their ventilatory CO, sensitivity; the age-matched, non-diving controls were much more
sensitive. You can see much steeper rise in the stimulation from the CO, of the breathing in the non-
divers. So the breath-hold divers are less sensitive to CO, build-up, good and bad. They can hold their
breath longer, but also face an increased risk, of course, of running into hypoxia, an aspect that will
be dealt with in various presentations to come.

I am getting back to the observation of irregular heart-beat during breath-hold diving, Figure 10. Our
divers made two dives each in our dive chamber, one to 50 m (164 ft), one to 40 m (131 ft), and here
is another to 50 m. There is an important difference between the two dives that each one did. One
dive was in cool water (25°C/77°F) and one in thermoneutral water (35°C/95°F). Note the dive
profiles to either 40 or 50 m.
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Figure 10. Relative occurrence of arrhythmias at depth vs. time during submersed breath-
hold dives, performed by three experienced divers (EM, PM, RM), in a hyperbaric
chamber. Measurements were averaged over 10 s intervals. Note the higher incidence of
arrhythmias in cool water (25°C/77°F) than in thermoneutral (35°C/95°F) water (Figure
used with permission from ref. 4).

And what we have put down here is the frequency of normal (sinus) heartbeats. That is to say, relative
occurrence of normal heartbeats and various types of arrhythmias. We have some abnormal beats
emerging from not the normal source for heartbeat, namely the sinus node, but from various other
locations and with different patterns and we have tied them (black squares) together with the dotted
lines in the figure. So the lines delineate the bulk of abnormal heartbeats over the periods of time that
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DR. RISBERG: That might put an end to the diving reflex, because I think it is a bit simplified. I
think the mechanism might be a bit different. The reason I am saying that is an experiment we did
many, many years ago, and [ hope that someone finally will repeat it.

We had divers that performed a deep saturation dive for a moment. And we measured their maximum
breath-hold time and their diving response in terms of bradycardia before they did that dive and after.
And our hypothesis was that their CO, sensitivity would be reduced because of reading of the dense
scales.

What happened was that their CO, sensitivity was increased. Their breath-hold time increased
significantly. And they had no diving response for up to a month after that saturation dive. So there
obviously must be other mechanisms involved probably related to some kind of adaptation maybe in
the sensitivity of, we speculated it could change the sensitivity of the breathing muscles or the
muscles of the thorax that had a different input, would be one possible explanation.

I hope that that experiment can be repeated because it could determine the mechanism for the
bradycardia. It is a bit more complex than normally stated based on that one single experiment.

I also want to make a point about the statement that it is not beneficial to have repeated hypoxias. We
have done this experimentally in animals, by looking at the effect of repeated hypoxias to a height of
3,000 m [9,842 ft] two hours a day for six weeks. And we found a significant improvement in
epithelial functioning if you do that. So there are various aspects to this.

DR. LUNDGREN: I suppose it would be somewhat difficult to do cognitive functioning in those
animals. Be that as it may, as far as the point about the changes in the saturation divers, that is very
interesting, although I am sure you are aware that one cannot necessarily say that the mechanisms
modified by the saturation dive necessarily applied to people who never do saturation dives. But it is
an interesting observation.
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NITROGEN NARCOSIS DURING NO LIMITS FREEDIVING
WORLD RECORD TO 160 M (525 FT)

Tanya Streeter

Freediver
Austin, TX, USA

Introduction

This is a case report from my 2002 world record dives to 160 m (525 ft) in No Limits and a couple of
previous training dives.

Methods

The No Limits dives in which I experienced what I believe to be nitrogen narcosis ranged between
100-160 m (328-525 ft) in depth and utilized a weighted sled for descent and inflated liftbag for the
ascent. Approximate travel speeds were 1.5-2 m's™ round trip and the total times of 3:00-3:32 min:s.
Prior to each dive, approximately 40 min of preparation took place, consisting of two shallow dives to
between 15-25 m (49-82 ft) for 1:30-2:45 in time, and two short static apneas at the surface. The rest
of the time was spent ventilating. During the descent of the final deep sled dives, the brake was used
to facilitate easier equalization. I believe that I have also experienced brief narcosis on Constant
Weight/Free Immersion dives to between 50-70 m (164-230 ft).

Results

The sensations of my narcosis were essentially the same on each occasion (approximately five
instances total) and varied only in severity. On the worst occasion (at 160 m [525 ft] on a No Limits
dive) I spent approximately 10 s unable to concentrate enough to operate my liftbag and was confused
about what functions I had already performed. Once on the ascent, I felt severe numbness especially
in my head and bit my tongue hard on purpose so that I could feel something. I do not remember a
large portion of the first part of the ascent, until around 90 m (295 ft) or so.

Conclusion

My conclusion is that these feelings and symptoms were due to nitrogen narcosis.

PRESENTATION

MS. STREETER: Thank you very much. I appreciate very much the efforts that Dr. Lindholm and the
organizing committee who have brought us together. It is really an honor for me to speak here, to
follow Dr. Lundgren, who I never met, but have heard so much about, and also DAN and UHMS. 1
really want to thank everybody involved for bringing us all together.

We stand to learn a lot. We stand to be able to improve a lot in our performances. We are athletes
first, so that tends to be our objective, and, obviously, to stay safe. So it is greatly appreciated.
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I am going to discuss my experiences with narcosis. I thought a lot about how I would do this
presentation, as intimidated as I am by the audience and what I can person personally offer other than
personal experience. So I decided that it would just be my personal experience that I would offer you.
And rather than presenting a Power Point presentation or anything, I had the advantage of a film
being made about this particular dive that I am going to discuss today. So I will show you that film
which lasts in total about 20 min. There is a gap in the middle, which kind of gives me a good
opportunity to say a few things about the first part of the film and what you can expect in the second
part of the film.

Other than that, I will point out that it is a film. It was made by a United Kingdom production
company in conjunction with the Discovery Channel here. Some of you may have seen it. I apologize
if it is a little bit repetitive. However, from my perspective, being the subject of the film and living the
training and the diving and everything as I was doing in 2002 when this was made, I thought that the
real-life version was plenty dramatic enough, and was clearly irritated by how overdramatized and
oversensationalized the film ended up being. But that is what audiences need in our world of channels
being changed every three seconds; it has to be exciting the entire time, the attention deficit disorder
television generation of which I am as well.

So I did not watch it. I watched it once. I was really irritated. I am irritated to the point where I got
very, very upset about it. And I did not watch it again until I started thinking seriously about what I
was going to talk to you about today. And when I watched it a few weeks ago, I actually, I was quite
impressed. I mean, enough time has passed that I have forgotten a lot of the details of my own
experience. So I thought, okay, it is not such a bad film after all.

I do just want to warn you, that, especially for this particular audience, there are things that the
narrator says that are completely off the charts wrong. It does give you a good idea of how my
experience is building up, how a record like this is put together. For those of you who do not know, it
is a no-limits dive to 160 m (525 ft).

I had not discussed my experience with narcosis at depth publicly until about a year afterwards. When
I say publicly, I just meant at dinner parties, mainly because I did not want my mom to know. I really
did not.

As part of the rules, the iron rules of competition, the videos from the bottom and the top do get
reviewed immediately after the record dive. There were a core group of people who saw what
happened at the bottom. But what we were mainly focusing on was did I reach the bottom, was |
assisted, and did I come back up myself. It was yes, no and yes. Nobody was particularly worried
about the length of time I spent at the bottom and what you see on the tape.

When the film came out a few months later, I was a little bit scared about, you know, what people
were going to say within the free diving community, whether my mom was going to pick up on it.
She did not really, so that was okay. She was sitting next to me at the time going, and I am going, it is
okay, mom, I survived. I am here. It is fine.

Retrospectively, I can say that I had suffered narcosis before this. My first no-limits dive I did suffer,
I think, once, maybe twice. Kirk Krack was there. Sorry. I was rude to him afterwards because I did
not understand narcosis so | did not know what was going on. My first public apology.

There was probably only two times after that that I suffered narcosis. Neither of them were on the

sled. The sled has us upright, and they were dives when I was inverted and not going quite so deep.
The temperature of the water was not any different. | have always done a lot of my diving in the
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Caribbean, so I am spoiled rotten by the warm water. Perhaps I am not exposed to as many elements
that can cause as much narcosis.

(The film was shown.)

MS. STREETER: Basically everything that sort of happened so far in the film happened — it is
relatively realistic. The test that took place in the chamber was completed about six weeks before we
got out.

MS. STREETER: My mom was very pleased at how much she made it into that film. I was just
acutely embarrassed. So that is how it all played out. We did not discuss any of the effects of the
nitrogen narcosis that I felt at depth.

Basically, my experience was, as you can see, it was a stressful dive. It was not quite as dramatic in
terms of how it played out in terms of how I was progressing. I was a few feet away two days
beforehand, but within a week, within a seven-day period, I did progress an awful lot because I was
not hitting my target depths in training.

And the record was set on a Saturday at 160 m [525 ft]. On the Thursday, which is the dive I did
before I did, 156 m [512 ft]. And on the Tuesday before that I did 152 m [499 ft]. But up until that
point I was still — I cannot remember the depth. I just know it was less than the one I was trying to
beat, so it must have been 135 or 136 m [443 or 446 ft]. So I made the sort of big leap of 20 m [66 ft]
within just seven days of setting the record.

And then on the day itself, as you saw, anyway, I was nervous and stressed because it was record day,
but I also had this momentary loss of consciousness right before I dived. And we reviewed the video
time and time again, the surface video, and it was about 20 s between when I woke up to when I went
again. | was very aware that everyone was in position, and I did not have time to prepare properly
again, to relax completely again. Under the rules at that point in the sport, the Judge is only worried
about blacking out after the record. There were not any rules about blacking out before the record.

I always say there is a thin line between trying hard and trying too hard. And as a good athlete, I butt
up against that line but try not to go over it. I will be the first person to tell you that I certainly went
over it that day.

I have a determination that I sometimes do not even understand in terms of what I am capable of
doing. And on that day deciding in such a short space of time that I was still going to go for it, I do
not know what process was going on in my head, but I did ask the Judge and the Judge said yes. So |
took a quick breath, and I would estimate that I probably descended with about 75% of the lung
volume that I would normally have done in a dive like that. I just did not have the time to prepare. I
did not pack anything as much. I did not take initially as deep a breath as I would have taken.

During part of the descent, my first thought was what am I doing? We have tomorrow. There is no
need to do this. Then my second thought, and I have this constant battle with myself on every dive,
and I think a lot of free divers would confess to the same thing. I essentially decided that, okay, I will
just treat it like a training dive and I will do the best that I can. Because everybody else was already in
the water already doing the best that they can.

By the time I got to about 80 m [262 ft], I started to have problems equalizing. On a dive like this that
is actually very shallow. I normally am able to equalize comfortably to about 110 m [361 ft].
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When I did reach somewhere between 100 and 110 m [328 and 361 ft], and I did know this because
my divers are stationed there, that is the point at which I stopped completely because I just could not
equalize anymore. I recall being able to equalize just a little bit at that depth and making the decision
to go on, and just see how far I can go. Because that is kind of what every training dive is like. I will
just do my best and see how far I can go.

Consequently, the descent was a lot slower than normal. And then I did not equalize again between
about 110 and 160 m [361 and 525 ft]. So I was in significant discomfort with my eardrums, not that
much more than I expect I would have been, but, like I said, I normally have my last equalization
around 130 m [427 ft]. So to have not equalized between 110 and 160 m [361 and 525 ft], my
eardrums were already significantly bent in and compressed anyway, so there was quite a lot of pain.

The other thing that I think was probably the leading factor in why I stayed at the bottom so long and
the confusion that I suffered was, we have a system. When we arrived at the bottom, I have three
steps. My first step is to put my left hand on the lift bag because that way I know I am holding on to
my ride back. My second step is to crank open the valve and start releasing air into the lift bag. My
third step is to pull the pin.

It is very simple, it is one, two, three. We practice it time and time again on training dives. We
practice it after a couple of glasses of wine. I am just kidding about that part. You would not drink
during training. We just make sure that this is a habit, that we are going to do it no matter what.

When [ arrived at the bottom, I had already decided weeks beforehand that I did want to spend a
couple seconds there, maybe three, four or five seconds. I knew that I may never go that deep again. |
knew I was always going to get asked the question what is it like. So I wanted to be able to give my
best answer. | also wanted to do my little, romantic thing and blow a kiss to the sea.

When I arrived at the bottom, I went one, two, three. And I thought, okay, well, I have done three
steps. That is when I knew I was not thinking very clearly. I waited and I thought, okay, well, I am
not moving. I did not feel any physical sensations other than just not being able to think clearly.

I was going through the steps in my mind. Yes, I have done three steps. And I remembered back to
three or four years previous when I did my first record, I was diving with a sled that used to stick. The
top part of the lift bag used to stick on the aluminum pole, and we used to have to jiggle it a little bit,
which is quite unnerving.

I thought maybe I am just stuck. That is the point at which you see me shake the bag a little bit. 1
thought maybe there is not much air in it. I was thinking but just not thinking clearly. I brought my
fins up out of the wedge, the fin bin, and decided that I was going to try to push 90 pounds of weight
back up to the surface.

The total time that I spent at the bottom was about 17 s. It looks a lot more on the film because that is
what sells. But it was about 17 s, which is about 15 s too long, but it was, it was not as agonizing and
long as it looks.

Finally, it was sort of like a light bulb went off, "Oh, pull the pin." Because I had opened the tank
valve so much, I began to move a lot faster than I ordinarily would move. All of the clips of the
ascent that you saw in that film are all from the record ascent. Then generally, it would move a lot
slower. I would put enough air into it where it would just start moving, and I would enjoy the ride up
and let it go slowly.
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I, for one, believe, it is kinder on your body to return to the surface as slowly as possible. I would
normally let go of the lift bag at around 150 ft [46 m] and then swim the rest of the way up. We are
not out of breath on a dive like this. We are not burning a lot of oxygen. So we believe there is not the
danger of blacking out for that reason. We believe it is kinder on your body to let everything return to
normal in your body as soon as possible.

Having suffered the little crisis I did at the bottom, when I did leave the surface, as soon as I relaxed
in the knowledge that I was on my way back up again I did start to have an overwhelming sensation
of numbness in my whole body, so I actually bit down on my tongue very, very hard so that I could
feel something in my body because I truly could not feel anything else except this pain that I was
inflicting on myself.

And I remember very clearly leaving the bottom, and for probably about 100 ft [30 m]. But there is
probably a good 250 ft [76 m] of travel that I do not remember at all. I would normally wave at my
divers as I went by. I would normally give them a signal or I sense where the cameras and will do
something funny. But I did not do any of that. I just held on for dear life. Retrospectively, I can tell
you that I do not remember a significant portion of that.

Then probably around 100 ft [30 m], I noticed the light, and started to become aware of what was
going on again. And, obviously, I am still holding onto the lift bag. Where I would ordinarily have
reached back and released my safety clip, which is a line attaching me to above the rope on the lift
bag, I was trying to reach back and release it. But it needs to be taut. And because I was holding onto
the lift bag and not with my arms straight up, I was really gripping onto it because it was so full, I had
my arms slightly bent so there was not the tautness on the safety line that I needed to be able to
release it. From about 150 ft to 50 ft [46 m to 15 m], I was just trying to release the clip.

I was not feeling any sensation of narcosis anymore, but I could not release the clip, which is why I
went whizzing past my husband. And I managed to release that and let go of the slack probably about
30 ft [9 m] from the surface and then swam up.

My sensations experienced at the surface was no different other than thinking, oh, my goodness, I am
just glad that is over. I did not want to go do it again in the next day or two. My ears were painful, but
other than that I felt completely fine.

I do not think there is anything else that I can tell you about that dive. The way I thought I would
handle this is rather than give you information that you perhaps do not want or are not looking for
was just to open it up to questions a little bit earlier than normal. I invite any questions that you might
have that I can answer from my completely non-scientific, non-medical background.

WORKSHOP DISCUSSION

DR. BENNETT: You mentioned narcosis. The problem is that you take only one breath and you have
only got 80% nitrogen. I do not think there are enough molecules of nitrogen to make you narcotic
with nitrogen. I think what you are getting is the effect of hydrostatic pressure on your brain. And that
starts to appear between 400 and 600 ft [122 and 183 m]. And it is a difficult one to recover from.
You recover when you come up from the pressure, but the pressure itself will cause the problem.

MS. STREETER: Should it not happen on every dive then?
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DR. BENNETT: Yes. If you go deep.
MS. STREETER: I have probably done between 15 and 20 dives over 100 m [328 ft].
DR. BENNETT: It is going to be about 500-600 ft [152-183 m], ideally.

MS. STREETER: I have suffered from that sensation between 150 and 200 ft [46 and 61 m] while in
an inverted position. But I have not suffered from it every time I have gone over 400 ft [122 m].
Probably only twice, and I have been beyond that depth about 10 times.

DR. BENNETT: Well, I do not know. There may be some other explanation, but the most likely one
is divers getting deeper and deeper to the 600 ft [183 m] level is HPNS. The CO, level, CO, narcosis,
all kinds of things.

DR. LUNDGREN: Again, congratulations. This is the first time, certainly in front of a wider
audience, that anybody has admitted to narcosis in breath-hold diving, which I think is extremely
interesting. Now, these questions are not for you, but maybe we are allowed to also have an
interchange between us here. I would like to ask this, since you brought up this interesting question,
did this sound to you like a typical HPNS? To me it sounded like nitrogen narcosis. But this requires
some rather involved quantitative calculations.

This is a situation where the nitrogen that is available is in the lung, and it is not that little, would
potentially be the cause of narcosis. Do you know your total lung capacity?

MS. STREETER: When I did that dive, probably around 7.2 L.

DR. LUNDGREN: At any rate, it is compressed here. It is an amount of nitrogen that is not likely to
be evenly distributed to the body tissues in the short period of time that you are talking about here.
With a diving response, where the periphery is vasoconstricted the nitrogen would go mostly to the
brain. And if you look at that, I bet you will find that there may be a very substantial brain PN,.

The other aspect, and this is not a question but a comment — that I find pertinent here, is that, if this is
nitrogen narcosis it answers a question that has often been raised. Namely, is it at all possible to
absorb a significant amount of nitrogen from a lung that is severely compressed. The lung tissue
follows the compression of the air, so that the exchange surface area normally about 70 m* between
the lung blood and the gas space is reduced to an extremely small area. That could support the HPNS
theory, of course, but it is most interesting that if you stick with the nitrogen narcosis theory for
while, that here we have nitrogen being taken up, certainly on the way down, but very rapidly through
a severely shrinking exchange area. I think you have provided some very interesting information.
Thank you again.

MS. STREETER: Thank you.

DR. BENNETT: I agree. Just add some other factors. If you were to breathe compressed air from
scuba or something like that, and certainly U.S. Navy and the British Navy did studies with breathing
oxygen at 400 ft [122 m] plus and taking that away, going back to compressed air. And at 2.5 min

they are unconscious.

We studied British Navy submariners experiencing very rapid compressions of the sort of thing you
are doing because we want to get individuals out of those submarines very rapidly. We tested 400 ft
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and 500 ft [122 and 152 m] compressed air with compression in 11 s. So it is pretty fast. And we had
reaction time measurements.

There was no immediate reaction time change at 400 ft [122 m]. There was a decrement at 11 s, and
30 s later there was a decrement, which was significant. There is some narcosis at 500 ft [152 m] with
a full compressed air situation, but not one breath. There was only just a small significance. It was not
strong. So I still have my suspicions about nitrogen narcosis. I think it may be a combination effect.

DR. FEINER: I am not going to do the math to try to prove whether or not it is possible, because it is
very complicated. Nitrogen is soluble, so that the pressures could build up pretty substantially. It is
also likely that there is some hypoxia. At that depth with that loss of lung volume you are probably
going to mix venous oxygen levels. Having experienced both nitrogen narcosis and oxygen
saturations at 50%, the feeling is not that dissimilar. I think the higher CO, levels may lead you to be
more susceptible to it. And I think from comparative physiology there is certainly a lot of belief that
part of the reason elephant seals exhale is bulk susceptibility to the bends, susceptibility to shallow
water blackout and nitrogen narcosis as well.

It is also very strange having experienced nitrogen narcosis with someone as a diving partner who has
been diving for many years at 200 ft [61 m] in Fiji who does not even get it anymore, it is a very
strange phenomenon. One of my colleagues Dr. Eager already proved, there is nitrogen narcosis at
sea level, so we are already starting from nitrogen narcosis.

DR. DUEKER: I am an anesthesiologist. I am thrilled by your dive. It is really exciting. I think the
only thing that is going to work is if you make several more to the same depth.

MS. STREETER: You are going to have to talk to my mom about that. She is not going to go for it.

DR. DUEKER: Aristotle was known for a lot of wisdom. One of the things he said was that one
swallow does not a spring make. That is one dive like this, one experience like this, it is fascinating,
very provocative, but I do not think we can say that it is narcosis. There are a lot of different things
going on.

It is very difficult to imagine that nitrogen would become that much of a problem with that little bit
that you had, really. So I think it needs to be studied a lot more. Very provocative, and I hope you do
it a lot more.

DR. SMITH: I am a surgeon from Key Biscayne, Florida. I am just interested in diving. How long
was the total amount of time down and up? How much actual squeeze do you feel in your chest and
airway being that deep on a single breath of air? And when do you start exhaling on the way up,
because there is more and more data showing that exhalation on the way up might be beneficial.

MS. STREETER: The total dive time was 3:32 min:s. I did not begin my ascent until about two
minutes into it. That includes the 17 s or so I spent at the bottom. I was fairly quick to 100 m [328 ft],
but I took slightly over one minute to go from 100 to 160 m [328 to 525 ft]. That part was really quite
slow. And then the ride back up is about 90 s.

DR. SMITH: Did you feel a tremendous squeeze in your airway or your lungs?
MS. STREETER: You feel it. I do not know how to quantify that, but it is significant. I feel it,

particularly around 80 m [262 ft] or so, and I do not think it gets much worse between 80 and 160 m
[525 ft]. A little bit, but it is nothing like the change from 0 to 80 m [262 ft].
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DR. SMITH: Do you have a protocol when you start exhaling?

MS. STREETER: About two meters [six feet] from the surface. At the point you feel like you are
going to explode if you do not because we have this tremendous inhalation and then packing on top of
it. As soon as we leave the surface, the pressure is relieved. On the way back up again, you build back
up and can feel quite significant intrathoracic pressure.

DR. SMITH: The only reason I ask is there is a recent article in Science about penguins or seals or
whales that really do a lot of exhaling very early up in their dive. If you figure your lungs are
compressed down to a nub and as they start expanding, you are coming up quicker, you might wonder
if it might be beneficial to exhale earlier.

MS. STREETER: Freediving, on the way up, we use every ounce of buoyancy that we can to help us.
Not in this dive because we are using the lift bag. But in the other disciplines of diving where we are
self-propelled, if not on the way down and on the way up, then certainly just on the way up again, it
helps.

A year later I did a world record to 400 ft [122 m], riding a sled down and coming up self-propelled.
In that particular instance, having kicked all the way up, I did not want to lose any buoyancy in the
last few meters, so I did not exhale.

MR. KRACK: I am with Performance Freediving. I can attest to Tanya's first narcosis incident. I
want to back Tanya up by saying that both Martin Stepanek and Mandy-Rae Cruickshank have also
experienced narcotic episodes. We have lots of evidence of divers both in constant ballast disciplines,
other than self- or sled-propelled, where the descent rates are approximately one meter per second.
And we have seen that in cold water or darker environments that sometimes this can be enhanced,
which would support a narcotic type effect, whether it is CO,-enhanced or whatever. So there are a lot
of other instances of narcosis with freediving.

DR. SOUTHERLAND: Two comments. Nitrogen narcosis, at least anecdotally, after long saturation
dives in the Navy when the guys are coming out of the chamber, so they have been in a healing
oxygen environment for a month, month and a half or so, and they come out and take their first breath
of fresh air, a lot of times people will get slightly dizzy for just a few seconds. The thing that was
thought was always, gee, you just have not been around the nitrogen. So just take a couple of breaths
of nitrogen. I do not know that it is something that has been reported.

The other thing is in throwing in with everything else, could the effects that you have also be due to
maybe a transient hypovolemia, from the fact that you have had all this blood, so now you are just not
perfusing as well at least for a few seconds or so during the time. We see that in our hypovolemic
losses from warm-water diving, the guys are coming out of the water. You do have shunting over a
few seconds. So that is something to consider.

MS. STREETER: Thank you. That is a lot for me to take in.

MR. LANG: I am interested, and I may have missed your workup dives. On compressed air scuba
deep science diving operations, we usually have a series of workup dives, especially to be able to
gather quality data and deal with the narcosis. And we find that over a period of two weeks or so, we
are getting fairly accurate between 160 and 190 ft [49 and 58 m]. This is on compressed air and
scuba. [ missed your workup dives. Are these in 10 or 20 m increments?
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MS. STREETER: That is a really good question. It takes place over about four or five weeks. I dive
every other day. We take a day off in between. Typically six months before the record I will decide
on the depth that [ am going to go to. And typically that is based on the competitor before me, what
they have done. And I will have to go a minimum of two meters [six feet] more to beat them. So we
work back from there. I think I was going to do 138 m [453 ft].

What was your record?
MS. CRUICKSHANK: 136 m [446 ft].

MS. STREETER: So I was going to go for 138 m [453 ft]. It was my husband's idea that I go for the
men's record. I told him, if you want the men's record, you do it. He did not go for that.

But my point is, we set that target of 160 m [525 ft]. Well, he did on paper, and we worked back from
that and we increased. Deeper we go in smaller increments. In the beginning, I think my first dive, we
did two dives that day. My first dive would have been to about 50 m [164 ft] and the second one
would have been to about 70 m [230 ft]. That would have been it until the following day. Then I think
we increased in 10 m [33 ft] increments to 130 m [427 ft] or so, and then in 5 m [16 ft] increments.
Overall, I think I did 17 training dives.

On the morning of the dive my preparation involves a little bit of stretching, not yoga. Whoever it
was that said that we all did yoga was not correct. And that would take place on the shore. When I get
in the water, I will breathe without the mask on just through the snorkel for five minutes. It is very
relaxing and it helps me to refocus. I will do a breath-hold, breathe for about three minutes, then hold
my breath for two or so, just to relax. Then I will do static apnea for 2:00-2:30 min:s. Then [ will do a
pull down to about 60 ft [18 m] and stay there for 1:30-2:00 min:s and then pull back up again, so
very slow and relaxed. Then a couple of minutes rest. Probably another apnea. Breathe up for another
three or four minutes. Hold my breath for around three minutes. Then relax for a few minutes.
Breathe up for about four, pull down to 75 ft [23 m] or so, and stay there for between a minute to a
minute and a half and then pull back up slowly. And then relax for a couple of minutes. Then we start
the 10 min countdown and I go. And the 10 min countdown is very relaxed breathing at the surface,
abdominal and chest breathing, just very, very relaxed.

MR. LANG: Do you feel measurable increases in your ability by doing the workup dives like that?
MS. STREETER: I do not know.

MR. LANG: Obviously, it is not an expenditure of energy because you are not actually swimming
down.

MS. STREETER: When pursuing record dives in disciplines where you swim down, I do not increase
in 10 m [33 ft] increments. | tend to increase in two or three meter increments. But my preparation on
each dive day stays the same.

My preparation occurs before I even get to the water, I do a lot of cardiovascular work. I do very little
conditioning, sort of breath-holding stuff. I do not like swimming pools, so I do not like to train in

swimming pools. I do a lot of cardio, and then I go pretty much straight to my dive training.

Thank you very much for listening.
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Introduction

A breath-hold diver has to avoid drowning by surfacing before hypoxia causes loss of consciousness.
Unfortunately, breath-hold divers drown every year. Safe limits can be exceeded by employing
various physiological mechanisms that enable individuals to hold their breath until syncope. This
paper is a review of physiological mechanisms that may interact with ventilatory sensitivity to
hypoxia or hypercapnia to increase the ability to breath-hold until loss of consciousness (LOC). These
factors include: hyperventilation, hypoxia of ascent, fasting and prolonged exercise, and individual
variation in the strength of the diving response.

Established Factors

Carbohydrate depletion: Prolonged periods of physical work deplete the carbohydrate stores
(glycogen) in the body, which forces the body to compensate by increasing the rate of lipid (fat)
metabolism. When the human body burns fat to produce energy, it uses 8% more oxygen than if it
metabolizes carbohydrates. Also, 30% less CO, is produced by fat metabolism than carbohydrate
metabolism. Thus, a breath-hold diver who has depleted his glycogen stores will become hypoxic
faster, but the CO, driven stimulus to breathe will be delayed. A dive that could safely be performed
in a rested and well-fed state may be dangerous after a long day of exertion from diving (11). A
carbohydrate rich meal has been shown to reduce breath-hold durations (due to higher CO, levels and
stronger urge to breathe from the higher RER) in subjects who had fasted for 18 h, suggesting that
that the risk could be reduced by proper energy intake (13) and that breath-hold diving on an empty
stomach may be dangerous.

Hyperventilation: Hyperventilation reduces the blood CO, content without increasing the oxygen
content to the same extent, because the oxygen stores in the body are maintained constantly with
normal breathing. Initiating the BH dive with a reduced carbon dioxide level makes it easier maintain
breath-hold, enabling some divers with strong motivation (or a high tolerance to discomfort) to hold
their breath until unconsciousness. Craig (3) showed that the prolonged breath hold times after
hyperventilation were associated with lower oxygen levels in the blood going to the brain; these
levels were low enough to cause hypoxic loss of consciousness. This was a particular problem if the
diver exercised (swam) during the breath-hold.

Ascent blackout The partial pressure of oxygen in the lungs (not the fractional percent) affects
oxygen loading of the blood and therefore the oxygen delivery to the brain. A critical oxygen pressure
(PAO;) of 30 mm Hg (values as low as 23 mm Hg have recently been reported (14) will sustain
consciousness when breathing is resumed after a breath-hold (dive). At the surface, this equates to
about 4% oxygen in the lungs and 45% oxygen saturation of the arterial blood. While a diver at the
surface would be unconscious with an pulmonary oxygen content of 2% (P,O,: 15 mm Hg), a diver
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swimming at 30 m (98 ft) with 2% oxygen in the lungs would feel comfortable, since the oxygen
pressure would be 60 mm Hg (due to the surrounding pressure of four atmospheres absolute
pressure). Recall Dalton's Law of Partial Pressure: the partial pressure of a gas equals the absolute
pressure times the fraction of the gas: 4 ATA (3040 mm Hg) * 2 % oxygen = 60 mm Hg P,O,. This
diver, who is still able to swim at 30 m (98 ft), would become unconscious during his ascent to the
surface because the partial pressure of oxygen in the lungs would be reduced along with the absolute
pressure. If we disregard the oxygen consumption of swimming, the diver will reach the critical
oxygen level at a depth of 10 m (33 ft) where the absolute pressure is 2 ATA and the oxygen pressure
will be 30 mm Hg (1520 mm Hg * 2% = 30 mm Hg). Thus, a breath-hold diver is most likely to
suffer loss of consciousness near the surface during the ascent (5,6). The term 'shallow water
blackout,' originally coined for CO, intoxication in diving with closed circuit breathing gear, is
sometimes inappropriately used to describe hypoxia of ascent.

Diving response and oxygen conservation during exercts€he diving response has been shown to
be highly variable among humans (10). These cardiovascular mechanisms may temporarily conserve
oxygen during apnea with concomitant exercise (2,7,9) (i.e., temporarily reduce oxygen uptake in
muscles). The strength of the response could be a factor, together with lung volume and swimming
economy to render some humans more likely to survive long breath-hold dives. Inter-individual
differences in bradycardia, vasoconstriction during exercise and apnea correlated significantly with
arterial oxygen saturation (7); a stronger response resulted in a slower uptake of oxygen from the
lungs. This effect was evident during both dry steady state exercise and immersed intermittent
exercise concomitant with apnea (8). Thus it appears that certain individuals are able to reduce blood
flow to the working muscles during apnea and thus conserve oxygen for the central nervous system
that (unlike muscle) cannot function without aerobic metabolism.

Competitive diving: During competitions in breath-hold diving, most divers hyperventilate
extensively and determine the duration of their breath-hold by means other than the hypercapnic
ventilatory drive. Some seem to react to hypoxia via the urge to breathe, while others actively decide
to abort the breath-hold when vision starts to falter, described as 'greyout' (personal communication
with elite divers). While testing a group of competitive breath-hold divers performing static apnea, it
was shown that end-tidal CO, was about 20 mm Hg prior to apnea (after 5-20 min of
hyperventilation) and was still within normocapnic values, at around 38 mm Hg, upon termination of
apnea (with breath-hold durations approaching five minutes). Subjects managed to surface without
symptoms of severe loss of motor control (LMC) or LOC (12) exhaling gas samples with PO, as low
as 23 mm Hg (14). Two subjects suffered LMC, exhaling samples of 20 and 21 mm Hg (14).

Putative Factors
There are other possible explanations for LOC during breath-hold diving.

Arrhythmia: The bradycardia triggered by apnea will result in various arrhythmias in humans (16),
and it has been suggested that some individuals may be more sensitive to drowning accidents due to a
mutation in a cardiac potassium channel (1).

Glossopharyngeal Insufflation: Breath-hold divers use glossopharyngeal insufflation (GI)
'lungpacking' to increase the volume of air in the lungs. This technique may cause syncope, most
likely due to reduced venous return and therefore a loss of arterial pressure. There are numerous
accounts of LOC with GI, with one incident where arterial blood pressure was measured
simultaneously by finger plethysmography showing a loss of pulse pressure and thereafter LOC while
performing GI (15).
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Conclusions

Dejours (4) suggested that the urge to breathe may not be a safe determination of breath-hold
duration, something that should be remembered, considering that much of today's teaching focuses on
the safety of breath-hold diving as it regards CO, and hyperventilation. The general practice of
discouraging hyperventilation prior to breath-hold diving will not make diving completely safe. Also,
since competitive divers regularly hyperventilate prior to diving, the 'old' recommendations may fall
into disuse. Education about the various mechanisms and safety procedures seems more beneficial for
the future.
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WORKSHOP DISCUSSION

DR. FEINER: Two comments and questions. As a father watching kids do breath-holds at swim
meets, my interest has returned to breath-hold diving. The effects of hyperventilation start with the
first few breaths. You increase the oxygen scores, alveolar PO, from 120 to 130 mmHg on the first
few deep breaths while actually having minimal effect on CO, elimination. If we were to look at the
CO, about 30 s later, it would be almost the same. And that improvement in oxygen store would
actually be theoretically beneficial for safety.

I wonder if we switch to that, a few deep breaths is actually probably better because the breakpoint is
likely to occur at a higher saturation. That is one comment. And these people that you are showing
really are going at pretty steady state levels based on what their final CO, is at breath-hold
breakpoint.

If you look at variation, I think it is always what makes people different, and you talk about variation
in human apneic response. There is huge variation in ventilatory drives. The normal variation in
hypoxic ventilatory drive and hypercapnic ventilatory drive are easily a three to four-fold range, with
a huge difference in susceptibility. You showed differences in cardiovascular response. There is a
reasonable chance actually that those responses are somewhat linked, and that the effect you are
showing on saturation may also be related to a ventilatory drive. Have you studied the cardiovascular
response and hypoxic and hypercapnic ventilatory drive in the same subjects?

DR. LINDHOLM: No. I have not studied hypercapnic or hypoxic ventilatory drive in those subjects.
A comment on the other two things. Three to four deep breaths before breath-hold diving has long
been generally recommended and is usually not considered as hyperventilation. As you point out, you
get most of the benefit from the increased oxygen stores in the lungs from a couple of deep breaths.
So the increase after that is, I guess, minor, but it is probably quite a bit anyway. It seems to be, why
should they otherwise do it?

DR. FEINER: I think the competitive breath-hold divers' improvement in venous oxygen saturation is
probably very, very significant and they are probably benefiting from that because they are going to
extreme levels. Whereas most breath-hold divers in pools actually are not getting low enough to
really extract from hemoglobin. So there are differences between safety and benefit at the extreme
level. I would agree that there is probably significant benefit for hyperventilation for the extreme
diver.

DR. LINDHOLM: A normal person that holds his breath usually breaks with over 90% saturation if
they do not hyperventilate extensively, so they are nowhere near any hypoxia.
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In terms of your comment on the variability of their ventilatory drive, Kirk Krack, who is sitting here,
he told me of a diver he met who did not get any urge to breathe at all. He could just hold his breath
until he passed out. So there are always going to be individuals. I do not know if Mr Krack wants to
comment any more of that?

MR. KRACK. It is just he would not show any signs of hypoxia or even hypercapnia. One minute he
is signaling you every 15 s and the next minute he is not. And there is no contraction. There is
nothing. The only thing we could base his safety on would be signals. One minute he is there, 15 s
later he is not signaling and he has blacked out. He cannot describe any idea of what is what is going
on.

DR. LUNDGREN: What keeps him alive?
MR KRACK: We have come across a couple of people.

UNIDENTIFIED SPEAKER: So I was intrigued by these low end-tidal PCO,s. I am wondering why
do they end their breath-hold?

DR. LINDHOLM: The hypoxia produces a respiratory drive as well. It is not considered as strong as
the hypercapnic ventilatory drive. But these two work in agreement together, and it has been studied
in altitude medicine, for example. So you could say that they got hypoxic ventilatory drive that they
get an urge to breathe from, but some of them use other cues.

I had one of the divers who managed to surface at 23 mm Hg, stating that he came up because he
wanted to come up clean. He tried to do an extended breath-hold afterwards when he tried a little
longer and he did not come up clean (unfortunately, he inhaled a little bit before he blew in the tube
so we did not get that measurement). He showed signs of LMC.

None of these divers passed out during the experiments, but exactly how they know how to come up,
you are free to ask. You have a few here in the audience. I have heard some say they feel something
in the head, and some say the vision. And I know one that states that the grayout (vision) is not the
end point, he can go a little longer than the grayout and still surface clean, he states that he then feel
something in the head and if he goes past that, then he pass out. These are anecdotes. What exactly
that refers to, I do not know.

UNIDENTIFIED SPEAKER: Is it possible that the end-tidal PCO,s are not representing what is
going on in the alveoli or the blood?

DR. LINDHOLM: End-tidal PCO,s are supposed to be quite reliable in this situation (subjects do a
maximal exhalation from a full lung volume after a breath-hold). In certain situations with an
extended breath-hold, there is actually a reverse flow of CO, from the lungs into the blood since CO,
is concentrated due to the shrinkage of the lung volume [Lindholm et al. 2002 EJAP].

DR. BENNETT: I want to come back to loss of consciousness and the lack of warning. I got involved
with a case quite recently of a young boy who chose to breath-hold in a swimming pool where the
people who should be watching, lifeguards, did not see him. Just laid underwater like that and held
his breath. And he died, just like that. With no warning at all, no indication of change, like the apneic
people here where they tap him on the shoulder all the time.

I would like the opportunity here to make one case that the one up, one down is very important in any
breath-hold that is going on. You must have someone over the individual who is trying to breath-hold.

-30 -



Rubicon Research Repository (http://archive.rubicon-foundation.org)

It is becoming in Europe, of course, very strong apneic sport, as they call it. And if it starts as I think
it is beginning to start in this country, there is a lot of interest in breath-hold diving in a lot of areas.
And we have to be very careful to have someone observing that individual because unconsciousness
can occur very, very easily without warning.

DR. LINDHOLM: Yes, it is a teaching problem. There have, to my knowledge, not been any
casualties among those who practice the competitive breath-hold diving according to the suggestions
and rules of the sport. Whether they have had other accidents, we do not know. But there have been
no accidents in organized competitions or organized training events or courses. They have a very
strict safety protocol. Kirk Krack and his Performance Freediving team are going to talk more about
this tomorrow.

DR. MACRIS: How do you explain the difference in the cognitive function of an athlete who is at the
50 to 60 mm Hg PCO, point where you describe the alteration in thinking and maybe fogginess and
the patient with chronic lung disease that we see all the time who may be an engineer or a
professional person who actually functions fairly well at a PO, of 50 to 60 mm Hg, although their
PCO; is chronically elevated? How do you describe the difference?

DR. LUNDGREN: If I may interject. The chronic one is like the mountain climber who spends a
month in base camp before going to the peak. Messner and Habeler climbed to the peak of Mount
Everest with a calculated PO, somewhere on the order of 35 mm Hg, where other people would lie
flat.

DR. MACRIS: There has to be an adaptive phenomenon. Have you looked at that?

DR. LINDHOLM: We have a presentation coming up where Lynne Ridgway is going to talk a little
bit more about those cognitive effects. I think we should continue. I want to make a point that some of
you may have thought of. It would seem like Peter Lindholm has put to rest or rather contradicted
what our mothers told us. That you do not go swimming immediately after having lunch.

When we talk about food, perhaps we should be a little more precise and take note of what Peter said.
It is a matter of what your RER is rather than whether there is food in your stomach. And mother
might still have been right because if you have a very full stomach and go swimming, the pressure
distribution of the body from the abdomen and outwards is conducive to regurgitation.
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Introduction

When observing competitions and record attempts in apnea, questions regarding the risks for brain
damage easily come to mind. In four international apnea competitions between 1998 and 2004, the
frequency of performances being disqualified due to loss of motor control or loss of consciousness
was 4-9% (1).

S100B is a relatively brain specific, glial-derived protein, suggested to have several intra- and
extracellular functions. S100B in serum is used as a brain damage marker as S100B levels increase
after many types of brain damage. There is a correlation between the severity of ischemic lesions and
serum levels of S100B (2). In addition to this late release, an early release has been observed.
Whether this early release of S100B reflects a disruption of the blood-brain barrier or neuronal
damage has been debated (3).

The possibility that a maximal-duration apnea results in a release of SI00B from the brain to the
blood has not been studied previously. Therefore, we investigated the magnitude and temporal
patterns of serum S100B-changes after maximal-duration apneas in competitive breath-hold divers.

Methods

Nine competitive breath-hold divers volunteered to make a maximal-duration apnea during rest
(‘static apnea'). The entire experiment was performed with the subject in the supine position,
including a 120 min rest period post-apnea. Preparations before apneas were performed according to
each subject's normal routines, which usually included 'warm-up apneas' and extensive
hyperventilation. The maximal-duration apnea was typically conducted after glossopharyngeal
inhalation (lung packing). The subject was able to monitor breath-hold duration with the aid of a
clock placed in the field of vision. Before the experiments, an arterial catheter was inserted in the
radial artery at the wrist under local anesthesia. Serum levels of S100B and arterial blood gases were
measured in samples collected before apnea, at the end of apnea, and at fixed intervals up to 120 min
after apnea. Pre- and post-apnea S100B levels were compared using paired t-test. In six control
subjects that did not perform any apneas, S100B in serum was measured at fixed times during a 120
min rest period.

Results

The divers held their breath for an average of 5:344+0:37 (range: 4:41-6:43) min. No loss of motor
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control or loss of consciousness was observed after the maximal-duration apneas. Before the start of
apnea, average arterial PO, was 128+9 (108-135) mm Hg, arterial PCO, level was 2042 (16-24) mm
Hg, and mean arterial blood pressure was 10115 (72-120) mm Hg. At the end of apnea, arterial PO,
was 28+4 (24-39) mm Hg, arterial PCO, was 4544 (38-50) mm Hg, and mean arterial blood pressure
was 143+25 (103-175) mm Hg. S100B in serum transiently increased within the first 10 min after the
end of apnea (Fig. 1; +37%; p<0.05 compared to pre-apnea). Within 120 min, S100B levels were
back to pre-apnea levels. In resting control subjects, SI00B never increased above the starting level.
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Figure 1: Changes in serum S100B during and after a maximal-duration apnea (n=9)
Discussion

The brain damage marker S100B transiently increases after a prolonged, voluntary apnea in
competitive breath-hold divers. The precise mechanism(s) behind the increase is not established, and
could involve both neuronal damage and a temporary opening of the blood-brain barrier. We attribute
the S100B increase to the asphyxia or to other physiological responses to apnea, for example,
increased blood pressure.

The clinical significance of the increase is uncertain. First, the S100B levels in the present study are
well below those reported after, for example, ischemic stroke and hypoxic brain damage after cardiac
arrest (2). The S100B can increase by several 100% in patients affected by such conditions. Second,
the early pattern of S100B changes during the first two hours after various types of brain damage is
not established. In the present study, the peak in S100B occurred within the first 10 min after the
apnea. After traumatic brain damage and cerebral ischemia, the peak in S100B occurs within the first
hours up to 1-3 days after the event (2). Unfortunately, we were not able to follow our subjects for a
comparable length of time.
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It is not possible to conclude that the observed increase in S100B levels in serum in the present study
reflects a serious injury to the brain, although the results raise some concerns considering negative
long-term effects. Ridgway and McFarland (4) found normal results in neuropsychological tests on 21
elite apnea divers. However, a long-term follow-up study on individuals at the beginning of their
careers as competitive breath-hold divers and after some years of apnea diving would be of great
interest to clarify these issues. Further studies are obviously needed for the risks for brain damage in
competitive breath-hold divers to be properly evaluated.
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WORKSHOP DISCUSSION

DR. LINDHOLM: I have a question. Do you have any reference values, for example, other sports?
We know that a lot of athletes use hypoxic tanks or high-altitude training. Has anyone measured
S100B in terms of other sport performances?

DR. ANDERSSON: Well, there has been measurements in other sports as well; however, direct
comparisons to competitive breath-hold diving I think is difficult with regard to those studies that
were published, because those mostly involve traumatic head injury or whatever you should call it,
like headings in soccer, boxing, running and so on, not hypoxic events. But it has been found that this
brain damage marker increases also during soccer playing involving headings, also after boxing and
so on. But I think then the mechanism is, what it releases is quite different. The magnitude of the
increase is quite similar.

DR. LUNDGREN: Again, back to the soccer-playing kids that head the ball and then are determined
to have cognitive problems down the road. It is very important to stress it because I think it is a
generic problem, that the determination of mental function of one kind or another is, of course, no
better than our diagnostic methods. And these kids for all appearance had not suffered any
concussions. You do not feel like you have had a concussion or show signs of a concussion after
hitting the ball a couple of times in a soccer match. And yet, as you stressed, the cumulative effect
might be there and only show up after repeated insults.

DR. ANDERSSON: I think that is the main insight from the study. You see that we have a slight
increase. But compared to acute conditions, it is a very slight increase.
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DR. SMITH: This could be a normal physiologic response to severe stress. But unless you have got
really long-term follow-up on cognitive function, I do not know that you could say that it is
necessarily something bad. There are so many other things that change physiologically under stress. It
would be interesting to know, have you ever measured free radical activity in the blood or change in
blood pH, to correlate some of these other parameters?

DR. ANDERSSON: First of all, I would like to agree with you on your first comment. This is exactly
what I wanted to point out. We cannot really say from this study that it is harmful. We just show that
this brain damage marker increases, for what it is worth.

DR. SMITH: Do we know any more about the glial-derived protein? Do we know anything else about
the specificity of the glial-derived protein? Could it have antioxidant or free radical effects? Do we
know what it actually means by being released. I guess membrane cell damage like you suggested.

DR. ANDERSSON: As I said, we cannot really address the mechanism behind the release. But my
guess would be that the blood-brain barrier is in some way impaired in its function so that the S100B
that is found in the extracellular fluid leaks out into the serum. Whether or not that is something that
could be potentially harmful in the long-term, I do not know, but at least that, to me, says that
something is going on that is not within the normal physiology. The blood-brain barrier integrity is
interrupted.
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Introduction

'Hypoxic brain damage' is a common diagnosis for patients referred for assessment and rehabilitation
and is seen as the culprit for the cognitive difficulties experienced by patients with sleep apnea,
chronic obstructive pulmonary disorder, and high altitude mountain climbers. Documented
neuropsychological changes include poor memory, attention, judgment and decision making, visual
and motor problems, headache and fatigue. However, animal models (3,4) and some clinical case
studies (1,2,5,7) have found no cell death, or neurocognitive changes respectively following extended
hypoxemia. Elite healthy apnea divers provide an excellent model of neuropsychological functioning
following repetitive, long-duration pure hypoxemia in the absence of ischemia, illness or sleep
deprivation confounds usually present in patients experiencing hypoxia.

Aims and hypotheses: To examine the long term or cumulative effects from repetitive long duration

apneas with multiple negative neurological events (NNE = loss of consciousness or loss of motor

control).

1) Elite apnea divers would demonstrate worse than expected performance on standardized
neuropsychological tests compared to population normative data.

2) That there would be a cumulative effect such that those divers with the greatest number of years of
apnea experience and/or reported over their apnea career would score lower on the
neuropsychological tasks compared to their peers.

Methods

A literature review was conducted to examine the physiological and neurological adaptations
involved in the 'mammalian diving reflex' and across similar hypoxic conditions in occupational,
recreational, and medical conditions. A comprehensive neuropsychological evaluation of 21 English-
speaking elite apnea divers participating in the 2002 Hawaii Pacific Cup of Freediving was
conducted. A battery of tests with known sensitivity to minor alterations to brain functioning included
basic neurological observations, estimates of premorbid intelligence, speed and accuracy of visuo-
motor responding, speed of language comprehension, response inhibition, and visual and verbal
attention and memory tasks. 10 Australian, 4 American and 7 English divers (12 males, 9 females)
gave informed consent and were tested in conditions designed to simulate the competition
environment to allow for repeat testing in later planned studies of the acute effects of apnea. None of
the divers had engaged in apnea or in substance use for a period of at least 12 h prior to the testing.
For a complete description of methods and procedures see Ridgway and McFarland (6).
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Results

Divers were 31.0+ 7.2 (mean * standard deviation) years of age, had 13.6+2.0 years of education,
6.3+6.4 years of apnea activity, 4.9+0.23 min recent competition static apnea time, 111+9 estimated
intelligence quotient (IQ), and 5.1+6.2 total number of lifetime NNE. Neuropsychological testing
revealed that as a group, the 21 elite apnea divers performed tasks within one standard deviation of
published norms adjusted for age and education. Multivariate general linear modeling revealed no
significant correlations or group differences on cognitive functioning between the divers according to
the number of previous NNE (n= 8 with 0-2 NNE; n= 7 with 3-5 NNE; and n=6 with >6 NNE) (F s,
047 p=0.63).

Discussion

These results suggest that 1-20 years of repeated exposure to hypoxemia and multiple negative
neurological events including previous concussions, apnea related loss of consciousness and loss of
motor control does not impact on cognitive functioning as measured by standardized sensitive
neuropsychological tests. While no attempt was made to answer extraneous questions of hypoxyphilia
we conclude that this group of elite athletes provides medicine with a valuable model to examine
neuropsychological functioning in pure hypoxemia without the confounding effects of aging,
ischemia, illness or sleep deprivation observed in other clinical models of hypoxia.

One explanation for this surprising result is that trained apnea divers may benefit from maximizing
their adaptive response to low oxygen as predicted by the mammalian diving reflex and observed in
physiological studies of mountaineers, clinical conditions and apnea divers. It was beyond the scope
of this study to investigate if the mammalian dive reflex provides a mechanism for neuroprotection.

Alternate explanations for the null result are that the relative above average intelligence of this group
of divers may have obscured any decline in cognitive functioning. Therefore, we would caution
against assuming that an absence of statistically significant cognitive decline implies that multiple
NNE does not cause persisting deficits in individuals. Further studies on the acute neurocognitive
effects of engaging in long duration apneas with and without NNE are planned.
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WORKSHOP DISCUSSION

DR. MUTH: Thank you very much for your presentation. This is a very exciting and important area
of research, because we really do not know anything about long-term effects on the brain. Being
diving doctor on one side and an anesthesiologist on the other, I am very interested in drowning.

You have to be very careful to compare those two kinds of diving, apnea diving and drowning,
because all those cases where we had protective effects were associated to drowning. And it was not
the blood flow itself, it was the transportation of low temperature to the brain, the cooling down of the
brain which was protective, which slows down the metabolism. In all those cases where people
drowned because of a heart attack, we have no protective effects. And only when the heartbeat was
going on and transported code temperature, code blood through the brain, we have this effect. So be
cautious to take this two-part. This is like comparing apples with peas.
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Introduction

Having established that there were no detectable long-term or cumulative effects on cognitive
functioning in 21 elite apnea divers (3), we embarked on field and laboratory studies to examine the
acute effects of apnea diving. Anecdotally, divers report that they occasionally experience a range of
cognitive and motor disturbances post apnea including, language production disturbances ('Mooglie' —
Canadian freedive team 2002), motor control problems (‘sambas'), shallow water blackouts, difficulty
with concentration or keeping track of time, feeling "fuzzy in the head" and not being able to recall
events immediately prior to the apnea activity. This range of symptoms suggests a global change to
neuropsychological functioning similar to that experienced by high altitude mountain climbers, pilots,
and patients with clinical hypoxic conditions such as sleep apnea, or chronic obstructive pulmonary
disorder (see Virues-Ortega et al. [6] for a review).

Aims & Hypotheses:

1) Field study: to assess the neuropsychological changes immediately following extended apneas.
Based on the literature and anecdotal reports we predicted that divers would show a significant
decline in neuropsychological functioning immediately following dynamic and static apnea
events compared to baseline.

2) Lab study: to examine the relationship between performance on neuropsychological tasks and
levels of hypoxemia attained during apnea. We hypothesized that there would be a strong positive
correlation between oxygen desaturation during apnea and neuropsychological functioning
immediately following apnea.

Methods

Both studies were approved by the University of Queensland Ethics committee, and volunteer
participants received information sheets, and signed consent forms. Neuropsychological tests selected
were the Symbol Digit Modalities Test (SDMT) (4), a four item explicit memory task, and a
computer based simple reaction time task. Each test had multiple equivalent forms to allow for
repeated testing. Physiological measures considered for this paper were heart rate, oxygen
desaturation, and breath-hold duration. (Note: for full description of additional physiological methods
see Stewart et al. [5]).
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Field study: 67 elite divers (m=45, f=22), 31.2+7.2 (mean + standard deviation) years of age and with
5.946.2 years of apnea experience from 22 countries were interviewed, then tested within five
minutes post-dynamic and post-static apnea during the 2002 International Pacific Cup.

Laboratory study: Physiological and neuropsychological responses of 10 divers and 10 controls
matched for age, education, and anthropomorphic variables, were examined during repeated face
immersion apneas.

Results

Field study: During dynamic apnea competition, four of the divers suffered a brief loss of
consciousness and two divers suffered a brief loss of motor control 'samba.' The 'sambas' involved a
bilateral motor tremor, eye gaze deviation, and fine head bobbing lasting approximately 10 s, during
which time the divers were fully conscious and able to follow commands. Baseline data from a
subgroup of 21 divers (3) were used for comparison with 67 divers following dynamic apnea. They
dived to 47.4+11.4 m (156£37 ft) depth. The average number of correctly coded symbols in 90 s on
SDMT at baseline was 59.5+8.2, whereas the post-dive score was significantly reduced to 54.9+8.5
(p<0.001). No significant differences were evident on the picture memory or reaction time tasks. Data
from 58 of the same divers after their static apnea (1-2 days later) resulted in neuropsychological
performances not significantly different to baseline, SDMT score of 58.5+7.6. Again, there were no
significant differences for the reaction time or the picture memory tasks. Data from three divers who
suffered a 'samba' during the static apnea revealed SDMT performances that were significantly
different to baseline (t4— 26.0, p=0.001) with subsequent recovery to baseline performance achieved
within 80 min. One diver suffered a temporary blindness (approximately 30 min duration) and
unilateral motor weakness following his 4:56 min:s static apnea and was not tested post-apnea.

Laboratory study: Compared to controls, divers had a greater number of previous negative
neurological events (NNE; p=0.02), significantly longer maximal apneas (p<0.001), greater heart rate
changes (p<0.001), and arterial oxygen desaturation compared to controls (p<0.0001) (Table 1,
Figure 1). No group differences were found in peripheral blood flow, hematocrit, lactate, hemoglobin
concentrations, or neuropsychological measures. However, divers with largest bradycardia
demonstrated slowing of arterial oxygen desaturation two to three times that of other divers (5). There
was a significant negative correlation between breath hold duration and arterial oxygen desaturation
(r=-0.840, p<0.01).
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Table 1. Differences between divers (n=10) and controls (n=10) on

demographic, apnea, and cognitive variables

Parameter Group Range Mean SD Fr-18) p

Age (y) Divers 24-53 36.7 11.4 1.176 ns
Controls 21-53 31.6 9.5

Education Divers 12-16 14.5 1.4 345 ns
Controls 13-18 15.7 1.4

NNE' Divers 0-20 4.2 5.8 6.33 0.02
Controls 0-2 0.2 0.4

Years of BH activity Divers 4-20 9.8 5.8 28.09  0.000
Controls 0 - -

BH time (s) Divers 182-301 246 44 39.8 0.000
Controls 83-197 129 39

S.0; (min %) Divers 50-82 67 10 28.12  0.000
Controls 75-94 86 5

Heart Rate (beats'min™") Divers 23-49 41 8 0.772 ns
Controls 25-68 45 11

SDMT baseline Divers 45-70 53.7 7.2 0.006 ns
Controls 34-80 53.3 13.9

SDMT post-breath-hold 5 Divers 42-65 52.5 7.1 0.276 ns
Controls 42-74 54.6 10.5

Picture memory/4 baseline Divers 4 4 0 - ns
Controls 4 4 0

Picture memory /4 post- Divers 2-4 3.7 0.67 2.8 ns

breath-hold 5 Controls 4 4 0

Reaction time - milliseconds Divers 474-639 530 47 1.30 ns

at baseline Controls 459-662 556 54

Reaction time - milliseconds Divers 505-597 546 31 .004 ns

post-breath-hold 5 Controls ~ 481-597 545 39

'NNE includes previous concussion, head injury, diving related blackouts and 'sambas'
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Figure 1. Minimum arterial oxygen desaturation as a function of maximum breath-
hold time in seconds for n= 10 divers and n=10 controls.

Discussion

These two studies aimed to assess the acute cognitive and behavioral sequelae immediately following
extended apneas. The first hypothesis that divers would show a significant decline in cognitive and
motor functioning immediately following apnea compared to baseline was supported for the dynamic
but not static apnea conditions. Apnea divers, immediately following a competition dive,
demonstrated a significant decline in cognitive and motor speed compared to baseline. However, no
differences were found on the simple reaction time or picture memory tasks.

These results provide support for the literature that apnea with exercise increases the desaturation
effect and lactate accumulation (1) with consequent decline in speed of motor responding (2). An
alternative explanation is that anxiety related to the dynamic apnea being on the first day of
competition or first exposure to neuropsychological testing may have influenced performance on
timed tasks. However, this is unlikely since if anxiety was a factor we would expect performance
decrements on the reaction time task as well as the SDMT. A more plausible explanation is that the
dynamic apnea despite being of shorter duration placed greater demands on oxygen usage than the
longer duration static apnea without any exercise.
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On the following day, divers' performances on the same neuropsychological tasks immediately
following static apnea were not significantly different to baseline suggesting that a) static apnea does
not produce the same neuropsychological difficulties as apnea with exercise, and b) divers had
recovered from the neuropsychological decline evident post dynamic apnea. When three divers were
examined following a loss of motor control their neuropsychological functioning showed further
declines that had resolved within an 80 min time frame.

For the laboratory study, the hypothesis that there would be a strong positive correlation between
oxygen desaturation and neuropsychological functioning was not supported, despite the fact that
divers did experience a large desaturation effect (S,0, 67+10%) none showed a significant change to
neuropsychological functioning on the sensitive tests used.

Conclusions

We conclude that even when apnea is (relatively) brief, if it is accompanied by exercise then
neuropsychological and motor functioning is compromised. This effect is exaggerated further if the
diver suffers a loss of motor control. However, recovery appears to take place within an 80 min
period. Given our preliminary results we would recommend that divers refrain from complex
cognitive and motor tasks such as driving a car for at least 90 min following apnea activities. This
period is conservative and should be increased if the diver has suffered a NNE such as a loss of
consciousness or loss of motor control. Further studies to examine the correlates between
neuropsychological functioning and apnea during exercise are warranted.
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WORKSHOP DISCUSSION

DR. LINDHOLM: One comment. You do get sambas or loss of motor control even from the deep
dives. It is just not as common in competition. It seems be, I think, my speculation was when I did the
statistics on the competitions is that the divers seem to be able to sense when to come up. That is why
so many manage to surface from the static apnea just on the edge of losing consciousness. But when
you go for depth, well, you make the decision to surface long before you have any cues of hypoxia.
So you can use that. So whether you reach the surface or not, you have to decide a minute or two
earlier.

MS. RIDGWAY: I am interested too to know what the oxygen saturation levels are like while you are
exercising. Presumably they are lower than when you are just doing a static.

DR. DUEKER: I would hate for people to get the idea that hypoxia from emergent accidents is not a
problem and that the only problem in emergent accidents would be if your heart stopped. An awful lot
of the data, and I use that in quotations, on emergent accidents are viable is, in a simple word, lousy.
It is even worse than lousy.

And I was fascinated that you come from a neuropsych background because in what I consider a
rather obscure neuropsych journal there is a marvelous follow-up study on a heroic survival of a near-
drowning child. The child was in the water probably 40 min, cold water, full cardiac arrest. He made
a perfect recovery. That is what is listed in the literature for 20, 25 years. Someone in neuropsych dug
up — well, they did not really dig the patient up because the patient was still alive, but found the
patient and ran the patient through a few neuropsych tests. Well, you do not even need to be a
neuropsychologist to realize that the child had, no longer a child, had extreme learning disabilities, all
kinds of problems. And yet, this child had been held up as a poster child for how good it is to drown
in cold water.

So I just do not want people to go home and say, gee, this is fantastic or even more scary, to see it in
the printed proceedings and we will end up with an awful lot of problems.

MS. RIDGWAY: I hope that is not what I am suggesting. And I am aware of that study [Hughes et
al., 2002], and it is an excellent reminder of why we need follow-up neuropsychological evaluations
as this young girl had clear MRI and MEG [magnetoencephalography] scans. She was submerged for
66 min and "recovered completely” but we know that children grow into damaged brains and the
problems with frontal lobe executive functions do not appear until the child becomes a teenager and
beyond. The longitudinal profile for this girl demonstrated a broad pattern of cognitive difficulties
including global memory impairment. For this presentation I highlighted four of the studies of good
outcomes that are in the literature on near drowning. There are several others with various outcomes.

[Boero JA, Ascher J, Arregui A. Increased brain capillaries in chronic hypoxia. J Appl Physiol
1999; 86:1211-1219.

Hughes SK, Nilsson DE, Boyer RS, Bolte RG, Hoffman RO, Lewine JD,
Bigler ED. Neurodevelopmental outcome for extended cold water drowning: A longitudinal

case study. J Int Neuropsych Soc 2002; 8:588-596.

LaManna JC, Vendel LM, Farrell RM. Brain adaptation to chronic hypobaric hypoxia in rats. J
Appl Physiol 1992; 72:2238-2243.

Ridgway L, McFarland K. Apnea diving: long term neurocognitive sequelae of repeated
hypoxemia. Clin Neuropsych 2006; 20:160-176.]
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DR. LUNDGREN: Dr. Dueker's comment is well taken, but we have to be mindful of the fact that we
are dealing here with samples where the N is one. There is another example in which a college
student who drove through the ice with his car and was clocked as being underwater for 60 min and
was then revived. After that he was an A-student. It does not say whether he was a C-student before
the accident. But we should not draw conclusions from these isolated examples, as Dr. Dueker
admonished.

DR. MULLER: Maybe just echo that a little bit. [ would say that 30 min of visual motor symptoms is
a relatively significant neuropsych finding. I have had the opportunity to take care of two individuals,
closed circuit divers, who have had significant hypoxic events. And 90 min was not enough to let
those guys return to work. They had neuropsych findings out at two weeks and 30 days. They were
able to recover consciousness fairly quickly, but had persisting neurologic symptoms for two to three
hours. So I would agree with that. There is something to hypoxia without ischemia that is causing, if
not cell death, some fairly significant impact.

MS. RIDGWAY: It seems there are significant neurotransmitter changes. I wonder if the cognitive
changes that I saw correlate with the S100B. I would love to look at such data.

DR. LINDHOLM: I would like to comment on that 30 min case. We know that you can get
decompression sickness from breath-hold diving, and the symptoms that you report are with a 30 min
span of neurological symptoms sounds very much like a DCI hit. And I think we are going to have a
discussion on decompression sickness in breath-hold diving tomorrow by Dr. Wong and Dr. Koshi,
and for this, I would just suggest that that symptom is probably not related to the hypoxia. It might be
another interesting physiological phenomenon, but another one.

DR. FOTHERGILL: I do not know much about the rules for competition breath-hold diving, but do
they provide any 100% oxygen after these hypoxia incidents to alleviate any potential problems.

MR. KRACK: Our standard protocol for loss of motor control or loss of consciousness would be
100% oxygen for five minutes on the surface.
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Introduction

Divers Alert Network (DAN) has maintained a diving incident database since 1987. New cases are
reviewed in an annual report. Summary statistics are presented and then anonymized thumbnail case
reports are provided for further insight. The greatest value of incident reporting is to improve the
awareness and safety of participants or those interested in participating.

Breath-hold incidents were not included in the original data collecting plan. Regardless, some were
still submitted, so there was an accumulation of records over time. The growing interest in breath-
hold diving worldwide made it clear that a dedicated effort to collect incident data specific to these
activities was needed.

A breath-hold incident is defined as one involving a diver or divers wearing some equipment, usually
mask and fins but with no gas supply, either self-contained or surface-based. The act of breath-hold
does not have to be a factor in the incident. For example, victims could be snorkeling at the surface.

Retrospective 10 Year Review

The first effort was to review the breath-hold incident records available at DAN for a 10 year period,
from 1994 to 2003, and then augment them with cases found through Internet searches for the same
period.

A total of 131 cases had sufficient detail to include in this review. Most of the records were based on
newspaper reports, often containing few details. Comprehensive records were available only for rare,
high-profile events.

Ninety-eight percent of the cases involved fatal incidents. Non-fatal events were poorly reported.
Eighty-eight percent of the victims were male. Victim age was 38+16 (mean + standard deviation)
years.

Seven problem patterns were identified: entanglement, diver-boat interactions, diver-animal
interactions, solo/inadequately supported activities, behavioral errors, equipment issues, and impaired
health and fitness. Details are presented in the 2005 DAN Annual Report, the first to include breath-
holding data (2). Three case reports are included as examples.

Case Report 07/24/01 - An 18-year-old male was recreationally freediving with a friend from a boat
anchored on a shallow ocean reef. The divers used a one-up-one-down system to monitor each other.
After approximately one hour of alternating dives the victim made a dive to 60 fsw (18 msw). His
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partner noticed that there was little movement during the first 30 s of the dive and became concerned
at about 45 s. Anxiety compromised his freediving ability, and he was unable to reach the victim.
County fire rescue divers recovered the victim after more than 20 min. He did not regain
consciousness.

These freedivers employed a popular safety procedure to back each other up. Unfortunately, when the
problem developed, the anxiety of the moment compromised the safety diver's performance.
Ultimately, inadequate support became a contributing factor. There was insufficient information
available to comment further.

Case Report 08/25/02 - A 14-year-old male was spearfishing with friends in approximately 65 fsw
(20 msw). The victim was observed to develop difficulties while nearing the surface during ascent
and began to sink. He did not release his weight belt and his companions were unable to reach him
before he was beyond their reach. His body was recovered sometime later by divers.

This appeared to be a classic case of shallow water blackout/hypoxia of ascent. The first contributing
factor was over-weighting. Ideally, his weighting would have kept him from sinking or had him
sinking so slowly that he would have received help before descending beyond rescue depth. The
second contributing factor was inadequate support, since timely assistance was not provided.

Case Report 08/17/03 - A 21-year-old male spent the day on a boat offshore participating in a variety
of watersports. Towards the end of the afternoon he tied a speargun to a float and entered the water to
do some spearfishing. He said he was going to go back down after one he had just seen. His friends
on the boat became concerned when they saw that his float had not moved for an unspecified period
of time. They found the loaded speargun still attached to the line. The victim's body was found two
days later in 80 fsw (24 msw).

Facts are difficult to determine in unwitnessed cases. With no evidence of another problem, it is
possible that hypoxia, either on the bottom or during ascent, played a role in this case. Inadequate
support was a contributing factor.

The problem common to all three cases was inadequate support. Despite the presence of others in
each scenario, the safety precautions proved to be insufficient. Incident data collection/reporting
programs provide an important means to reduce the likelihood of similar events occurring in the
future. Learning from the mistakes of others, recognizing the high risk elements of an activity, and
stimulating personal planning of safety procedures sufficient for any given environment are all
benefits of the effort. The growth of interest in breath-hold diving makes it appropriate to develop a
system dedicated to this activity.

Inception of the Breath-Hold Incident Database

DAN supported the development of a breath-hold incident database in 2005. The goal was to capture
more comprehensive data concerning both fatal and non-fatal events.

The database structure is open for evolution. Fields can be added and existing ones refined as
additional issues or questions arise or new data become available. Currently, there are 234 fields
under nine different sections (Table 1): incident time and location, personal data, health and lifestyle,
experience, breath-hold profile and conditions on the day of the incident, incident scenario,
equipment, medical examiner/coroner findings, and DAN medical examiner findings.

- 47 -



Rubicon Research Repository (http://archive.rubicon-foundation.org)

Table 1: Breath-hold incident database structure

Section Field Descriptions
Incident Time and Location | standard information
(20 fields)
Personal Data age
(19 fields) gender
height
weight
body mass index (BMI)
fitness (body composition, aerobic capacity, strength)
Health and Lifestyle history of previous similar or related incident
(32 fields) health history
current health conditions
medications
lifestyle factors (e.g., smoking, alcohol, drug use)
Experience training in breath-hold
(18 fields) skill ranking (none, novice, intermediate, advanced, expert)
breath-hold activity (past 12 months, personal bests - static and dynamic, current and
lifetime)
non-breath-hold diving experience (years of diving, certification level)
Breath-hold Profile and number of days in dive series
Conditions on Day of number of dives on day of incident
Incident max depth on day preceding incident dive
(27 fields) max depth of incident dive

computerized dive profile(s)

dive support (none/solo, partner, surface-based scuba, underwater divers)
purpose/type of activity

environment

dive platform

water conditions (sea state, current, visibility, temperature)

Incident Scenario pre-dive technique (e.g., hyperventilation, lung packing, empty lung, inspired gas)

(50 fields) dive problem (e.g., animal interaction, boat interaction, buoyancy, equalization,
heavy exertion, shallow water blackout, entanglement, equipment)

contributing factors (e.g., health, physical fitness, procedure/behavior, inexperience,
inattention, insufficient training, poor planning, equipment check)

trigger event (e.g., health problem, physical fitness, procedure/behavior, animal
interaction, boat interaction, weather condition, equipment or dive problem)

timing (when problem started, depth where problem started [if relevant], when
witness became aware, recovery depth, recovery procedure)

Equipment inventory of equipment used or available
(29 fields) test of equipment function
Medical Examiner/Coroner | external injuries
Findings diving injuries
(17 fields) initial insult
toxicology

primary cause of death
contributing factors
major diagnoses
incidental diagnoses
manner of death

DAN Medical Examiner repeat of medical examiner/coroner findings fields plus additional coding fields
Findings
(23 fields)
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Many of the field descriptions provided in Table 1 are self-explanatory. Some are less clear or
represent potentially more difficult to access data.

Fitness measures are difficult to secure. Body composition is best described by measures of
hydrostatic weight or skinfold thickness, but such data are rarely available. Simpler measures will
have to be relied upon for interpretation. Waist-to-hip ratio (WHR = circumference of narrowest level
of waist / circumference of widest level of hips) is one example. The measure can provide additional
insight to interpret body mass index (BMI = weight in kg / [height in meters]®) measures. Despite
being widely used to comment on body habitus, BMI is not a measure of body composition.
Individuals with relatively large muscle mass will also have high BMI values. A small waist-to-hip
ratio would indicate that a large muscle mass was more likely to be present.

The rate at which oxygen can be consumed during maximal effort (described as aerobic capacity,
maximal oxygen consumption or VO, m.x) and strength are important determinants of physical
performance. Unfortunately, direct measures are rarely available. It is more likely that predictive test
results will be utilized.

Predictive questionnaires can be used to estimate individual ability without direct measurement. The
Houston test, for example, requires height, weight, age, gender and a self-assessment of regular
physical activity during the most recent 30 days to estimate VO, .« (1). The activity level is selected
from an eight-point descriptive scale. The data are entered into a simple equation to complete the
estimate. The prediction is generally weakest for the least and most fit but often more reasonable for
the middle fitness range. Practically, it is convenient to collect the data.

Personal performance records may be available in some cases, most likely for those actively involved
in training or competitive activities. Meaningful physical strength measures will be more difficult to
collect. It is possible, however, that simple evaluations could be collected following non-fatal
incidents. For example, there are some normative data on pushup performance. This could allow
some insight with minimal effort.

Experience and skill level are subjectively ranked, but in categories likely to provide fair self-
categorization or categorization by a partner in fatal cases. Breath-hold performance records will be
very useful, when available. Distinguishing between lifetime and recent performance records may
provide useful insights. Static (resting) and dynamic (swimming) records are currently being targeted.
Additional categories can be added as the available data directs.

Information on diving certification level and experience is sought with the intention of establishing a
pattern of involvement in water activities. The expectation that many freedivers come from the diving
population may change as the practice of freediving continues to mature.

The incident scenario currently includes the largest number of fields, starting with pre-dive protocols.
Additional fields will be added as data accumulate and breath-holding practices evolve. The
designations of dive problem(s), trigger event(s), and contributing factor(s) are flexible. Many
elements will legitimately fall into more than one of these categories.

Finally, medical examiner/coroner reports will frequently be available for fatal incidents. Given the
range of examiner experience with diving incidents, however, the reports may vary in utility. A
protocol initiated with the original DAN accident database has fatal case documentation reviewed by
a single medical examiner experienced in diving medicine (Dr. James Caruso). The review may, in
some cases, produce findings different from those of the original examiner/coroner's report. This
procedure will be applied to all captured fatal breath-hold cases.
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Case Intake

The primary tool for identifying fatal incidents is the Internet. Automated keyword search strategies
can be established to flag new reports as they appear. Follow up can be initiated once a case is
identified, but complete records are often compiled slowly. For example, it can take one year or more
to secure medical examiner/coroner reports.

Personal reporting of cases is less common, but is expected to climb as familiarity with the initiative
increases. Personal reporting is essential for cases that are not available through the Internet,
particularly non-fatal cases that receive no media attention.

Personal case submission will be facilitated by a web-based option. The form will be accessible
through the DAN website. Relevant screen fields will appear as prompted by the entry of data. Non-
relevant screens will not appear. Users will be able to append electronic files, such as dive logs, as
part of the submission. Evolution of the web program will be guided by user input.

Non-fatal cases can provide a degree of detail not available for most fatal events. One recent case
offered by a spearfisherman is described here to exemplify the comprehensive picture that can be
provided. The principal in this case provided essential full field data after the incident, including
narrative and electronic dive logs. Independent narratives were provided by other individuals present
during the event.

Case Report 01/29/06 - A 41-year-old male was one of a group of four, spearfishing during a vacation
in Hawaii. His current maximum dynamic breath-hold time was 2:30 min:s. His lifetime maximum
breath-hold time was 3:15 min:s. The conditions were light seas, slight current, and visibility greater
than 50 ft (15 m) on this first day of the trip. The incident dive was his 13" of the day, far deeper than
his previous dives (Figure 1).
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Figure 1: Freediving spearfisherman makes 12 modest dives (12-44 fsw [4-13 msw]
depth and 10-59 s duration) followed by one more aggressive dive (90 fsw [27 msw]
and 1:43 min:s duration).

The diver reported doing no hyperventilation before the dive, but described "several slow full
exhalations and inhalations before taking a full breath." He planned to descend to approximately 60
fsw (18 msw) but the bottom was deeper than anticipated and he was approaching 90 fsw (27 msw)
before realizing it. He paused briefly at his maximum depth to consider three fish targets but then
decided they were not worth his attention and began his ascent. He chose to drop his speargun early in
the ascent, since it was negatively buoyant and attached to his float line. He assisted his ascent with
hand-over-hand pulling on the float line during part of the ascent. The effect of the hand-over-hand
motion was evident in the 50-25 fsw (15-8 msw) range recorded by his wrist mounted dive recorder

(Figure 2).
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Figure 2: Freediving spearfisherman makes 13™ dive of day to a maximum depth of 90
fsw (27 msw). He surfaced at 1:43 min:s, exhaled once, and then lost consciousness.
He was rescued by companions after sinking to 8 fsw (2.4 msw) in 5 s.

The diver's narrative describes his perception of the end of the dive:

"I knew it was going to be a long haul, but I wasn't feeling much air hunger. As I
passed 20 ft [6 m] I felt a little tired but relaxed. As I passed 10 ft [3 m] I knew I'd
make the surface and began to relax a little. When I hit the surface, I blew out to take a
breath, and then it was 'lights out.' I didn't feel it coming on at all."

The narrative of one of his rescuers provides a second perspective:

"I saw that he was fairly deep during the dive, so I kept my eye on him as he was
coming up. I noticed he left his gun below and that he was ascending hand-over-hand
on the tag line. He came up calmly, with no sign of anxiety. [ swam towards him and
watched him surface and then thought to myself that I had been overly concerned and
started to swim away from him. I didn't want him to think I was crowding him. I was
breathing up when I decided to take another look his way to make sure he was still
okay. It was a shocking sight. He was unconscious below the surface of the water, in a
T position, with arms straight out, his face slightly upward, one of his hands twitching,
and he was sinking."

The diver sank to a depth of eight feet (2.4 m) in approximately five seconds. He was then pulled to
the surface, his weight belt removed, and supported closely until he regained consciousness. Transient
headache, slight nausea and some difficulty concentrating persisted for the next hour. There were no
other complications.
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This case highlights several issues. The diver was unfamiliar with the diving area, overweighted (22
Ibs [10 kg] with a 7 mm wetsuit), and overconfident in his capabilities. Members of the group were
aware of the importance of direct supervision post-dive, but did not employ it uniformly. Self-
consciousness regarding supervision left the victim exposed and could easily have resulted in a much
worse outcome. Finally, the poorly defined continuum between hyperventilation and 'deep breathing'
or 'workup breaths' is subjective and potentially an unacknowledged source of risk.

Hyperventilation can be simply defined as a volume of gas exchange per unit time (i.e., minute
ventilation) in excess of that needed to meet metabolic effort. The partial pressure of carbon dioxide
in the arterial system (P,CO,) is reduced in response to hyperventilation. Reducing P,CO, prior to
breath-hold delays the time it takes for it to rise to the point of triggering a strong urge to breathe
(hypercapnic drive). The well understood concern is that excessive hyperventilation can delay the
hypercapnic drive long enough to make hypoxia a significant risk. Unconsciousness due to hypoxia
can occur without warning. This is because our hypoxic drive is very much weaker than our
hypercapnic drive. There is no 'toughing it out' with this problem. The diver in the current case passed
out on the surface before inhaling, but it is also possible for unconsciousness to develop after a breath
has been taken since it takes time for the newly oxygenated blood to reach the brain. This is why a
full 30 s of direct supervision following every breath-hold is critical.

The practical concern increases when breath-hold divers claim to do no hyperventilation but, in fact,
do so under the guise of other names. This situation may confer a false sense of security and makes it
more difficult to capture potentially important data in the case of incidents. Considering
hyperventilation as a dichotomous variable makes it easy to miss the possible influence of different
grades of the practice.

The presence of support was critical for the positive outcome of this event. There is much less
demanded of a rescuer if he or she only has to support a diver at the surface or recover them from a
shallow depth. Close, direct supervision reduces the likelihood of needing assistance that exceeds the
capabilities of a rescuer or rescuers operating under acute stress.

The most important feature of this incident report is the wealth of available data. The availability of
dive profiles captured electronically at one second intervals, comprehensive narratives from
participants, and subject availability for future questions make this a model of what can be captured
for each incident. Such details provide insights far beyond the typical incident report.

Future Efforts

Success of the breath-hold incident database initiative requires support from the breath-hold
community. While many fatal cases will be identified through automated Internet search procedures,
personal submission is expected to reinforce the identification of fatal cases and as the prime
mechanism to collect details concerning non-fatal cases.

Summary reviews will be released every year as part of DAN annual reports. Case series will be
released as they are accumulated; offered to relevant publications to educate and encourage
contribution to the data collection effort.

Conclusions

The DAN breath-hold incident database is available to capture both fatal and non-fatal cases. The

accumulation of details not readily available in most news releases is expected to provide a useful
tool to improve awareness, facilitate training and promote procedural review and development.

-53 -



Rubicon Research Repository (http://archive.rubicon-foundation.org)

Acknowledgments

Julie E. Ellis, Sheila J. Modi and Jennifer L. Wiley for support in data collection and data
management.

References

1. Jackson AS, Blair SN, Mahar MT, Wier LT, Ross RM, Stuteville JE. Prediction of functional
aerobic capacity without exercise testing. Med Sci Sports Exerc 1990; 22(6): 863-870.

2. Vann RD, Freiberger JJ, Caruso JL, Denoble PJ, Pollock NW, Uguccioni DM, Dovenbarger JA.
Report on Decompression Illness, Diving Fatalities and Project Dive Exploration: DAN's Annual
Review of Recreational Scuba Diving Injuries and Fatalities Based on 2003 Data; 2005 Edition.
ISBN 0-9673066-7-1. Divers Alert Network: Durham, NC, 2005.

WORKSHOP DISCUSSION

DR. LUNDGREN: I notice that the mean age for the cases you have so far was 38 years. Do you at
this time have any impression as to whether these incidents are preferentially in the higher age group
or not? Of course, it has to be looked upon in relationship to how many of any age group engage in
breath-hold diving, and that is a hard data to come by, I am sure.

Let me explain why I am asking this question. We pointed earlier to the occurrence of cardiac
arrhythmias in breath-hold divers. And one of the ravages of old age is that one becomes more prone
to arrhythmias. So it would be very interesting to see if those cases or accidents which cannot clearly
be connected with a shark bite or a crocodile chewing on you, et cetera, the unclear cases whether
they are concentrated in the higher age group because that could support the notion that indeed there
are some ill effects of breath-holding in terms of cardiac function that probably is more likely to hit
the older diver than the younger.

DR. POLLOCK: Excellent comment. We do not know the denominators, so we do not have that
answer now. | think that would be something we could consider as we accumulate more non-fatal
cases. If we see a big discrepancy in the ages between the non-fatal and the fatal cases, it will raise
suspicion. Right now, it looks like the breath-hold population seems to be maturing like the diving
population is. We do not have as many young people. But we need additional data.

DR. LUNDGREN: Is there any information to indicate how breath-hold diving is divided over the
age groups in general?

DR. POLLOCK: We do not have that information now. We are going to have to see if others have
collected such data. It may be that market research could help answer the question.

DR. KAY: Instead of BMI [body mass index], a better tool might be the NOAA gender-specific body
fat index calculations. I have done a number of the NOAA physicals, and they all require you

measure the neck and natural waist. So they are a bit more specific with regard to gender.

DR. POLLOCK: There are several tools that employ simple measures. The NOAA protocol relies on
height, weight and several circumference measures to estimate body composition. A major limitation
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that afflicts most of these tools is that most of the normative data were collected in the 1950s and
1960s, and may not be as representative of the current population.

We do have to continue evaluating alternative strategies. When we complete anthropometric
measurements in our lab, we enter the data into a battery of standardized formulae so we can see how
well they fit. Unfortunately, while several of the techniques provide seemingly reasonable group
averages, they are often fairly weak on an individual basis.

We would be happy to consider additional suggestions. The caveat is that we have to be sure not to
discourage participation by asking for too much.

DR. SCHAGATAY: My question has nothing to do with physiology or reporting, but it has to do
with prevention. | was in Italy in a conference a year ago where we were working it out to try to have
divers use buoyancy equipment or floats. Just from your case reports, it was obvious that very often
divers have a body but they can not do anything with it when they lose it because it is too late. Is that
something that DAN is doing and in what way?

DR. POLLOCK: Thank you for that comment. The afternoon session is largely dedicated to safety,
with victim recovery as an important element. You will hear Dr. Maas speak about some equipment
that has the potential to reduce the risk of failed recovery. We would certainly like to see efforts in
this direction move forward.

DR. SOUTHERLAND: Do you have a data dictionary set up for someone filling the form out?
Defining, for example, hyperventilation and shallow water blackout. I do not know if there is
universal agreement on certain definitions.

DR. POLLOCK: The data fields are currently set up in an Excel file that I have been sending out to
individuals offering to review the structure or submit cases. There are drop down menus with
thumbnail definitions. Most fields are defined. The definitions will be refined, and new variables
added, as experience and input direct.

DR. SOUTHERLAND: One other thing, the Navy has recently gone over to WESS [web-enabled
safety system], a web-based database for entering accidents. If you have got a helicopter accident or
diving accident, you start off with the same thing. Right now for the diving side it takes anywhere
between 30 and 40 screens, web pages, one has to go through to enter in the data. We found out that
people are not reporting cases even though they are required to. Web forms are not effective if they
are too long.

DR. POLLOCK: We are trying to avoid similar problems by having specific fields appear only if a

positive flag is entered to warrant further questions in that area. We will try to minimize the number
of pages that a person has to go through.
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Introduction

Breath-hold diving is gaining popularity as an underwater sport. Breath-hold diving refers to in-water
activity without the use of scuba or surface-supply breathing gas. Participants have a narrow time
window in which to operate before oxygen depletion increases the risk of serious injury or death. The
risks associated with breath-hold vary according to individual practice. Examples of practices unique
to breath-hold include hyperventilation prior to breath-hold, which can result in hypoxic loss of
consciousness, and lung packing, which can lead to pre-breath-hold syncope and an increased risk of
overexpansion lung injury. Development of a formal program to collect and disseminate information
regarding breath-hold injuries and fatalities is desirable to improve awareness, training, and
procedural development.

Methods

Divers Alert Network (DAN) created a database in 2005 to capture breath-hold diving incident
records for both fatal and non-fatal cases. This report summarizes cases found to have occurred in
2004 and 2005.

Data are presented as percentage (%) and/or number (n) of cases, or as mean + standard deviation
with range, as appropriate.

Results

Thirty-seven breath-hold incident cases contained sufficient data to include in this review. Victim age
was determined for 95% of cases (n=35). Age was 39+15 (14-77) years (Figure 1).

All but one of the recorded incidents involved fatalities. The one non-fatal case was a shark attack in
Hawaii. A spearfisherman was alone in water shallow enough to stand in, swimming back to shore on
the surface while towing his speared catch in a bag 30 ft (9 m) behind him. He was not aware of the
shark until he was bitten on the shoulder. He was able to discourage the 12 ft (3.7 m) long animal
during a second pass by striking it with his speargun. Initially unwitnessed, he was able to attract help
after swimming closer in to shore.

All but one the victims were male. A woman died after being struck by a speedboat propeller while
snorkeling from a day boat in or possibly just outside a marine reserve area off Redang, Malaysia.

-56 -



Rubicon Research Repository (http://archive.rubicon-foundation.org)

16

14 - Male

B Female
12 A

Number 10 -
of |
Cases g |

O T . T

<20 20-29  30-39  40-49  50-59  60-69  70-79
Age (years)

Figure 1: Age and gender distribution of breath-hold incident victims. Mean age was
39415 (14-77) years.

The breath-hold activity at the time of the incident was available for 95% of cases (n=35). Activity
was described as snorkeling (34%), spearfishing (29%), collecting (20%), or freediving (17%). The
classification of activity was often somewhat arbitrary, based on the degree of awareness of the
reporting parties.

Dive support was determined in 89% of cases (n=33). Support was described as partner (55%),
none/solo (21%), group (18%) or other (6%). The dive platform used was determined for 84% of
cases (n=31). Dives were primarily conducted from shore (45%) and day boats (39%). Most cases
(85%) referred to dives conducted in ocean water.

Information on eyewitness presence was captured in 86% of cases (n=32). Eyewitnesses were present
for 47% of incidents. The availability of assistance was captured in 89% of cases (n=33). Assistance
was available to victims in 55% of incidents. Victim recovery was confirmed in 81% of cases (n=30).
Victims were recovered in 90% of known cases, most commonly from the bottom (40%).

Information on contributing factors (e.g., behavior, procedure or predisposition) was seldom
available. The trigger event was established in 35% of cases (n=13). These were classified as animal
interaction (42%), weather condition (25%), health problem (17%), boat interaction (8%), and dive
problem (8%). Evidence of shallow water blackout was found in 19% of cases (n=7).
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Discussion

The 37 cases available for this review likely represent only a fraction of the total number of breath-
hold incidents. The shortfall is undoubtedly greatest for non-fatal events, which are rarely reported.

Sufficient data were found for the available cases to allow description of basic trends, such as breath-
hold activity, age, gender, and the presence of dive support. While some data regarding contributing
factors and trigger events were obtained, more information is needed for comprehensive analysis.
Case records are rarely complete. Greater participation in the reporting program by members of the
breath-hold diving community is required to increase the strength of the data. Currently, access to
follow up records, particularly for fatal incidents, involves substantial delays that limit the ability to
provide timely summary reviews of case files.

Conclusions

While a small number of high profile fatality cases may be widely reported, limited information is
available for most breath-hold incidents. Non-fatal events are rarely reported. Details of individual
cases could provide valuable insights to improve diver awareness and safety. DAN will continue the
effort to collect information on both fatal and non-fatal breath-hold incidents. Data collection will be
facilitated by an electronic submission option accessed through the Internet. Regular release of
anonymized summary reviews will be used to increase awareness of safety issues and to promote
continued support of the program.
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WORKSHOP DISCUSSION

MR. KRACK: I think it is important that we be very careful when we are talking ab