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Foreword

Wl&n I go diving I have two goals: Number one, I want to avoid
an accident. Number two, I want to have fun.

Having fun is the easy part.

Avoiding injury can be easy too—as long as we know what to look
for. Perhaps more than any other reason, that's why Alex Brylske wrote
this book. Beating the Bends provides a wealth of life-saving informa-
tion in a succinct and easy-to-understand format.

What is perceived as a diving danger—and what is really danger-
ous—are usually very different. Think back to when you became a
scuba diver (or, if you're thinking about taking up diving, think about
your perceptions right now). If you're like most folks, you probably
thought the biggest diving hazards were marine life—namely sharks—
or drowning, especially if you're not a good swimmer.

During the dive training process, we learn that marine life poses
almost no threat. (Marine life, however, can’t say the same about us.)
Additionally, a fear of the water subsides when you have a tank full of
air on your back, plus equipment designed to make up for less-than-
expert swimming skills.

In practice, we find that the things that can really harm divers are
more subtle than sharks. Fortunately, almost all of these dangers are
within our control.

The root of most diving dangers is ignorance. Even though basic
scuba courses introduce much of the information divers need to know,
there’s still a lot to be learned. Experience shows that too many of us
consider the dive training process complete when we receive a certifi-
cation card. That is a mistake that can have serious consequences.
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Decompression sickness (DCS) is one subject, in particular, that is
not completely addressed during the initial certification course.
Granted, many—but certainly not all—divers understand that DCS is a
function of pressure and nitrogen gas absorption. Some also know that
dive tables and dive computers contain data that can be used to help
avoid DCS (although practical experience shows that most divers have
difficulty using the tables or don't completely understand the read-outs
of their computers). An even smaller group comprehends the correla-
tion between ascent rates, safety stops, and avoiding diving injuries.

In other words, most scuba divers venture into the water with a less-
than-adequate understanding of DCS and how to avoid it—perhaps the
most fundamental of dive safety issues.

To be safe divers, we must not only memorize dive safety guide-
lines, but also understand how they have been developed. More
importantly, we must incorporate them into our dives to the extent that
they become second nature.

That's why Beating the Bends is such an important book. It picks up
where most diving texts leave off. It provides a history of how decom-
pression safety guidelines have been developed. More importantly,
Beating the Bends provides easy-to-understand recommendations on
how you can reduce your chances of getting the bends. The book is
designed to be used over and over again. You'll find yourself referring
to it before your dive vacation, reviewing it during continuing scuba
education class, and sharing it with your diving friends,

Alex Brylske is uniquely qualified to write on this topic. He has a
special talent for making complex technical subjects—such as decom-
pression sickness—easy to understand. Alex combines his writing skills
with more than 20 years of experience as a scuba educator. In addition
to his role as technical editor for Dive Training magazine, Alex contin-
ues to train divers and scuba instructors around the world. He is out
there, in the field, fighting the battle against diving ignorance on a
daily basis. He sees the problems—and solutions—first hand. Those
life-saving observations and tips are the core of Beating the Bends.

Beating the bends involves more than just avoiding deep, long
dives. It's a common-sense process that begins before we even enter
the water. The first step in that process is education—and for safety-
conscious divers, that starts by reading Beating the Bends.

Sean Combs
Editor, Dive Training Magazine

viii @ Foreword

Preface

he human body has no use for free-form nitrogen. That's a physio-

logical fact that's irrelevant to most human beings on the planet—
but not to those of us who venture under water. Because it takes no
part in the metabolic process, whatever nitrogen we breathe in, we
must eventually breathe out again. While that may sound simple, it
becomes an enormously complex process when, as divers, we breathe
air under constantly varying pressures.

Under certain conditions, excess nitrogen released when we ascend
generates bubbles, and the disorder we call decompression sickness
(DCS), or “the bends,” occurs. So, you might think if we could only
identify and avoid these conditions then we could prevent the bends.
Unfortunately, as testament to the wondrously fickle human machine,
it's not that easy. No matter what we do, or how well we prepare,
every dive carries with it some risk of bends. The only way we can
absolutely avoid it is not to dive.

Assuming no one reading this book would accept that option, I felt
a reasonable compromise between not diving and getting the bends
might be to write a book that would help divers understand DCS bet-
ter. But, frankly, you can significantly reduce your bends risk by just
following the short list of suggestions contained in the Introduction. So
why should I bother writing an entire book, particularly considering
there are so many books—or portions of books—on the subject already?

In reviewing the existing material on DCS—and in talking to more
divers than I care to count—I came to three conclusions. First, while
voluminous information on the bends does exist within the scientific
world, much of it never makes its way to the general diving public.
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Second, what does make its way to the recreational diver tends to
be either extremely basic or so complex that you need a year of med-
ical school to understand it. Oversimplifying the subject prevents
divers from developing a full insight into DCS and robs us of the
chance to appreciate this fascinating physiological process. Making it
too complex simply means that a lot of books and articles remain
unread and collect dust on the bookshelves of divers who thought they
were interested in learning more. Neither, in my view, makes much of
a contribution to making diving safer.

My third conclusion was that no single source treats the subject in a
way that is comprehensive yet understandable. You can, for example,
find texts that cover the basics or show you how to use a particular
dive table. Some books delve deeply into the physiology and medicine
of DCS. And a myriad other works deal with particular subjects, such
as dive computers, first aid measures, and deep-diving procedures. But
nothing has attempted to incorporate what I consider to be all
aspects—both theoretical and practical—of the decompression issue
from the perspective of the average recreational diver. That's what 1
have attempted in Beating the Bends. 1 hope it will be a helpful addi-
tion to the discussion of diving safety, and that you will find it useful in
getting the most out of your underwater experiences.

Dive smart and dive safe,
Alex Brylske

Arcadia, Florida
January 1995

X ® Preface

Introduction

If You Read Notbing Else in This
Book, Please Read This!

s an educator, I know all too well that people often buy a book

with the best of intentions to read it from cover to cover. But
unless it’s a novel—and a darn good one at that—seldom do we read
books that way. We tend to read technical books selectively, concen-
trating on what interests us or what we need for a particular purpose. 1
expect that many of you will read Beating the Bends in that way.

What I would like you to understand, however, is that some things
in this book are too important to miss. With this in mind, I have
decided to hit you over the head, at least figuratively, with those
aspects of decompression safety that I think are essential. T hope that
this will encourage you to read more about why these “ten command-
ments” are so vital to your safety. But even if you don't care to know
about the reasons, at least heed the advice. Please.

The Ten Commandments of Decompression Safety

1. Avoid maximum limits. No matter what your table or computer
tells you, begin your ascent at least 5 to 10 minutes before reaching
the no-decompression limit. Think of approaching these limits as
though you were running up to the edge of a cliff. The farther
away you are when you stop, the less chance you have of going over.

2. Always ascend slowly and take a safety stop. Never ascend
faster that 60 feet per minute, (slower is even better), and before
surfacing take a safety stop for 3 to 5 minutes at 10 to 20 feet.
Remember the cliff analogy. You could walk right up to the preci-
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pice—even dangle your toes over the edge—and you probably
wouldn’t fall off. But, you would greatly reduce your chances of
tumbling off if you just took a step or two back away from the
edge. That's what a safety stop does—it's the diver's version of
backing away from the edge. There’s really no such thing as a “no-
decompression” dive. Even if you don’t have to make a required
decompression stop, your ascent itself is a form of decompression.
Avoid dives that require decompression stops. Because they
require extensive planning and support, dives requiring decom-
pression stops are extremely dangerous for recreational divers. In
fact, it violates the very definition of “recreational diving” (no-stop
diving, no deeper than 130 feet). Even taking the appropriate pre-
cautions won’t eliminate a higher-than-normal risk of DCS com-
pared with no-stop diving. Many researchers believe the popular
models used today to predict no-stop diving are inadequate for
predicting profiles requiring stops. While other disagree, the point
is nobody knows for sure. All that’s certain is that statistically the
risk of DCS increases significantly when you exceed no-stop limits.

. Avoid high-risk profiles. While science still argues the reasons

why such practices are dangerous, practical experience shows that
certain profiles are more likely than others to get you a trip to a
recompression chamber. In particular, take care not to dive reverse
(a shallow followed by a deep dive) or sawtooth (lots of ups and
downs) profiles. On a multilevel dive, spend the first part of your
excursion in the deeper range, then move to shallow. Never return
to deeper water once you've come up to the shallower range.

. Avoid diving when you are dehydrated or when you feel less

than 100 percent. Diving with the proper level of hydration is
one of the most important steps you can take in reducing your DCS
risk. Thirst is a poor indicator of your state of hydration. Drink
water (not soda, coffee, or, worst of all, alcohol) until your urine is
copious and virtually colorless. Also avoid diving if you feel tired,
sick, or hung over. There will always be another day to go diving,
but the consequences of the bends could be with you forever,

. Avoid heavy exercise before, during, and after diving. If you

can’t avoid heavy exertion while you're in the water, at least take it
into account. Plan your decompression status by assuming your dive
is 10 feet deeper than your actual depth. Remember, your last decom-
pression stop is on the surface, so rest once you're out of the water.
Avoid heavy exercise, such as free-diving, between repetitive dives.

® Introduction
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10.

Wear proper exposure protection. Being cold is one of the con-
tributing factors to DCS that we can do something about. Avoid
diving if you feel cold, and if you get chilled while diving, get out
of the water. Don’t wait until you start shivering. A good general
guideline is to wear more exposure protection than you think
you'll need. And this isn’t just a concern for cold-water divers. All
divers lose heat unless the water temperature is above 90 degrees F.
Be extra careful when making multiday, repetitive dives. No
decompression model so far has been designed and tested conclu-
sively for multiple day, multiple dive use. Yet, this is exactly the
kind of diving sport divers do—particularly while vacationing at
dive resorts. Statistical evidence from the Divers Alert Network
raises serious concern over this issue. DAN’s data suggest that
those at highest risk for DCS are those who make multiday, repeti-
tive dives. To reduce your risk, follow either one of these guide-
lines: 1) Curtail diving somewbat toward the end of your trip; or 2)
take a day off in the middle of your trip to go sightseeing or just lay
on the beach. Either practice will help reduce your nitrogen levels
and, hopefully, your risk of DCS while on a diving vacation.
Know when it’s safe to fly. Because so little data exist about the
risks of flying—and driving to altitude—after diving, this has been a
controversial subject. You can find the current recommendation for
flying after diving in Chapter Five, page 102. Follow it.

Take responsibility for your own safety and accept that not
all DCS is avoidable. An alarming trend in our society is the reluc-
tance to accept personal responsibility for our actions. The credo
seems to be: When something goes wrong, blame anyone or any-
thing but ourselves. In reality, it's not our government, not our
employers, not our instructors, and not even our mothers who are
responsible for our safety. In the final analysis, the buck stops with
us—human beings with free will to make a decision and accept the
consequences. The other issue that's tough to accept is that you
can get DCS even if you do everything right. If, however, you
accept the risk of being a diver (or driving a car or even getting out
of bed in the morning), then that's life and sometimes life just ain’t
fair. We may someday understand the nuances of the human body
well enough to know everything there is to know about the bends.
But we’re not there yet—not by a long shot—so the best we can do
today is make informed decisions based on the best possible evi-
dence...and perhaps say a little prayer,
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CHAPTER ONE

SCUBA—Some Come
Up Bubbling A lot

A Primer on Decompression Sickness

W’hat you learned about decompression sickness (DCS) in your
beginning scuba course, although conceptually accurate, was
probably oversimplified. It’s a lot more involved—and much more
interesting—than the often-used analogy of opening up a shaken bot-
tle of soda.

We should begin any discussion of DCS by stating that it is a com-
plicated and poorly understood disorder. In fact, while the average
diver may feel he or she knows precisely what causes DCS, that cer-
tainty is not shared by the scientific community.

Even though a great deal of new information has come to light in
recent years, significant questions remain about how DCS really works.
To this day no one knows for sure. Despite the uncertainty, there are
lots of ideas; and this chapter presents a thorough review of the current
theories researchers and physiologists propose to explain DCS.

We'll explore the interaction of liquids and gases under pressure,
and explain the terms gas tension, pressuve gradient, saturation, and
supersaturation. We'll then move on to how the human body is
affected by these physical phenomena, and why people are far more
prone to “bubbling” than a simple glass of water.

Moving past the pure mechanics of bubble formation, we’ll discuss
important biochemical changes caused by DCS, as well as the role of
blood flow, tissue density, and other factors that may contribute to a
diver’s susceptibility to the bends. In the final segment, we’ll look at
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some theories researchers use to explain the varied symptomatology of
DCS and introduce you to a relatively new term in the diving medical
community—decompression illness.

GASES AND LIQUIDS

Before we can understand how DCS occurs, we must review some
basic ideas on how gases are absorbed and eliminated in liquids.

To the naked eye, a liquid does not appear to have any space in it
to allow gas to enter. However, we all have direct experience to the
contrary—gases can dissolve into liquids [Figure 1-1A4]. We're reminded

FIGURE 1-1 : :

| :
Water Gas Water Gas
Molecules  Maolecules Molecules  Molecules

A: Just as sugar can dissolve into coffee, gas can dissolve into a liquid. Ample room
exists between the water molecules for gas molecules to occupy. B: Though dissolved
in a liquid, a gas behaves no differently than if it were in any other container. Whether
confined within a balloon or dissolved within a liquid, the gas still exerts pressure.

of this every time we pour a can of soda into a glass of ice. The pro-
fuse formation of gas bubbles, or effervescence, is merely carbon diox-
ide being released from the liquid. The gas, although not visible in its
dissolved form, remains in solution until something acts on it fo make
it come out.

Furthermore, not only do gases dissolve into liquids, they also con-
tinue exerting pressure while in the solution. This internal pressure is
called gas tension (Figure 1-1BJ.

2 @ Chapter One

Exactly how much gas a liquid will absorb, and what factors affect
this absorption, was first studied in the 18th century by Scottish scien-
tist William Henry. His experiments showed the amount of gas that dis-
solves into a liquid at a given temperature depends on the pressure of
the gas in contact with the liquid. This is called Henry’s Law, and
you've probably experienced it firsthand many times. Have you ever
been to a party where there's a keg of beer? When it's first tapped, it
tastes great—fresh and just the right amount of carbonation. But what
about later? As the keg begins to run dry, the beer starts to taste flat.
That's Henry’s Law at work. At first, the keg contained a lot of pres-
sure. So a lot of gas—in this case carbon dioxide—was able to dissolve
into the beer. As the keg was drained, less gas was available to dissolve
into the beer; hence, the flat taste.

Henry's Law further tells us that both pressure and temperature af-
fect how gas dissolves into liquid. Let's see how this might happen. Im-
agine you have a beaker of water with absolutely no gas dissolved in
it. The beaker is inside a chamber where a perfect vacuum exists. This
means that absolutely no gas is in contact with the water. (These con-
ditions are impossible to achieve except perhaps in outer space, but it
makes the concept easier to understand.) If air enters the chamber and
comes in contact with the water, air molecules begin dissolving into
the water. The gas in the water then exerts a pressure, or gas tension.

Gas will continue dissolving into liquid until the gas tension equal-
izes with the air pressure in contact with the liquid. But this takes time.
The difference between the air pressure in contact with the liquid and
the gas tension within the liquid is called a pressure gradient. If the
pressure gradient is high, gas is absorbed into the liquid quickly. But,
as the gas molecules continue dissolving into the liquid, the gradient
begins to decrease. So, molecules dissolve more slowly.

Over time the gas tension in the liquid equals the air pressure in
contact with the liquid. Although molecules continue to pass between
the liquid/air interface, no net exchange of gas occurs. The liquid is
now saturated. (Purists prefer the term equilibrate to saturate, but we’ll
use the latter, more familiar term).

Let’s now pressurize the vacuum chamber. This increases the pres-
sure of the gas in contact with the water, and causes even more gas to
dissolve, as illustrated by Figure 1-2A. Over time, gas continues enter-
ing the water until the gas tension in the liquid and the air pressure on
the liquid are equal (saturation), as shown by Figure 1-2B. As Henry's
Law predicts, the more pressure the gas exerts on the water, the more
gas dissolves into the water.
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Solubility of Gases - Henry's Law s orcuit

_ _g ..

NON-EQUILIBRIUM STATE OF HON-EQUILIBRIU |
HIGH-PRESSURE EQUILIBRIUM (SUPERSATURATION)
GRADIENT (SATURATION)
A B C

If we release the pressure in the chamber the phenomenon is
reversed. With less pressure on the water, the gas dissolved in it has a
greater gas tension than the air in contact with the water. As Figure I-
2C shows, the water now contains more gas than it can keep in solu-
tion at that pressure. This condition is called supersaturation.

Gas transfers out of the liquid until the gas tension is equal to the air
pressure. If air pressure is reduced very slowly, if the water isn't
shaken, or if no foreign particles are present, the gas transfer is unde-
tectable—no gas bubbles form. But, if the air pressure decreases toco
quickly, or the water is vigorously shaken, or foreign particles are
added to the water, the gas begins escaping more rapidly—so quickly
that, like a shaken bottle of soda, the gas molecules form visible bubbles.

In addition to pressure, temperature affects gas absorption into lig-
uid. Heat makes the molecules of a liquid accelerate. This rapid move-
ment leaves less space between the liquid molecules for gas molecules
to occupy, so fewer gas molecules can dissolve into or remain in the
liquid. We see this when we boil water. As the water begins to heat,

4 @ Chapter One

small air bubbles form and collect at the bottom of the container. They
are caused by the sped-up molecules pushing dissolved gas out of the
water. It makes sense, then, that cooler liquids can hold more dis-
solved gas than warmer liquids. A cooler liquid contains slower mole-
cules, allowing room for more gas molecules to occupy.

Gas dissolves into blood and other tissues just as air dissolved into
our beaker of water. As we shall see next, however, some important
differences exist between body tissues and a beaker of water.

Applying Physics to Physiology

You now have a good general understanding of the phenomenon of
gas absorption into liquids, but it doesn't exactly explain how gas bub-
bles form in our bodies. To understand the mechanism of DCS, we
must begin by exploring the differences between a beaker of water
and the human body.

Because of special bonding characteristics, water molecules are dif-
ficult to separate. This gives water a high tensile strength, a measure of
a substance’s resistance to being torn apart or cracked. This character-
istic makes spontaneous bubble formation in water difficult. For exam-
ple, you could theoretically compress a beaker of pure water to more
than 200 atmospheres and—provided you didn’t shake it—immediately
decompress it without forming a single bubble.

But wait a minute. If that's true, why does a bottle of soda—with
pressure far less that 200 atmospheres—fizz when it's opened? And
more importantly, why can’t a diver ascend from as shallow as 33 feet
(2 atmospheres) without the risk of the bubble formation we call DCS?
The answers to these important questions go to the heart of modern
theories of decompression sickness.

The fact that pure water has such incredible resistance to bubble
formation tells us that something else besides supersaturation produces
bubbles. Otherwise, pure water couldn't tolerate the incredible decom-
pression from more than 200 atmospheres, A hint at the answer comes
from our description of water in the example, Notice that we said pure
water, not just any water,

It's important that the liquid being compressed contain no impurities
or substances other than water molecules. We can see why this is the
case by looking at another phenomenon involving water—rain. We've
all known from childhood that rain comes from clouds, which are
made up of water vapor. But how does a raindrop evolve from water
vapor? At the core of every raindrop is a particle of dust that acts as a
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“seed —a point around which the water vapor collects and grows into
a drop. Now let's apply this idea to bubble formation.

If we repeat the experiment using a liquid containing other sub-
stances or particles along with water molecules, we’ll see a big differ-
ence from the experiment using pure water. Just like with raindrops,
foreign particles in the water seed the production of gas bubbles.
Exactly how many bubbles form depends on the number of particles
dissolved in the liquid, the pressure differential, and other factors. The
point is, the seeds make the difference.

You can confirm this prediction in your own kitchen. First, pour a
can of soda into a glass. (No ice, please.) Allow it to stand for several
hours. Pretty flat by now, huh? Without disturbing it, drop a pinch of
salt into the glass. What you'll see is that the supposed “flat” soda can
still produce bubbles if something acts as a seed for those bubbles.
This proves there are factors other than supersaturation that cause bub-
ble formation.

But what does this have to do with human DCS? We don't have
“seeds” in us, do we? Actually, humans have lots of “seeds,” more accu-
rately termed gas micronuclei. These are microscopic pockets of gas
caused by various factors, including movement. If you think back to
our experiment with the beaker of pure water, you'll remember we
said that the beaker wasn't shaken. The turbulence caused by shaking
the water causes micronuclei to appear. They seed the formation of
bubbles, and our experiment would have a different outcome. If you
don't believe this, try vigorously shaking your next can of soda before
you open it. (Better have a rag or sponge ready.)

Obviously, our blood is not motionless. Nor is our body. When we
dive, our muscles are in constant motion. This continual movement,
combined with the normal turbulence of blood flow, is one current
theory behind gas seed formation in humans. During an ascent from
depth, nitrogen diffuses into these seeds (which are actually areas of
low pressure), forming tiny micro bubbles.

This phenomenon tends to occur in the capillaries—the smallest
structures of the circulatory system. From there, many of the bubbles
enter the venous circulation and flow back to the heart. Because they
are very tiny bubbles, they normally do not cause any blockage in the
vessels during their transit. From the heart, blood travels to the lungs.
When the bubbles reach the extremely fine capillary bed of the alveoli
(air sacs of the lungs), they are trapped. The bubbles diffuse back into
the alveoli, and nitrogen gas is expired in the normal respiratory
process. Because these bubbles have no effect on us, they are called

6 ] Chapter One

subclinical or asymptomatic. We also know them as “silent bubbles.”
But what about the bubbles that don’t make their way back to the lungs?

To understand the next aspect of bubble formation, let’s go back to

that glass of soda you left standing in your kitchen. You saw that by

: adding a pinch of salt you
could make more bubbles, even
after the soda was flat. Now
place a candle in the glass.
Bubbles immediately form all
around it. This happens be-
cause the candle (paraffin wax)
is a nonwettable or hydropho-
bic substance [Photo 1-1]. Bub-
bles occur quickly on non-
wettable surfaces because they
require less energy to form
than on a wellable surface.
What does this have to do with
bubble formation in us? Ac-
cording to some researchers,
everything.

Like wax, the interior sur-
faces of our blood vessels are
The immersed candle experiment shows how nonwettable. These walls are
easy itis for bubbles to form on the surface of not smooth, as you might im-
a nonwettable or hydrophobic substance. agine, but highly irregular.
They are made up of tissues
that are primarily lipid (fat),
and as we know, “Oil and water don’'t mix.” This similarity to the can-
dle experiment, according to some researchers, goes a long way in
explaining bubble formation in divers.

As the diver ascends and continues offgasing, the bubbles grow.
Interestingly, they tend not to form the familiar spherical shape.
Instead, they become elongated—a shape that increases their surface
area and resistance to movement. Bubbles in blood vessels can stop or
interfere with normal blood flow. This further compounds the decom-
pression process because dissolved nitrogen has a more difficult time
escaping from the tissues [Figure 1-3/.

Dr. Michael Powell, a well-known decompression researcher,
describes this phenomenon as the “bottleneck effect.” The dissolved
nitrogen tries to escape or wash out, but the localized bubble forma-
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FIGURE 1-3 - S

1. As a diver ascends, nitrogen diffuses into “gas seeds,” forming “microbubbles.” Some
of these microbubbles are transported through the heart and into the capillary beds of
the lungs. 2. Once in the capillary beds, microbubbles are trapped. The bubbles are dif-
fused and exit the body through normal respiration; hence, the term “silent bubbles.” If
there are so few bubbles that they can be “scrubbed” by the lungs, some forms of DCS
might not occur. 2a. However, if there is too much nitrogen in a diver’s tissues, or the
diver ascends too quickly, more bubbles form. Numerous bubbles may not be absorbed
and could remain in the circulatory system...3. As bubbles grow, they become elon-
gated. Smaller microbubbles start diffusing into larger ones. 4. Meanwhile, gas seeds in
ligaments and tendons attract escaping nitrogen gas. The result is extravascular bub-
bles, which, if large enough, pinch nerves. The consequence is the classic joint pain of
DCS. 5. Back in the circulatory system, nitrogen bubbles grow and aftract blood
platelets. Biood vessels consirict. Complement proteins are released, causing blood vol-
ume to plummet. The bubbles and biochemical reactions hinder blood flow.
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tion impedes the flow of blood that would otherwise carry away the
dissolved nitrogen [Figure 1-4]. The nitrogen has to go somewhere, so
it diffuses into the newly formed bubbles, causing them to grow even
larger. This mechanism is believed to be a primary cause of neurologic
DCS (described in more detail later in this chapter).

Unfortunately, bubbles don’t just form within the blood vessels.
Nitrogen can diffuse into seeds between tissues. In this case, the bub-
bles can distort and permanently damage the tissue. As they grow, the
bubbles also put pressure on nerves. This type of bubble formation is
called extravascular, meaning “outside the vessel.”

Aqueous (watery) tissues—the type that make up ligaments and
joints—are especially prone to developing extravascular bubbles; this
is one reason for the widely held theory that extravascular bubbling is
the primary mechanism for joint pain, one of the classic symptoms of
DCS. (The other classic symptom involving the limbs is often described
as a “deep pain,” which is difficult to describe and unaffected by movement,
Theory holds that this pain is caused by bubbles in the circulation of
the bone, which result in either a reduced blood supply—a condition
called ischemia—or an increase in pressure inside the bone cavity.)

Fat (lipid) tissue has an affinity for forming extravascular bubbles, as
well. In fact, because fatty tissues can hold five times the amount of
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nitrogen than can an equal FITEGER] -

quantity of aqueous tissue,

lipid tissues might serve as res- ol
ervoirs for extravascular bub-
bles. Some researchers have
shown experimentally that high
enough quantities of these bub-
bles can result in vascular
hemorrhage, thus forcing both
the bubbles and the fat tissue
into the bloodstream.

The final complicating fac-
tor in bubble formation in-
volves the effect on decom-
pression models. All existing
tables and most computers
used by recreational divers
assume that gas remains in
solution at all times. But as
we've seen, this is not always  The Doppler Detector works by transmitting
the case. high-frequency sound waves into the body.

Statistics from the Divers The waves bounce off any circulating bubbles
Alert Network (DAN) indicate and produce distinctive sound signatures,
that perhaps as many as 70 to  which are interpreted by experienced opera-
90 percent of all divers “bub-  fors. Many believe that silent bubbles are a
ble” during the course of a precursor to DCS; and by keeping these bub-
week of diving. The reliability  bles to a minimum, a diver can reduce the
of a decompression model must  risk of DCS. Others dispute this theory.
decrease if one of its most im-
portant assumptions—gas re-
mains in solution at all times—does not hold true. This should be a
powerful reason for divers to abide by DAN's recommendations for multi-
day repetitive diving. These recommendations include: 1) avoid repeti-
tive dives deeper than 80 feet; and 2) when on a diving vacation, take a
day off in mid-week or curtail diving a bit toward the end / Photo 1-2/.

It Ain’t Just Mechanics

Based on the simplistic explanation they receive in their training, most
divers assume that DCS is caused simply from the mechanics of bub-
bles growing in the blood and tissues. In reality, the mechanism of
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PHOTO 1-3

Recompression is only one part of the treatment for DCS. Intravenous drug therapy to
counteract any biochemical complications is another.

DCS involves a highly complex interplay of both bubble mechanics
and biochemistry. During treatment, in fact, dealing with the bio-
chemical complications of DCS is just as important as recompression
[Photo 1-3].

About 25 years ago a researcher named Chyssanthou showed that a
substance in the blood called smooth muscle activating factor caused
inflammation and could induce the bends in decompressed animals.
He also found that a substance called anti-smooth muscle activating
Jactor had just the opposite effect. He was unable to induce DCS in
animals to which he gave the anti-smooth muscle activating factor; and
the substance tended to resolve symptoms in animals that were bent.
These findings led to further studies into the immunological involve-
ment of DCS.

Other researchers showed that gas bubble formation brings on
important changes in blood chemistry. The presence of bubbles in the
blood activates the clotting process. Platelets—blood components
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responsible for clotting—become sticky, attaching themselves to each
other and the newly formed bubbles.

The bubbles also cause inflammation of the capillary walls, causing
leakage of fluid into the tissues, which contributes to dehydration.
(This phenomenon is known as third spacing.) Eventually, the blood
vessels themselves start breaking down. This dislodges fat particles
into the blood, and these particles are yet another possible origin of
gas seeds.

Recent studies have also shown that bubble formation activates sub-
stances called complement proteins (C3a and CS5a). This causes the
release of histamines and other chemicals that also cause fluid to leak
from the capillaries into the surrounding tissues. (Localized swelling
caused by this fluid release is termed edema.) This process, inciden-
tally, is similar to the way the body reacts when it goes into shock.

Furthermore, animal experiments have shown that if the release of
these complement proteins is stopped, the severity of DCS lessens.
From this evidence, researchers hypothesize that a person’s susceptibil-
ity to DCS may depend on how easily the body releases these sub-
stances. The implication of this line of research is exciting; perhaps we
can someday develop a blood test to identify divers prone to DCS.

Recently, a researcher named Butler has shown that when DCS bub-
bles come into contact with white blood cells, the cells release a toxin
called an oxygen radical. This substance also causes inflammation,
which further slows the blood.

The overall effect of this biochemical activity is like a snowball
rolling downhill: the blood thickens, becomes sticky, and cannot move
as efficiently through the vessels; red blood cells now clump or
“sludge” together; this, in turn, decreases circulatory efficiency and
nitrogen wash-out; more bubbles form, and bubbles that already exist
grow; the blood flow slows even further, and the condition gets worse,

Factors that Complicate the Process

Two factors determine how gas is delivered to tissues. One factor is the
amount of blood flow the tissues receive, known as perfusion. Brain
and muscle tissues are well-perfused—they get lots of blood and,
therefore, lots of gas. Bone and fat tissues have a poorer supply of
blood. This means they get less gas than well-perfused tissues.

The second factor is how gas is transferred throughout the tissues once
it gets there. This is called diffusion. Individual cells are not made of a
uniform substance (like gelatin, for example). Instead, cells contain
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tiny structures called organelles, which are responsible for metabolic
processes. This complicates predicting the transfer of gas across a tissue,

As if these factors do not confuse the picture enough, there's one
more. No matter how well we may someday be able to describe these
phenomena, we each still have a unique anatomy and physiology. So,
no existing model—regardless of how well it’s researched and vali-
dated—can describe exactly what is going on inside of us as individu-
als. Though decompression models cannot take this individuality into
account, we can still factor this variability into our decision-making.

Dr. Michael Strauss has put forth an hypothesis about the role
altered blood flow has on bends, which he terms disordered decom-
Dpression sickness. His theory is based on the dynamics and control of
blood flow. While the average person has about 5-6 liters of blood, the
total capacity of the circulatory system is 150 liters. Thus, at any one
time, less than one-fifteenth of the blood that could flow to a noncriti-
cal tissue is flowing to it. (Critical tissues such as the brain receive a
more profuse blood supply.)

Our body regulates the flow of blood in a highly complex and spe-
cific manner. When this regulatory process is alerted, impeded, or oth-
erwise “disordered,” the result could be DCS. To illustrate the point,
Strauss uses an example of a diver going to depth, then placing a
tourniquet around his arm. As the venous blood cannot return to his
heart, the result would most likely be significant bubble formation and
DCS because of the disordered blood flow.

Further, Strauss contends there are three types of disordering events:
neurological, cardiovascular, and musculoskeletal. Neurological disor-
dering can be caused by such events as: head injury, air embolism,
electrical shock, or any interference with the normal neuro-regulatory
process of blood flow. Cardiovascular disordering can result from
events such as: heart attack, dysrhythmias (alterations in the heartbeat),
hypovolemic shock, and dehydration. Musculoskeletal disordering can
occur from traumatic injury, vascular embarrassment, strenuous exer-
cise or fatigue. All of these conditions can result in altered or disor-
dered blood flow that can lead to DCS.

DCS Susceptibility Factors

For years researchers and clinicians have suggested that certain indi-
vidual factors or physiologic attributes make individuals more or less
prone to DCS. These are often called susceptibility or predisposition
factors. Most of these factors involve some alteration of normal blood
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flow (perfusion), which affects the absorption or elimination of nitro-
gen. While little clinical evidence exists that correlates these factors
with a measurable increase in the risk of DCS, common sense says cer-
tain conditions and practices will probably increase the risk to some
degree. Let’s take a look at some of these factors.

Age: The aging process causes a decrease in the efficiency of all
biologic systems, including circulation and respiration. Logically, this
means a decrease in the efficient exchange of all gases, including nitro-
gen. So, if all other factors are equal, an older diver will tend to be
more susceptible to DCS than a younger one.

Dehydration: This is perhaps one of the biggest factors influencing
the onset of DCS; and, more importantly, it’s a factor we can do some-
thing about. First, the theory. Dehydration “thickens” the blood by
reducing its volume and slowing the flow rate. The assumption is that
less efficient circulation alters nitrogen absorption and elimination. This
slowing, or stasis as it's termed medically, could allow nitrogen, which
might otherwise remain in solution under normal blood-flow condi-
tions, to coalesce into bubbles; and it could allow silent bubbles to
grow into symptomatic bubbles. Adding credence to the dehydration
theory is a study done several years ago in which a researcher pur-
posely induced DCS in rats, then resolved their symptoms simply by
giving them plasma and intravenous fluids.

The dehydration mechanism is analogous to another phenomenon
in nature—how water freezes A fast-moving stream will not freeze,
even though the ambient temperature may be below freezing. Yet,
under the same temperature conditions, a still body of water will
freeze. Thus, the state was affected dramatically by no other factor than
its movement. This same concept may apply to blood flow and super-
saturated nitrogen. One of the most important factors influencing the
blood’s flow rate is its density.

A diver must never forget that diving robs moisture from the body in
ways that we're not even aware of—be it the profuse sweating from
putting on an exposure suit, re-moistening the extremely dry air from a
scuba tank as we breathe, or the significantly increased urine output
due to immersion, divers fight a constant battle to maintain a normal
state of hydration. One way to monitor your hydration state is to keep
an eye on your urine. If it's clear and virtually colorless, you're well-
hydrated. If it's dark or cloudy, you're not. That's a sure sign that you
need to drink more fluids.

Injuries and illness: Like dehydration, both of these conditions
can alter normal circulatory efficiency. Evidence also points to a greater
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Remaining well-hydrated is one of the Maintaining body heat is another way

most important precautions you can take  many believe you can reduce the risk of

fo avoid DCS. Always drink plenty of DCS. A good rule of thumb is fo wear

water or other noncarbonated beverages = more exposure protection than you think

before diving. you'll need. A hood is particularly effective
in helping you conserve heat.

likelihood of decompression sickness in divers who have experienced
the disorder previously.

Anxiety: A person’s psychological state has a definite effect upon
physiology. We're all aware, for example, how our heart races when
we are frightened. (This is because adrenaline is released into the
blood). That means there’s an increase in your circulatory rate that can
alter normal gas exchange.

Drugs and alcohol: Although no relationship between alcohol and
DCS has ever been proven in a controlled scientific study, common
sense tells us that risk increases for anyone who consumes alcohol
before diving. The theory goes like this: Alcohol consumption
increases blood flow in the peripheral circulation; therefore, drinking
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before diving could cause a greater nitrogen absorption than what's
predicted by the dive tables or computer. This might increase suscepti-
bility to DCS even if you are within the table or computer limits.

Furthermore, drinking can promote DCS in other ways. Alcohol is a
diuretic—it makes you urinate. This loss of fluid can contribute to
dehydration. The brain is especially susceptible to dehydration from
alcohol consumption. This is why a headache is the most common
symptom of a hangover. The effect of dehydration lasts even longer
than the headache. From this, some researchers suggest that imbibing
divers are at an increased risk of not merely any type of DCS but neu-
rological DCS—the most serious form of the disorder.

While most divers are aware of the potential dangers of drinking
before diving, few understand the possible implications of drinking
afterward. Some researchers argue that changes in blood flow caused
by drinking after a dive might accelerate the release of nitrogen and
indirectly enhance bubble formation.

Other researchers suggest that drinking after diving might contribute
directly to bubble formation. This, they contend, is at least theoretically
possible because of still another chemical property of alcohol—it
reduces surface tension, the tendency for a substance, such as a bub-
ble, to exhibit properties resembling those of a stretched elastic mem-
brane. Surface tension is one of the forces that helps resist bubble
growth in DCS. Therefore, reducing it could be a factor in encouraging
the growth of bubbles that might otherwise remain too small to cause
symptoms of DCS.

The effect of alcohol on bubble growth could be extremely impor-
tant when we consider how common silent bubbling is in divers. As
we saw earlier in this chapter, some studies have indicated that silent
(asymptomatic) bubbles may occur in as many as 70 to 90 percent of
all divers who engage in multiple, repetitive diving. The possible con-
tribution that alcohol consumption might have on pushing these silent
bubbles into the realm of symptomatic bubbles can’t be ignored. The
conclusion seems clear: Never drink before diving and wait a reason-
able period even after diving,.

Other drugs—both illicit and prescribed medications—can probably
affect the incidence of DCS, particularly if they have some impact on
circulation or blood chemistry. The increase in ambient pressure when
diving also complicates the issue because it alone can unpredictably
alter the effect of some drugs.

Carbon dioxide: Increased levels of carbon dioxide cause dilation
of the blood vessels and can alter gas transport. It can also contribute
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to “sludging” of the blood by making the red cells sticky. Furthermore,
most of the carbon dioxide in the blood is carried as an acidic chemi-
cal called bicarbonate. Some authorities believe the presence of this
chemical alone might create an excellent seed for bubble formation.
Thus, high levels of carbon dioxide do not help the decompression pro-
cess, and you should strive to maintain your level within a2 normal range.

Cold: We saw earlier in this chapter how temperature affects the
amount of gas that can dissolve into a liquid. While the body’s core
temperature remains stable, the temperature of the extremities and
peripheral circulation can change significantly. This could alter the nor-
mal circulation process and nitrogen solubility. To take the effects of
cold into account, a good practice is to assume your dive is 10 feet
deeper than actual, and plan you bottom time accordingly.

Heavy exercise: Indications are that exercise may have a very sig-
nificant impact on the development of DCS in many ways. First, the
motion of exercise may help form gas seeds by the friction and low-
pressure areas created as tissues and joints rub against each other.
Changes in blood-flow dynamics brought on by exercise may also help
produce micronuclei. This is explained by phenomena known as
Reynold’s cavitation and tribonuelarion. Through flow dynamics and
friction, these forces cause low-pressure areas throughout the body,
which can become the site of micro-bubble formation.

Clear evidence exists that heavy exercise before diving can cause
significant silent bubble development. Research with NASA’s space-
shuttle astronauts has shown that bed rest before a mission is effective
in reducing silent bubbling during decompression from the shuttle’s
14.7-psi environment to the 4.3-psi internal pressure of a space suit. A
prudent conclusion from all this experience might be not only to avoid
any strenuous activity—such as a vigorous workout—before diving,
but also to rest as much as possible.

Heavy exercise during the dive increases circulation and accelerates
uptake of nitrogen. After you stop exercising, outgassing of nitrogen
occurs more slowly. Unfortunately, most decompression models
assume that ingassing and outgassing occur at the same rate. Addition-
ally, just as it does at the surface, exercising while at depth increases
the turbulence of blood and creates low-pressure centers that could
increase the number of gas seeds,

Conversely, some researchers believe that a moderate level of exer-
cise might actually assist outgassing of nitrogen during decompression.
The trouble is, no one has been able to quantify what a “moderate”
level means. In the final analysis, no current decompression model can
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accurately take into account such variations of circulation. The consen-
sus is to avoid heavy exercise before, during, and even after diving.

Deep diving: Statistical evidence on the relationship of deeper div-
ing to DCS is compelling. Navy divers, for example, show a DCS inci-
dence on deep dives (50-100 feet) nines times that of shallow dives
(less than 50 feet). In recreational divers, almost three-quarters of the
cases of DCS treated happened to people diving beyond 80 feet.

Obesity: This is another controversial subject. Some authorities say
that in sport diving, fat is only important as an indicator of physical
conditioning, and physical conditioning is an indication of efficient gas
exchange. They further contend that in terms of nitrogen retention, the
actual quantity of body fat is probably of little consequence to recre-
ational divers. This is because fat is such a “slow” tissue, it’s unlikely to
affect divers who restrict themselves to no-decompression profiles.

Other researchers believe obesity could be a significant factor in a
diver's susceptibility to DCS. Obese people tend to have high blood
lipid levels. As described earlier in this chapter, this might increase sus-
ceptibility to the bends. We do know for certain that nitrogen has a
much higher affinity for fat than other tissues, but how this impacts the
occurrence of DCS is uncertain.

Gender: Women have certain physiologic differences from men that
could predispose them to DCS. These differences include a higher
body fat ratio than men and possible fluid retention during menstrua-
tion. Recent studies, along with analysis of accident reports from DAN,
show no apparent difference in susceptibility of DCS between men and
women. This question, however, has not yet been definitively answered.

Vacation behavior: Unfortunately, diving and vacationing often do
not mix well. The rigors of diving three or more times a day requires
that you get adequate rest, nutrition, and avoid excessive alcohol
intake. Otherwise, you can compromise your circulation efficiency. In
particular, with multilevel, multiday diving, inadequate rest and exces-
sive partying have been shown statistically to be contributing factors to
DCS. Although no one is expecting you to live the life of a monk while
on vacation, you must use common sense to dive safely. And the more
diving you expect to do, the more caution you should exercise.

Understanding Symptoms

Each year 650,000 Americans die from heart disease. About half of
these victims succumb to a sudden attack outside the hospital setting.
Many of these deaths could be prevented if the victim were to get
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immediate medical attention. Why don't they seek help earlier? The
answer is often that the victim either denies the symptoms (“Oh, it’s
just indigestion.”) or has no idea that certain symptoms even indicate a
heart problem(nausea or jaw pain, for example).

The encouraging news about heart disease is that compared with
statistics from the 1960s, it’s declining. This success is credited to
improved education. Today people are more likely to be aware of both
the early symptoms of a heart attack and the risk factors that can lead
to heart disease.

This situation is somewhat analogous to DCS. Ignorance and denial
are common reasons for divers delaying treatment or never seeking it
in the first place. In fact, in most cases where DCS symptoms are not
immediately severe, the diver's initial reaction is to pass the incident off
as “just a strained muscle” or “I'm just a little tired.” This scenario partly
explains the data from DAN that indicates almost 50 percent of divers
stricken by DCS wait 12 or more hours before seeking treatment. Some
have even waited as long as five days.

While it’s difficult to do much about the denial of DCS symptoms,
we can do something about ignorance. Just as heart attack deaths have
declined due to better education, we can also reduce the incidence of
DCS through increased knowledge of its causes and symptoms.

All Bends are Not Equal

Many divers are unaware of how soon after diving DCS symptoms tend
to appear. Evidence compiled by DAN shows that 66 percent of all
DCS symptoms arise within 30 minutes of surfacing; 74 percent within
2 hours; and 95 percent within 24 hours. In rare cases, symptoms have
even occurred after as long as three or more days. This long delay
occurs particularly in cases where the victim flies soon after diving. In
general, cases where symptoms appear soon after diving tend to pro-
duce the more serious incidents of DCS. As is the case with many other
medical conditions, symptoms generally get worse with delay of treat-
ment, If you suspect you might have symptoms of DCS, seek medical
assistance immediately.

While serious symptoms such as extreme pain or paralysis are easy
to recognize, many divers are completely unaware of other common
symptoms. Two of the most common are a general unwell feeling (ma-
laise) and extreme fatigue. Yet, diving is a rigorous activity and a cer-
tain degree of fatigue is expected after a dive. How do you know,
then, whether you are just tired or are experiencing symptoms of DCS?
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Where Did “Bends” Come From?

Over the years various terms have been used to
describe what we today call decompression sickness
(DCS8) or decompression illness (DCI). Just a few exam-
ples from the historical record are: Caisson disease,
Diver's Palsy, Tunnel Disease, Aeropathy, Hyperbaric
Pneumatosis, Aerebullosis, Pompholyhaemia, and even
_Luftdruckerkrankungen. But the name we are most famil-
lar with is, of course, the bends. How the disorder came to
be known as such is an interesting aside.

In the late nineteenth century, most victims of DCS
were not divers but laborers who worked on the sea bed in
pressurized enclosures called caissons. Those afflicted
with noncritical forms of DCS sought relief by walking in
an abnormal, contoured manner. As it happened, it was
also quite fashionable for ladies of the time to walk in an
awkward, forward-leaning stance called the “Grecian
B_end.” Thus, caisson workers suffering from decompres-
sion sickness were said to have the Grecian Bend or sim-
ply “the bends.”

Whether the term came into common use as a result of
the Brooklyn Bridge or St. Louis Bridge project is still dis-
puted. Nonetheless, the term “bends” has obviously stuck.
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A good guideline is that you should be suspect if you are fatigued
beyond what you might expect from the normal exertion of diving.
The exact cause of these symptoms is uncertain. But many researchers
suggest that they are due to a general body stress reaction resulting
from bubble formation, primarily in the central nervous system.

The symptoms of DCS depend on the amount and location of bub-
bles. Long ago a general classification scheme came into use based
upon the symptoms. DCS that did not show any apparent neurologic
involvement was classified as type I or so-called “pain-only” bends.
Cases with neurologic or other systemic involvement, such as the
inability to urinate or paralysis, were called fype II.

More recently, science has revised the classification system because
the differences between a type I and type II event are often difficult to
distinguish. Because type I can evolve into type II, the terms also had
little meaning in guiding treatment. Furthermore, the old classification
of “pain-only” implied that it wasn’t as serious as other forms of DCS.

That's all changed; now there’s no such thing as a “nonserious” case
of DCS. A diver should consider any form of the disorder a serious
problem and treat it appropriately. The term “mild” is, in fact, used to
describe only cases of DCS involving unwarranted fatigue or itching as
the sole symptoms, and where these symptoms resolve merely by
breathing pure oxygen. Everything else, included so-called “pain-only”
cases, are serious forms of the bends.

The most common symptom of DCS is pain in the joints or limbs. It
occurs in about 75 percent of the cases. The exact mechanism of what
causes this pain is uncertain, although we related two theories earlier
in this chapter. Joint pain is thought to arise from extravascular bubbles
pressing on nerves in the tendons and ligaments. The joints most often
involved are the shoulders, elbows, knees, hips, and hands. Many vic-
tims of DCS describe this pain as an initial feeling of numbness in the
joint or surrounding muscle. Over a short period of time, this often
progresses to a deep, dull ache. Some victims also describe both a
throbbing and sharp stabbing pain. Limb pain, researchers believe,
arises from ischemia or increased pressure inside the bone. The pain
usually continues for 12 to 24 hours, but can last for days.

Pain, however, is not necessarily a reliable indicator of the type of
DCS a diver has, and that’s one of the reasons the old classification sys-
tem was abandoned. For instance, bubbles can form in nerves of the
spinal column, resulting in pain in areas served by these nerves. In this
case, discomfort is usually felt in the back or abdomen and is described
as “girdle pain.” So while the pain symptoms may give the appearance
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of so-called “pain-only” DCS, it could actually indicate neurological
involvement.

Some cases of DCS involve what's known as simple “skin bends,” in
which bubbles block peripheral circulation, sometimes causing a
measles-like rash. It's usually accompanied by severe itching. The
symptoms often subside as the gas diffuses through the skin. To assist
the outgassing process, the victim should breathe pure oxygen. If the
Symptoms subside in about a half hour, it's considered a mild form of
DCS and does not require recompression therapy.

This condition should not, however, be confused with the more
serious form of skin bends that is accompanied by a deep red to pur-
ple marbling, usually along the back or upper body. This is a very seri-
ous form of DCS—called cutaneous decompression sickness—and is
usually a precursor to neurologic involvement. Luckily, this is uncom-
mon among recreational divers.

According to statistics compiled by DAN, about two-thirds of all
recreational divers who get DCS have some form of neurological
involvement. This often results from bubble formation in the spinal
cord. Specifically, it's theorized that bubbles form in the fatty tissues
that surround the nerves. These bubbles then restrict blood flow to the
nerves, or press directly on the nerves. This problem is compounded
by the “bottleneck effect” described earlier. The unusual anatomy of
the veins that service the spinal cord make it particularly prone to dam-
age of this nature.

The symptoms of spinal DCS are numbness, tingling, or inability to
move a limb. In severe cases, paralysis occurs—particularly of the
lower body. Impairment or loss of either bladder or bowel control is
also a relatively common symptom in severe cases. Deeper dives are
especially prone to causing DCS with spinal cord involvement.

Pulmonary DCS—also known as “the chokes”—is extremely rare in
recreational diving. It results from massive amounts of bubbles return-
ing to the lungs in the venous circulation. The bubbles, in turn, cause
congestion, blocking the efficient flow of blood throu gh the lung capil-
lary bed. This significantly impairs oxygen intake. The impaired circu-
lation further reduces the elimination of nitrogen from the tissues. The
result is the formation of still more bubbles. Common symptoms of this
condition are: coughing, difficulty in breathing, and a feeling of tight-
ness across the chest. Smoking can further aggravate the condition,

Yet another form of DCS occurs in the inner ear or vestibular organs.
In the old U.S. Navy colloquial terminology, this was called “the stag-
gers” due to the nature of the symptoms it caused. As the vestibular
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organs of the inner ear control our sense of balance, bubble formation
in these organs can cause severe vertigo, nausea, ringing of the ears
and even hearing loss. This form of DCS is rare in recreational divers.

Cerebral DCS or “brain bends” can occur for several reasons. Ini-
tially, researchers assumed it was caused primarily by bubbles forming
in brain tissues. Because of its high perfusion, it was thought that the
brain wasn't especially susceptible to DCS. Unfortunately, experience
among recreational divers shows that brain bends is relatively com-
mon, often accompanying cases of supposed “pain only” DCS.

Even more startling is that cerebral involvement is often seen in
cases of DCS where divers have not exceeded the no-decompression
limits. These experiences lead researchers to conclude that cerebral
DCS isn't usually caused by bubbles forming directly in brain tissue.
Instead, they theorize, bubbles actually form elsewhere in the body
and somehow make their way to the brain via the arterial blood flow.

But if bubbles make it to the brain, that means they must somehow
bypass or otherwise get through the filtration process of the lungs.
Exactly how these bubbles bypass the lungs is still debated by re-
searchers, although several mechanisms have been proposed.

One way the bubbles may reach the brain involves the %natomy of
the lungs. The theory states that when bubbles in the capillary beds
build to excessive levels, vessels can open up, allowing some blood to
bypass the affected region. This bypass mechanism is called sbu.ﬂn‘ng,
Any bubbles present in the blood shunted around the alveoli now
enter arterial circulation and can easily migrate to the brain,

Another theory on how bubbles bypass the lungs has great impl?ca—
tions for repetitive diving. The theory goes like this: On an initial dive,
significant silent bubbles develop and migrate to the capillary bed of
the lungs. Because they are trapped there, they cause no problems. If
the diver remains out of the water, the gases from the bubbles simply
diffuse into the lungs. But if the diver makes a repetitive dive, the bub-
bles are compressed—possibly to the size where they can get through
the capillaries and into the arterial circulation. This theory suggests a
powerful rationale to avoid deep, short-duration repetitive dives, some-
times called “bounce dives.”

A Hole in the Heart

A more recent explanation of how bubbles bypass the lungs involves a
structure called the patent foramen ovale (PFO). To understand what a
PFO is, and how it affects divers, we must review some basic anatomy
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and human development. While in the womb, a fetus has no use for its
lungs. It receives oxygen directly from the mother’s blood supply.
Thus, in fetal circulation, blood bypasses the lungs. One way this by-
pass occurs is by shunting the blood entering the right atrium directly
into the left atrium through an opening called the foramen ovale. The
foramen ovale is similar to a one-way “flapper valve ”

At birth, when the newborn takes its first breath, the pressure in the
left atrium increases and causes the flapper valve to close. Over time
the valve normally seals shut. In pethaps as many as 25 to 30 percent
of the population, however, the valve remains partially open (the med-
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ical term is patent). This allows small amounts of blood from the right
atrium to seep into the left atrium. Under normal circumstances, this
condition is of no consequence because the pressure in the left atrium
is higher than the right. This tends to keep the valve closed.

This is of concern to our discussion of DCS because silent bubbles
that develop in the venous circulation eventually make their way back
to the heart. Under normal conditions, these bubbles are trapped by
the minute blood vessels of the lungs. The trapped bubbles defuse into
the lungs, and the gas is expired in the normal respiratory process.

Under some circumstances—when you equalize your ears, for
example—the pressure in the right atrium can increase slightly over the
left atrium. If a PFO is present, then blood can shunt from the right to
left heart. This provides a pathway for not only small amounts of
venous blood to bypass the lungs, but the silent bubbles contained in
the blood as well.

Once in the left atrium, these microbubbles go directly into arterial
circulation. Several studies have documented this phenomenon. Yet, as
research is still limited on this subject, it's impossible to draw any solid
conclusions about the implications of PFO. Nonetheless, while the PFO
does not cause decompression sickness, additional bubbles entering
the arterial blood flow in this manner may hasten the onset of symp-
loms or cause more severe forms of DCS. It could perhaps even cause
arterial gas embolism.

One intriguing study comes from England where a researcher exam-
ined more than 100 cases of DCS. Of the test subjects who experienced
symptoms of DCS within 30 minutes of surfacing, 66 percent had a
PFO. In subjects experiencing symptoms later than 30 minutes, only 26
percent had a PFO. These data suggest a PFO may contribute to the
early onset and severity of DCS.

Researchers caution against drawing any conclusions about the im-
plications of PFO in divers as the phenomenon requires far more
study. While certainly far from conclusive, the PFO issue provides yet
another reason why we should dive conservatively. It also offers one
more example of how much science has yet to learn about DCS.

DCS vs. DCI

These new theories of how DCS occurs have caused scientists to revise
even the terminology they use to describe many diving disorders.

As you may remember from your training, bubbles that block arter-
ial blood flow usually result from lung over-pressurization—a lung rup-
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ture. In some cases, however, gas bubbles are forced directly through
the over-stretched alveolar membrane, resulting in no physical damage
to the lungs. But regardless of origin, these are air bubbles rather than
nitrogen. When a structure such as a blood clot blocks the flow of
blood, it's called an embolus. When the blockage is caused by an air
bubble, the condition is known as air embolism. (The more precise
medical term is arterial gas embolism or simply AGE.) But what about
the nitrogen bubbles that bypass the lungs and get into arterial circula-
tion? They, too, can act as emboli, but they are not air bubbles and
they weren't caused by lung over-pressurization.

To avoid confusion over the exact origin and mechanism of damage
caused by bubble formation, scientists and physicians have begun
using 2 new term. Today, instead of trying to distinguish between
decompression sickness (DCS) and arterial gas embolism (AGE), med-
ical authorities now use the all-encompassing term decompression ill-
ness (DCD. This describes any form of medical disorder resulting from
decompression regardless of the mechanism involved—mechanical
rupture or supersaturation.

Where Do We Go From Here?

Throughout this chapter, you probably noticed the continual use of
terms like “thought t0,” “theorize,” “generally believed,” or “maybe.” If
this has lead you to the conclusion that science really understands for
certain very little about DCS, then you're absolutely right. While we've
known some basic facts about this unusual disorder for more than 100
years, we have much to learn.
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CHAPTER TWO

If You Want a
Guarantee, Buy a
Washing Machine

An In-depth Look at Dive Tables

just what is “too long”? Divers and researchers have Wrestleq w?th
this question for nearly a century, and yet they still can’t answer it with
any certainty.

3Zl"hu’:: besiy estimates on how long is too long are called dive tables.
But they do not guarantee that you can avoid the bends, so it's impor-
tant to have an insight into how dive tables came into being and what
limitations they have in predicting DCS.

Until recently, dive tables had only one meaning: the U.S. Nav;i
Standard Air Decompression Tables. Until the late 1980s the USN
Tables—or some version reformatted for ease of use—were the only
tables used by most recreational divers.

Today, the USN Tables are only one of many you are likely to
encounter. The parade of new tables has caused many to ask serious
and fundamental questions about matters that were considered indis-
putable only a short time ago. And as we shall see in the next chapter,
the explosion in dive computer technology has complicated the situa-
tion even further. .

This chapter begins with the earliest observations of decompressmn
sickness to show how science first tried to explain this mysterious dis-
order. Our discussion will then move on to the twentieth century and

Decompression sickness is caused by staying at depth too long. But
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While the introduction of new tables has contributed to diving
safety, the wide variation in their approaches to decompression
planning can be confusing.

how the indomitable Professor Haldane attempted not only to explain
but also to prevent DCS, Next, we'll examine how the U.S. N ,
refined much of Haldane’s work to produce what by the 1950s became

thre standard not only for military diving operations, but for recreational
divers as well.

avy

The Haldanean approach, however, is not the only method of
designing dive tables. If you are to have an in-depth understanding of
the subject, you should have at least some knowledge of non-Hal-
danean methods. So, the concluding portion of this chapter explores

tables and design methods slightly to vastly different than those used
by Haldane and his advocates.

IN THE BEGINNING

Qur story begins in England, in the year 1670, with a scientist named
Sir Robert Boyle (the same guy, incidentally, responsible for “Boyle’s
Law”). A German by the name of Von Guericke had just invented the
first vacuum pump. Boyle, who was fascinated with the behavior of
gases, decided to build one himself. Using his newly constructed
pump, he studied what would happen to various living organisms
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when they were placed in the vacuum chamber (or as he called it, an
“exhausted receiver”).

One of the first unfortunate victims to be “vacuumized” was a snake.
Writing about his observations Boyle remarked, “I observed the viper
furiously tortured in our exhausted receiver, which had manifestly a
conspicuous bubble moving to and fro in the waterous humor of one
of its eyes.” This was the first recorded account of the phenomenon we
now know as decompression sickness. The fate of the snake was not
recorded.

There nolt being any great need to understand why bubbles form in
the eyes of snakes, nothing more of consequence happened in the
study of decompression until much later. Our story now moves ahead
to the Industrial Revolution.

What powered the Industrial Revolution was, of course, the steam
engine; and coal powered the steam engine. Thus, coal mining
became an extremely important endeavor. As coal reserves were
extracted near the surface, miners had to dig deeper. Unfortunately, the
one limiting factor in digging mines deeper into the ground is that they
eventually flood,

One way to prevent the flooding is to seal off and pressurize the
mine. The increased ambient pressure keeps the water from flowing
into the mine. Although the English claim to have been the first to have
thought of it, a French engineer by the name of Triger was the first to
accomplish this feat. He sunk the world’s first pressurized mine in
Chalons, France, in 1841.

While this new technology solved the flooding problem, it created a
new one. Miners who were subjected to high pressure began turning
up with a curious medical disorder. Triger and his associates noted the
afflicted miners showed symptoms of “pain in the ears, a nasal quality
of speech, and joint pains.” His advice was to “rub the affected area
with spirits of wine.” What Triger did not know, but what is painfully
obvious to any diver of today, was that his miners were bent.

The first scientific study of this new affliction was done by two
French physicians, Pol and Wattelle. In 1854 they described the curious
nature of the disorder citing, “The danger does not lie in entering a
shaft containing compressed-air; nor in remaining there a longer or
shorter time; decompression alone is dangerous.” They realized the
problem was a result of subjecting a person to increased pressure and
then reducing that pressure. In 1857, another researcher named Hoppe
concluded, based on autopsies of both animals and humans, that bub-
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bles were responsible for the mysterious disorder. He deduced that the
bubbles formed when gas was liberated too quickly from blood and
tissue by excessive decompression. To reduce the likelihood of the dis-
case, he suggested slowing the decompression rate.

In addition to mining, Triger’s method was used in underwater con-
struction. By building a pressurized chamber called a caisson to keep
water out, men could work on the sea bed to build bridge foundations,
tunnels, and other large-
scale structures. His meth- M
od soon gained wide
application.

Caissons were first used
in the U.S. to build bridges
in 1869—initially a rail-
road bridge over the Pee
Dee River in South Car-
olina. That same year a
more ambitious project
bridging the Mississippi
River at St. Louis was
begun. In this project,

F:aisson workers were sub-  An example of nineteenth-century high technology:
]eqed Lo a record pressure A caisson, like the one illustrated here, was floated
of 80 psia (equivalent to into place and then lowered to the seabed by flood-
almost 147 feet of sea ing portions of it. Caisson is a French word that lit-
water). Tragically, this proj-  erally means “big box.”

ect resulted in 35 cases of
serious neurological DCS,
including six fatalities. This is why, then, what we today call decom-
pression sickness was first termed “caisson disease.”

As there was still little understanding of caisson disease, there was
certainly no consensus on how to treat it. As early as the 1870s Andrew
Smith, chief surgeon of the New York Bridge Company, suggested
recompression as a treatment. Although he recommended this treat
ment during the construction of the Brooklyn Bridge, his advice was
not heeded.

Meanwhile, back in France some important scientific work explor-
ing decompression sickness was going on. In 1872 Paul Bert, a nine-
teenth-century Renaissance man—pbhysiologist, physician, lawyer, and
noted champion of women’s rights—analyzed the gas bubbles in
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decompression experiments and found them to contain primarily nitro-
gen. He, like Hoppe, concluded the bubbles were indeed the cause of
the bends. In 1879 he clinically described his theory in his landmark
book La Pression Barometrigue. This 1,800-page treatise was so signif-
icant and authoritative that it is still in print and cited today in medical
literature on decompression sickness. He, too, recommended that cais-
son workers be brought back to surface pressure slowly, allowing
nitrogen gas to escape before it was
m able to form bubbles.

Bert’s major contribution was his
recommendation for treating decom-
pression sickness. He, like Andrew
Smith, suggested the victims be recom-
pressed, then slowly returned to sur-
face pressure. But unlike any of his
predecessors, he deduced that, be-
cause the bubbles were comprised
mainly of nitrogen, victims would ben-
efit from breathing pure oxygen to
help flush the nitrogen from the body.
(Sound familiar?) As a result of this rec-
ommendation, Bert was also the first
person to discover that oxygen was
toxic when breathed under too much
pressure. In fact, the classic sign of
oxygen toxicity—convulsions—has been
given the formal name the “Paul Bert
effect.”

Bert's techniques were employed in
1893 during the construction of the
tunnel connecting New York with Jer-
sey City. The results were a marked
decrease in the number of decompres-
sion sickness cases and reduction in
By the end of the nineteenth cen- the number of fatalities from the disor-
tury, diving technology had ad- der. Yet, Bert’s technique did not pre-
vanced beyond science’s under- vent all cases of DCS. There was still a
standing of DCS. Depth limits were need for a more definitive approach—
based more on avoiding bends than  a schedule that could provide a spe-
cific guideline for decompression.

what was technically possible.

Beating the Bends e 31




A Scot Named Haldane

As the twentieth century began, diving systems were improving, as
were other innovations in underwater construction. Also becoming
apparent was modern warfare’s need for undersea technology. The
gap was widening, however, between what was possible technologi-
cally versus physiologically. By the turn of the century, improvements
in equipment enabled divers to reach depths of more than 200 feet.
But, due to the effects of decompression sickness, the practical limit for
diving was only about 120 feet [Figure 2-2]

In 1905 the British Royal Navy took the first step in what would
become the birth of modern decompression technology. It commis-
sioned a renowned Scottish physiologist, John Scott Haldane, to
explore the problem of decompression. Haldane was a2 member of the
Royal Navy’s Admiralty Deep Water Diving Committee and had con-
ducted research on improving the ventilation of diving helmets, so he
was already familiar with diving operations. Now, his challenge was to
provide a systematic method to decompress divers safely. In the end,
not only did he succeed, but he extended the operational diving range
to almost twice what was believed possible—210 feet!

The methods used to solve the problem of decompression are of
interest for two reasons. First, they provide an important historical per-
spective. Second, and more importantly, the concepts and procedures
Haldane devised are still used in designing dive tables today. It’s
impossible to have a full appreciation of dive tables without under-
standing Haldane’s methodology,

Drawing on the work of Bert and others, Haldane understood that
the formation of nitrogen bubbles was probably the cause of decom-
pression sickness, These bubbles formed when, upon ascent, the pres-
sure of nitrogen in the body was significantly greater than the pressure
of the air the diver was breathing. As not all divers or caisson workers
got the bends, he deduced that a person could tolerate a certain degree
of excess nitrogen pressure without bubble formation. The problem
was determining exactly what the “certain” amount was, and how the pres-
sure could be reduced in a predictable way to avoid bubble formation.

As a good scientist, Haldane first wanted to observe the phenome-
non he was studying to form a working hypothesis. From his observa-
tions of diving operations in a construction project in Gibraltar Harbor,
he already knew that divers could safely dive for long periods of time
in shallow water without getting DCS. But he now needed a more con-
trolled way of studying the phenomenon, Fortunately, he had access to
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one of the only experimental hyperbaric chambers in existence—a
boiler that had been converted for this purpose by Dr. Ludwig Mond.
Haldane realized that the preliminary tests would be too uncertain
and potentially dangerous to use human subjects. The first problem,
then, was determining which animal subject would be appropriate. He
found that mice, rats, rabbits, and guinea pigs were extremely difficult
to bend. Mice, for example, could be taken to a depth of 168 feet for
more than an hour and brought back to the surface in less than a
minute! (By contrast, we now know this dive would require more than
150 minutes of decompression for a human). There was yet another
problem with these smaller animals—how do you know when they are
bent? Signs of joint pain, for example, would be extremely difficult to
detect in 4 rat or a guinea pig. .
Finally, Haldane found a suitable animal model—the goat. Primarily
because of their circulatory dynamics, goats more closely approxi-
mated humans than the smaller animals. They were more manageable
in an experimental setting than primates. It was also easy to tell when
they experienced pain by the way they lifted or favored the affected
limb. Haldane’s selection and use of goats has been borne out over the
years. Even today they are used as test subjects in decompression studi<.f:5.
Based on these experiments, Haldane noted a constant relationship:
Decompression sickness did not occur as long as the pressure wiFhi.n
the subject’s tissues did not exceed twice the ambient pressure. This is
the origin of his famous “2:1 ratio.” He noted, for example, that goats
could be taken to two atmospheres and brought up immediately to
one atmosphere. Similarly, they could be pressurized to six atmos-
pheres and brought immediately up to three atmospheres. He postu-
lated that a diver could be brought immediately up to any depth
provided the 2:1 ratio was not violated, Once the 2:1 ratio was
achieved, the remaining portion of the ascent must proceed much
more slowly to allow for elimination of the excess nitrogen. This was
the genesis of the idea for stage decompression. N
still, designing precise schedules was not as easy as determining a
simple ratio. Other factors also had to be considered—for example, gas
absorption and elimination are not constant for all parts of the body.
As we saw in Chapter One, these rates vary for two reasons: 1) the
amount of blood flow to the tissue (how quickly gas gets to and from
the tissue); and 2) the density of the tissue (how quickly gas disperses
throughout the cells). This means that some tissues absorb and elimi-
nate gas very quickly, while others do so very slowly.
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Haldane'’s solution was quite ingenious. He knew that while there
are probably hundreds of actual rates of absorption and elimination, it
was neither possible nor necessary to consider every one. Instead, an
overall picture could be described by looking at certain representative
tissues. This is the origin of the multitissue model of decompression,
still the most common way of designing decompression tables.

Haldane’s use of the term tfissue has resulted in a common myth
concerning his and other decompression models. Many divers assume
that Haldane’s tissue compartments correspond to real human tissues.
This isn't the case. Haldane used his observations to construct a math-
ematical model. Thus, his fissues were merely mathematical values
used in his equations to predict rates of absorption and elimination.
Scientists today prefer to use the term compartment rather than tissue
to avoid this misconception.

Another of Haldane’s assumptions was that both the absorption and
elimination of gas occurred at an exponential rate. To help you under-
stand the concept, just crack the valve of a full scuba tank. If you can
stand the noise, you'll see an exponential relationship in action. Once
fully opened, the tank will purge half of its air very quickly. Then the
air flow will slow down progressively, with the last few hundred psi
taking quite some time to drain. This same relationship occurs when
the tank is being filled—quickly at first, then a gradual slowing.

To describe exponential relationships Haldane turned to a common
system of description used even today in nuclear science and pharma-
cology—a half-life or half-time. A half-time is simply the amount of
time something (in this case a tissue compartment) takes to either fill or
empty half of what it’s assumed to hold (in this case nitrogen gas). It's
then assumed that in six half-times the effect is complete.

For example, Haldane’s model contained the half-times: 5, 10, 20,
40, and 75 minutes. Let’s look at his fastest compartment—five minutes
(see Figure 2-3). In the first five minutes the compartment will fill to 50
percent. In the next five minutes, it will fill half its remaining capacity
(75 percent full). Five minutes more will take it halfway again for a
total of 87.5 percent. After the fourth half-time it will be 93.6 percent
full, and 96.9 percent after the fifth. Finally, after the six half-time or 30
minutes (6 x 5 = 30), the compartment is considered full at 98.4 per-

cent. (Mathematically, it can never reach 100 percent.)

Haldane deduced that different compartments would reach their
maximum levels according to the diver’'s depth (pressure) and bottom
time (duration). He provided for the compartment that came closest to
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Half-times express exponential relation-
ships—such as absorption of nitrogen.

sure to exercise “control” over
the decompression requirement.
The tedious and complex com-
putations required to create the
tables obviously involved many
hundreds of hours,

With a method to calculate
nitrogen pressures in any of his
tissue compartments, Haldane
could then determine the time
and depth from which a diver
could ascend without exceeding
the maximum allowable nitrogen
pressure in any compartment. If
the diver exceeded the maxi-
mum tissue pressure, then a
decompression stop was re-
quired. Halting the ascent at pre-
determined intervals allowed for
reduction in the nitrogen pres-
sure in the diver's tissues. Once
the stop was completed, the tis-
sue pressures were reduced and
the diver could then ascend to
the surface.

In 1908 Haldane and his asso-
ciates, Boycott and Damant,
published the results of their
research in an article titled “The
Prevention of Compressed Air
Hlness.” Included was the first
set of tables giving divers spe-
cific time and depth guidelines.
This article is probably the single
most important hallmark in the
history of the dive tables. Virtu-
ally all dive tables used by rec-
reational divers today were
derived—with refinements—us-
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ing the principles ldid down by Haldane. As divers, we all owe him a
great deal.

Although Haldane made an incalculable contribution to the field of
decompression, his system was far from perfect. In actual use, divers
found his short duration table—dives of less than two hours—to be too
conservative. Additionally, his long duration table—dives of more than
two hours—did not provide for sufficient decompression.

In addition, Haldane’s tables had no provision for “repetitive div-
ing.” At the time, all diving was surface-supplied and conducted for a
specific purpose. There was no need to consider the consequences of
a diver making a second dive after a brief surface interval, The diver
simply remained underwater until the task was accomplished.

With the advent of mechanical air compressors, divers could go
even deeper than with hand-operated pumps. Unfortunately, they dis-
covered that Haldane's principles didn’t work adequately at these more
extreme depths.

To solve these shortcomings, the British Royal Navy undertook a
project to extend Haldane’s tables, allowing dives to 300 feet. Assigned
to this task was Royal Navy Captain G.C.C. Damant—one of Haldane’s
research associates—and the diving company of Siebe Gorman & Co,,
Ltd. After additional animal experiments and actual test dives, they
achieved their goal of greater depth by reducing Haldane’s original 2:1
surfacing ratio to 1.75:1.

It would be left to others to refine Haldane’s work even further and
make dive tables safer and more reliable. And it would take the intro-
duction of scuba to create a need for repetitive diving tables. Qur story
now takes us back across the Atlantic to work done by the U.S. Navy.

CONTRIBUTIONS OF THE U.S. NAVY

The first step in the U.S. Navy's contribution to dive tables began in
1912 when a Navy warrant officer and diver, George Stillson, submitted
a report to the Naval Bureau of Construction and Repair. The report
condemned the inadequate state of diving equipment and technique
within the U.S. Navy. (The vast majority of diving at that time did not
exceed 60 feet,) Aware of the advances made by the Royal Navy, Still-
son suggested the U.S. Navy look at adapting a similar approach to
decompression diving.

Acting on Stillson’s recommendation, the Navy began a series of
tests to evaluate Captain Damant's expanded tables. The tests took
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Experimental Diving Station
(later to become the Experi-
mental Diving Unit) at the
Naval Ship Yard in Brooklyn,
New York, and aboard the sup-
port vessel USS Walkie. Eventu-
ally, more than 300 test dives
were conducted at depths of up
to 270 feet. The Navy refined
Damant’s tables primarily by
having the diver breathe pure
oxygen during decompression.
Based on this research, the first
Navy tables were published in
1915 and became known as the
Bureau of Construction and
Repair Tables.

The first practical application
of the Navy’s deep diving tests
The salvage of the sunken F-4 submarine in  came quickly. In 1915 the Navy
1915 still holds the record for the deepest submarine F-4 sunk in Amala
salvage operation ever undertaken using Bay off Honolulu in 300 feet of
standard deep-sea diving dress on com- water. It was the first boat lost
pressed air. in the Navy's 15 years in sub-
marine operations, Twenty-one
men lost their lives. The Navy
wanted to recover both the victims and the vessel. The first dive of the
salvage operation fell to a small, 127-pound Navy diver, Frank Crilley.
Using the new tables, Crilley safely returned from the world-record
depth of 306 feet. To this day, recovery of the F-4 holds the record for
the deepest salvage operation ever undertaken using standard deep-
sea diving dress on compressed air.

Stillson’s tests and the F-4 salvage operation resulted in the Navy es-
tablishing the first deep sea diving school at the U.S. Naval Torpedo
Station in Newport, Rhode Island, in 1916. In 1924 the Navy published
its first diving manual. The foundation was now in place for the Navy to
assume a leading role in decompression theory and table development.

The next important development came about in the early 1930s
when researcher Charles Shilling, using volunteers, organized a series

PHOTO 2-2 place in 1913 at the new Navy
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of experimental dives and showed that no existing model could ade-
quately predict decompression for prolonged deep dives. In 1935, by
analyzing Shilling’s data, another researcher, J.A. Hawkins, drew an
important conclusion: Haldane was wrong. In his model, Haldane had
assumed that the 2:1 surfacing ratio was consistent for all tissue com-
partments. Hawkins concluded this wasn't the case. Rather than a sin-
gle ratio, each compartment should have its own surfacing ratio.

In 1937 O.D. Yarbrough expanded upon Hawkins’ work. He con-
cluded that the five- and ten-minute compartments could tolerate such
a large reduction in pressure that they could be ignored. Accounting
for increased gas loading due to exercise, however, Hawkins’ ratios for
the remaining compartments were reduced even further than previous
recommendations.

Based on Yarbrough's conclusions, the Navy published a revised set
of tables that same year. Eliminating the fast 5- and 10-minute compart-
ments, Yarbrough's tables included only the 20, 40, and 75-minute
compartments. Each compartment was given an individual surfacing
ratio. This version of the Navy tables soon gained acceptance around
the world and represented the most significant advance in table design
since Haldane’s original work.

Although an important step forward, Yarbrough'’s tables—like Hal-
dane’s—weren't perfect. They were still unable to handle decompres-
sion requirements for prolonged deep dives. As World War II
approached, however, the Navy's priorities shifted to other matters,
Yarbrough’s tables remained in use by Navy divers through the war.

Scuba and the Post-War Era

After the war the Navy resumed its work on refining the dive tables.
O.E. Van Der Aue was exploring ways to enable surface decompres-
sion, a procedure in which the diver ascends to the surface—either
immediately or after an abbreviated decompression stop—then is
rapidly transferred to a recompression chamber to complete the
decompression requirement.

During his tests, Van Der Aue found that Yarbrough'’s tables were
completely inadequate in many circumstances. For example, in one
test to 100 feet for 85 minutes half of his volunteer subjects got decom-
pression sickness.

By the early 1950s the Navy concluded it should revise its tables to
improve their safety and reliability. Of the staff of researchers assigned
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the task of refining the tables, two are particularly notable—M. Des
Granges and J.V. Dwyer. From their research they concluded that as
the depth and.time of a dive increase, so must the depth of the decom-
pression stop: They also restored to the decompression model the fast
five- and ten-minute compartments.

They also added a much longer half-time compartment—120 min-
utes. (The slowest compartment for both the Haldane and Yarbrough
models was 75 minutes.) This was done to account for long duration,

deep dives—the major
m flaw in previous tables.
Later, Robert Workman
developed an Exceptional
Exposure Table wusing
even slower tissue half-
times of 160, 200, and 240
minutes.

While these revisions
were necessary to increase
the safety of decom-
pression diving, another
consideration influenced
the decision to revise the
tables—scuba. Scuba pre-
sented a novel problem to
table designers: how to
The introduction of scuba to the Navy diving pro- deal with a limited air
gram after World War |l fostered the need to con- supply. This had never
sider the diver's decompression status after been a problem before
multiple dives. Until then, dive tables did not because all diving had
account for repetitive diving. been surface-supplied, With
a virtually unlimited air
supply, divers could al-
ways remain at depth until their tasks were completed. With scuba,
however, the limited supply of air in the tank would at times require
the diver to surface to change tanks. Thus was born the need for repet-
itive diving.

The need to exit and reenter the water presented a unique problem.
It required Des Granges and Dwyer to come up with a way of account-
ing for the amount of excess nitrogen held over in the diver's tissues
after surfacing. This extra quantity of nitrogen, termed residual nitro-
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gen, was expressed using another new concept—the Repetitive Group
Designation or “pressure group.”

Second, they had to calculate how much residual nitrogen would
leave a diver's tissues while on the surface. Solving this problem
resulted in an entirely new component of the dive tables—the Surface
Credit Interval Table. Using the 120-minute tissue compartment—the
slowest tissue in their model—the new table allowed divers to calcu-
late how much nitrogen was eliminated in the time interval between
dives. This nitrogen status could then be taken into consideration
before reentering the water for later dives.

In 1958 the revised U.S. Navy Standard Air Decompression ‘Tables
were published. Immediately adopted by the fledgling recreational div-
ing community in America, these tables became the standard for
decompression procedures. This standard remained with us until the
recent proliferation of new dive tables and computers.

M-Values and Human Errors

Seeking to make the process of computing decompression schedules
less complex, Robert Workman introduced the concept of M-values
(short for “maximum values”) in 1965. Up until this time, decompres-
sion status was calculated based on Haldane’s method of comparing
various “surfacing ratios.” This was a complex and mathematically
tedious process.

Workman’s idea was to define the maximum amount of nitrogen
allowed within any compartment not as a ratio, but as an expression of
pressure. Specifically, pressure in feet of sea water (fsw). For example,
let’s look at the nitrogen pressure in our tissues here at the surface
using his method. First, Workman reasoned that another way of
expressing the pressure of one atmosphere is to say it’s equivalent to
33 fsw. Thus, the terms 1 ATA, 14.7 psi, or 33 fsw are all the same
expression of pressure, As our atmosphere is made up of about 78 per-
cent nitrogen, we can say that, at the surface, our tissues contain a
nitrogen pressure of 26 fsw (33 fsw x 78% = 25.74 fsw.) With his sys-
tem Workman was able to simplify the computation process.

Another advantage of Workman’s method becomes clear by looking
at how he handled one of the tissue compartments. In the Navy model
the surfacing ratio for the five-minute tissue compartment is 3.15
atmospheres to 1. This means the compartment is allowed to hold 3.15
times the surface pressure before a decompression stop is required.
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Tissue Total pressure Nitrogen pressure Surfacing
half-time | surfacing ratio surfacing ratio M-Value
5 minutes 4.00:1 3.15:1 104 FSW

10 minutes 3.40:1 2.67:1 88 FSW
20 minutes 2.75:1 2.18:1 72 FSW
40 minutes 2.22:11 1.76:1 58 FSW
80 minutes 2.00:1 1.58:1 52 FSW
120 minutes 1.96:1 1.55:1 51 FSW

Instead of a ratio, however, Workman expressed this maximum value
as 104 fsw. (The surface value of 33 fsw x 3.15 = 103.95 fsw.) As each
tissue had its own surfacing ratio under the old ratio system, Work-
man'’s system assigned each tissue its own individual M-value. This
method of computing decompression status was far simpler than con-
tinually comparing ratios. In fact, it is still used in virtually all popular
decompression models even today. The various surfacing ratios and M-
values used in the Navy model are listed in Figure 2-4.

While most recreational divers adopted the U.S. Navy Tables with-
out question or reservation, they originally contained numerous errors.
Commander Ed Thalmann of the Navy Experimental Diving Unit dis-
covered the errors in 1983 when he recalculated the tables using a
computer. In the mid-1950s when the Navy Dive Tables were devel-
oped, computers were rare, and computer time was expensive. As a
result, the tables were originally derived mostly by tedious hand calcu-
lation. Not surprisingly, given the thousands of computations required
to produce the tables, human error entered the picture. And not only
were mistakes made in computation, but transcription errors occurred
when the data were put into tabular form and published.

Most of the computation errors in the tables occurred in the Surface
Credit Interval Table, while the transcription errors were on the No-
Decompression Table. Fortunately, the air supply limitations of scuba
prevented these errors from affecting recreational diving. The errors,
therefore, had little or no practical effect on recreational scuba divers.

In the final analysis, regardless of the problems, errors, or inconsis-
tencies with the U.S. Navy Tables, they served the recreational diving
community well for nearly 30 years. Considering they were never
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intended for use by civilian divers, the incalculable number of safe
hours of bottom time these tables have provided is testament to the
good science that went into their development. We owe a great deal to
the U.S. Navy in helping to make recreational diving a safe activity.

NEW FRONTIERS AND BEYOND

Nearly a century has passed since Professor Haldane and his associates
published the first dive tables. In that same time we have progressed
from the Wright Brothers to the space shuttle. We have gone from
Alexander Graham Bell to bouncing microwaves off of orbiting satel-
lites. But the technology of dive tables has not kept the same pace.
Only in the past few decades have researchers even begun exploring
how to develop dive tables in fundamentally new ways.

Decompression theories have been no stranger to debate and
inquiry. Yet, only since the birth of recreational diving have serious
challenges been made to Haldane’s view of decompression.

Also recently called into question have been many of the assump-
tions used in developing the U.S. Navy Dive Tables. What we believed
to be absolute truth when many of us began our careers as divers has
been cast aside or, at the least, hotly debated. The only certainty about
dive tables anymore is that we have taken but a few steps in a long
journey. One day we may have a proven and thoroughly understood
method of avoiding decompression sickness, but that day is still far in
the future.

Bubbles, Bubbles Everywhere

One of the first challenges to Haldane’s theory of decompression cen-
tered around the way gas bubbles form. Haldane believed bubble for-
mation was essentially spontaneous, occurring soon after a tissue’s
saturation limit was exceeded. Much like being pregnant, one was
either bent or wasn’t. The scientific term is homogeneous nucleation.

As early as 1942 this concept was challenged by U.S. Naval
researcher Albert Behnke. One of the great names in the field of diving
physiology, Behnke deduced that small harmless bubbles probably
formed before reaching a size that caused DCS. As we saw in the last
chapter, these are called asymptomatic or “silent bubbles.”

The implication of this silent-bubble theory was that bubble forma-
tion was not, as Haldane assumed, spontaneous. Instead, bubbles
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PHOTO 2-4 formed gradually, devel-

oping first from tiny gas
micronuclei. As opposed
to Haldane’s theory of
homogeneous nucleation,
this is called heteroge-
neous nucleation. Still, as
there were no technologi-
cal means to confirm the
hypothesis in Behnke’s
time, it was all just theory.

By the late 1950s ad-
vances in technology were
A Doppler Bubble Detector—Although its value is occurring that would con-
disputed by some, it's nonetheless the most popu-  firm the silent bubbles hy-
lar way of testing dive tables. pothesis. Two researchers,
Satomura and Franklin, had
begun to use ultrasonic (ex-
treme high frequency sound) waves to monitor blood flow and heart
function. They used was a Doppler Ultrasonic Flowmeter. In 1968 Mer-
rill Spencer and S.D. Campbell were the first to detect gas bubbles in
the circulation of sheep decompressed from 200 feet for an hour. The
technology was first used to detect silent bubbles in humans in 1969.

As Doppler ultrasonic technology was able to detect bubbles before
the onset of decompression sickness, researchers believed they had a
more refined way to test the safety of dive tables. (In the Navy’s
research to develop its decompression tables, the test criterion was
whether the diver did or did not get the bends.) The idea was that
silent bubbles could be used as a predictor of more serious bubble for-
mation elsewhere in the body. Furthermore, tables could be designed
to keep silent bubbling to a minimum. (See next page for a more
detailed look at Doppler technology).

Although this theory is the most widely used means of testing dive
tables today, it is nonetheless unproved. No clear correlation has been
established between silent bubbles and their relationship to DCS.

Regardless of the uncertainty of the relationship of silent bubbling to
decompression sickness, the 1970s saw several landmark Doppler
studies of the U.S. Navy Tables. Virtually all researchers found the
same result: Significant silent bubbling occurred in divers well before
the maximum limits of the tables were reached. To minimize silent
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What Doppler Detectors Can Do...

Doppler Bubble Detector is basically an adaptation of the Doppler

Ultrasound Flowmeter, developed in the 1960s to monitor blood flow.
It's an acoustical device based on a phenomenon in physics known as the
Doppler effect or Doppler shift (named for an Austrian scientist, Christian
Johann Doppler, who discovered the effect in 1842).

This phenomenon applies to all types of waves, including light and
sound. It's important to astronomers and astrophysicists who study the
universe. In terms of its application to sound, the classic example of a
Doppler shift is the rise and fall of the pitch of a locomotive’s whistle as it
approaches and moves away from a stationary listener. It also occurs
when the listener approaches or recedes from a stationary sound.

The Doppler effect occurs when a sound source approaches the lis-
tener. The waves in front of the source are squeezed together so the lis-
tener receives a larger number of waves than would have been received
from a stationary source over the same time. This causes a rise in pitch.
When the sound source moves away, the waves spread farther apart,
and the listener receives fewer waves per unit of time, resulting in a
lower pitch.

The Doppler Detector works by sending ultrasonic waves into the
diver's body. These waves reflect back to the monitor, making a distinc-
tive sound according to the density of whatever they encounter. The tell-
tale snaps, whistles, pops or chirps indicate moving bubbles. (This is the
same technology used to image a fetus in the womb.)

This technology prompts some to ask why we can't avoid the bends
by taking such a device with us under water, Unfortunately, the technol-
ogy doesn't give us a way of directly preventing DCS for several rea-
sons. First, most silent or asymptomatic bubbling doesn’t occur until the
diver has surfaced, so monitoring under water would not do us much
good. But even more important is that the bubbles detected are those in

bubble formation, many researchers, such as Merrill Spencer, Bruce
Bassett, and Andrew Pilmanis, published revised no-decompression
limits. They also advocated other conservative practices, such as safety
stops before ascending.

New Technology Means New Tables

In 1981 one of the first “new tables” appeared. A bioengineer then at
the University of Michigan—Karl Huggins—produced the “No-Bubble
Table.” Using procedures similar to those used to design the U.S. Navy
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And What They Can’t

the venous bloodstream, and under normal circumstances they're
scrubbed by the lungs. In other words, the bubbles detected by the
Doppler are not the bubbles that are generally believed to cause DCS.
(As we saw in Chapter One, under certain unusual circumstances some
of these bubbles can make their way into arterial circulation and cause
big problems). What science thinks causes DCS are static bubbles
throughout the body that impair circulation and press on nerves or distort
tissues. Detecting symptomatic bubbles is beyond our current technolog-
ical capability. Even a Doppler has its limitations; it can't, for example,
detect a moving bubble if it's less than about one ten-thousandth of a
centimeter.

You might ask, if it doesn'’t tell us anything useful, then why use a
Doppler Detector at all? While a Doppler may not allow us literally “to lis-
ten to the bends,” that doesn’t mean the information it yields is useless.
Many theorists hold that a correlation exists between the degree of silent
bubbling and the onset of DCS. It's much like the old “canary in the coal
mine” idea where an effect on one thing warns us before something else
happens. The problem is that such a correlation between silent bubbling
and DCS has never been clearly established. In fact, experience has
shown that divers sometimes get bent even if they have a zero bubble
grade (essentially, no bubbles). And sometimes divers have the highest
possible grade but don’t show any signs of DCS.

Another limitation of the Doppler Detector is that it allows monitoring
of only the bloodstream, a mere 8 percent of the body. So, some say,
how good of a picture does it really provide?

Still, even with all its limitations, the Doppler Detector is the only
means we have of studying actual bubbles in the body. Until something
more effective comes along, it's a whole lot better than knowing nothing
about what's going on inside us.

o

tables, Huggins incorporated Spencer’s Doppler-derived no-decom-
pression limits. Although rare, this table can still be found in use today.

Up until this time the advances in table design came directly out of
the hyperbaric scientific community. But, the situation was about to
change. The next major event occurred based on the insights of a
recreational diver, Dr. Raymond Rogers, who in 1983 published an arti-
cle entitled “The Dive Tables: A Different View.” In his article he
pointed out that the Navy’s decompression tables had certain limita-
tions for recreational (no-decompression) divers. Like many before
him, he reiterated that the Navy no-decompression limits might be too
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liberal. But that was far from a radical idea. More importantly, Rogers
introduced recreational divers to a limitation of the Navy tables that no
one else had noticed: For handling outgassing during surface intervals,
the Navy Tables were probably more conservative then necessary.

The long surface interval times—up to 12 hours—of the U.S. Navy
Tables are based on using the slow 120-minute tissue compartment to
control outgassing. The Navy designed its tables for decompression
diving; and after a decompression dive, a slow compartment might
have to be considered in planning a repetitive dive.

Rogers’ hypothesis was that if divers don’t decompress—as in recre-
ational diving—they could be freed from the hefty restrictions of slow
outgassing during a surface interval. Rather than the 120-minute com-
partment, Rogers determined through computer analysis that a half-time
as fast as 60 minutes could control outgassing during a surface interval.

This provocative theory sparked the interest of the Professional
Association of Diving Instructors (PADI). Intrigued by Rogers’ hypothe-
sis, PADI established a company—Diving Science and Technology Cor-
poration (DSAT)—to fund a scientific assessment. Over the next four
years, under the leadership of noted hyperbaric researcher Dr. Michael

DSAT's Recreational Dive Planner or RDP—both table and wheel version—represent
the first dive tables designed exclusively for recreational diving.
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Powell, Rogers’ theory was confirmed. No cases of DCS occurred in
nearly 1,400 chamber and open-water test dives. In addition, fewer
than 10 percent of the test subjects even demonstrated silent bubbles.
The result was the creation in 1987 of the Recreational Dive Planner—
the table now used in all PADI-sanctioned diver training courses.

Used throughout the world today, the Recreational Dive Planner has
become one of the most popular dive tables in existence. Some dive
computer manufacturers now base outgassing calculations in their
devices on the Rogers/Powell research results; and another model
using a completely Rogers-based algorithm will be released soon. For
the recreational diver, the Recreational Dive Planner was an important
advance in table design.

We Know How it Goes in...
But How Does it Come Out?

Another controversy concerning Haldane’s theory centers around how
gas is eliminated. Haldane assumed that both inert gas absorption and
elimination occurred at the same exponential rate. This is referred to
today by researchers as the E-E model. (E-E meaning exponential in,
and exponential out). Thus, the rate at which the gas goes in is the
same rate at which it comes out.

Some researchers dispute this assumption, Researcher and dive
computer engineer Dr. John Lewis cites studies from the U.S. Navy.
Tests from the Navy’'s Experimental Diving Unit conducted by Com-
mander Ed Thalmann have shown that in certain circumstances the tra-
ditional view of gas absorption and elimination just doesn’t work. It is
particularly flawed when used to avoid bends on deeper repetitive
dives with short surface intervals.

This has led some researchers to devise a new model: that while gas
absorption is exponential, elimination occurs at a much slower, linear
rate. Hence, the E-L model (for exponential in, linear out). This vari-
ance in decompression theory is likely to be an important issue in the
future development of dive tables and computers.

CONTRA HALDANE

A more elemental criticism also is offered by the hyperbaric scientific
community. Some in the field believe that Haldane was fundamentally
wrong. They concede that Haldanean models have been good at help-
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ing recreational divers avoid decompression sickness, but they contend
these models have no foundation in physiological reality. In essence,
Haldane merely came up with a clever way of predicting decompres-
sion requirements.

Other researchers take a more moderate approach and say that
Haldane’s theory works only under certain circumstances; or that his
theory explains only part of the picture. This situation shows that
modern science actually knows very little for certain about the decom-
pression phenomenon. Researchers in the field of decompression
are far from unified in either their theories or methods. If Haldane’s
basic theories were incorrect, then we should explore some alterna-
tive approaches.

Oh, Canada!

In the early 1960s D. J. Kidd and R.A. Stubbs were doing some impor-
tant work at the Defence Research Medical Laboratory and the Cana-
dian Forces Institute of Aviation Medicine. Unsatisfied using a purely
Haldanean/U.S. Navy model to solve the decompression dilemma, they
decided to approach the problem in a different way.

In the Haldanean model, compartments are arranged in what can be
termed a parallel sequence. Each compartment is assumed to be sepa-
rate—having no interaction with any other compartment. Kidd and
Stubbs concluded, however, that the tissues of our body don't act inde-
pendently of one another. They developed the first decompression
model that considered the interaction among compartments. As
opposed to the Haldanean parallel model, this is called a seria/ model.
Between 1962 and 1965 they succeeded in producing a successful dive
computer based on this premise,

In 1971 Canada’s Defence Research Medical Laboratory and the
Institute of Environmental Medicine merged into the Defence and Civil
Institute of Environmental Medicine (DCIEM), and continued research
into decompression and dive computers. In 1977 DCIEM scientist Ken
Kisman and a researcher from the French Navy, Gerard Masurel, devel-
oped the K-M bubble classification code for bubbles detected using
Doppler ultrasound. This classification system is still used in most
Doppler studies today.

DCIEM began a series of studies in 1979 using the Doppler ultra-
sonic bubble detection method to investigate the decompression stress
imposed on divers using tables based on the Kidd-Stubbs model. For
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Based on the extensively tested DCIEM decompression model,
the DCIEM Sport Diving Tables were first released in 1988 and
have since become widely accepted.

the next four years, an extensive series of Doppler experiments were
conducted using this model as a reference.

In 1983 the Canadian Forces decided to construct its own set of dive
tables (it had been using U.S. Navy tables). Under the direction of Lieu-
tenant-Commander G.R. Lauckner and scientist Ron Nishi, DCIEM was
given the task of developing these new tables. Based on the research
conducted over the previous years and extensive computer simula-
tions, a modified version of the Kidd-Stubbs model was produced
known as the DCIEM 1983 decompression model. After several years
of testing and validation in recompression chambers using both dry
and wet divers in cold water conditions of 40-50 degrees F, the DCIEM
Tables were released in 1985, Universal Dive Techtronics published a
recreational diving version in 1988, followed by an expanded version
in 1990 and a technical diving table for cave and research diving in 1994.

Today, the highly respected DCIEM tables represent a significant
advance for diving safety. In addition to being adopted by a number of
government and naval authorities throughout the world, they have
been approved for use in certification courses sanctioned by the major-
ity of diver training organizations in North America.
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Tiny Bubbles...

Although the Kidd-Stubbs model differs from a pure Haldanean model
in the arrangement of the compartments, the two have some similari-
ties. That is, in a symptom-free diver the nitrogen within each compart-
ment is assumed always to be in a dissolved state. Recent biomedical
research, however disputes this assumption.

Microscopic bubbles exist in virtually every liquid or liquid-based
substance on Earth—including human tissue. In addition, we now
know that for various physiological reasons the human body has a pro-
clivity for making gas seeds or microbubbles, even among those not
involved in diving. This has given rise to a whole new approach to
decompression theory sometimes called free phase dynamics, or more
popularly the “tiny bubble model.”

Advocates of free phase dynamics models contend that their ap-
proach offers hope of a more accurate biophysical model of inert gas
absorption and elimination. Accordingly, they believe that dive tables
derived from free phase models will be more reliable than tables based
on a Haldanean-type model.

Researchers such as Drs. David Yount and Bruce Wienke have made
strong arguments against the purely Haldanean view of decompres-
sion. Pointing especially to the difficulty Haldanean models have
demonstrated in handling multiple-day repetitive diving, tiny bubble
advocates seek a more complete picture. They have proposed decom-
pression models that recognize that gas micronuclei will inevitably
develop into bubbles during a dive. The key to the success of a
decompression model is, therefore, to keep the quantity and size of
these microbubbles below a critical limit.

Perhaps the most complete picture of decompression might be a
merging of dissolved phase and free phase gas dynamics into a single
theory. This idea is intriguing, and some believe it holds great promise.

The Magic of Mathematics and
the New U.S. Navy Tables

Some theories are even outside the realm of either free phase or dis-
solved phase dynamics. One such model was developed by Captain
Paul Weathersby, a researcher at the U.S. Naval Medical Research Insti-
tute (NMRID), and his associates, Shalini Survanshi and Fric Parker, in
conjunction with Captain Ed Thalmann, former commander of the
Navy’s Experimental Diving Unit (EDU). Termed the Maximum Likeli-
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hood Model, Weathersby’s hypothesis views decompression sickness
as “probabilistic risk” dependent upon the depth and duration of the
dive. This model; which ignores traditional issues such as how bubbles
form, is based entirely on the science of probability and statistics.

Viewed another way, the theory says that if you know the out-
come—bends or no bends—of certain dive profiles from actual experi-
ence, then you can use this information to create a probabilistic model
and develop more successful dive tables. Naval researchers have made
an extensive database of 2,300 well-documented dives compiled by the
U.S. Navy, Royal Navy, and Canadian Forces. Using this data and
appropriate statistical analysis, they have come up with models that
enable them to construct dive tables with the “risk of bends” measured
as a percentage. For example, a table could have a 1 percent, 5 per-
cent—or whatever percentage risk factor is desired—according to the
constraints incorporated into the equations.

The US Navy is expected to release a new set of tables based on the
Maximum Likelihood Model. In general, no-decompression limes in
the 60- to 110-foot range will probably remain close to the current lim-
its because the Navy believes it has enough experience in this area to
validate the times. As NMRI has computed the DCS risk in this range as
2.3 percent, this figure was also used in calculating the revised no-
decompression limits for other depths and for dives with total decom-
pression time up to 20 minutes. Higher risk factors—from 5 to 10
percent—were selected for dives requiring longer decompression. This
higher risk keeps the dive schedules practical for operational use.

The practical effect of all this is that no-decompression limits in the
60- to 110-foot range will stay about the same. But limits in shallower
ranges will allow less time, with longer times allowed for deeper dives.
According to the Navy, the overall DCS risk should be somewhat lower
than that of the current tables.

A major difference between the Navy ‘s current tables and the new
ones will be in format. Abandoning the familiar “repetitive group des-
ignation” approach, the new tables will have 26 “dive states,” with a
procedure for going from an exit state to an entry state. Also aban-
doned is the idea of “residual nitrogen time.” Instead, divers will sim-
ply use one of 26 tables based on their entry state.

Probably the most important change is that under the new Navy sys-
tem a table is defined as having either a greater or lesser chance of
causing DCS. It abandons the idea of a table being safe or unsafe,
which are terms with little meaning when it comes to decompression.
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The Outer Limits and What We Really Know

Some highly experimental approaches to the decompression phenom-
enon almost seem to come out of science fiction. One such study
undertaken by the U.S. Navy used a short-lived radioactive isotope of
nitrogen as a way of actually tracing the gas as it was absorbed and
eliminated. The rationale was that, rather than relying on any mathe-
matical prediction models, the researchers could derive a truly “physio-
logically-based” theory by observing the behavior of nitrogen in the
human body. This line of research has apparently been abandoned.

Centuries before Columbus, the native peoples of Central America
developed a calendar that rivaled anything known in Europe. They had
a highly accurate prediction model to plan the events of their lives.
Their view of what forces drove the universe, however, were some-
what off-base. The sun moved across the sky, they believed, because it
was carried in the talons of an eagle. As far as decompression theory
goes, we may be in a state similar to our ancestors.

No one can dispute that the contributions of countless researchers
have given us reasonably accurate prediction models to guide our
decisions as recreational divers, Nonetheless, while we might descend
and ascend with a fair assurance of safety, no one has yet unraveled
the complete mystery of the decompression phenomenon. We, too,
could be as far off-base in explaining decompression as the native
Americans were at explaining the universe, Only time will tell. Just
remember, while your new washing machine may come with a guaran-
tee, don’t expect one with your dive tables.
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CHAPTER THREE

It Doesn’t Matter
What Tables You
Don’t Use

A Review of Dive-Table Procedures

‘x 7hile on a dive trip many years ago, 1 was buddied with a rela-
tively new diver. As we were planning a dive to more than 100
feet of depth, 1 was concerned about how my novice friend would
handle such a challenging experience. But to my relief, he turned out
to be an extremely skilled and safety-conscious diver—or so I thought.

Back on board I congratulated him for his exemplary performance.
Then, searching through my dive bag, I realized that my dive tables
were gone. Eager to verify our decompression status, I asked my
buddy, “What group are we in?”

He replied, “On this boat you don't have to dive in groups—as long
as you have a buddy!”

I laughed, and explained that I meant what repetitive group we
were in, not whether we had to dive in a group. I stopped laughing,
however, when I heard his answer. “Repetitive group?” he said. “What's
that?”

Puzzled at his seeming ignorance, all I could think to say was, “You
know, your dive tables!”

While 1 was amused by his first response, it didn’t prepare me for
the shock of his second. As he explained, “Oh, I never understood
how to use those things. Besides, I always let the divemaster figure that
stuff out, anyway.”
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My buddy’s comments reminded me of one I heard from the diving
medical expert, Dr. Tom Neuman. He sums up the reason so many
divers end up visiting recompression chambers: “It doesn’t matter what
dive table you don’t use!” Perhaps he’d met my buddy,

Divers and Dive Tables

More than 20 years of experience teaching recreational divers has
given me a perspective on just why so many otherwise good divers
have such difficulty with dive tables. The problem, I believe, is not
incompetent instruction. Instructors generally do a good job in teach-
ing new divers how to use dive tables. The problem, instead, stems
from divers not retaining what they learn.

Why is it, you ask, that a diver can remember not to hold his breath
or how to clear his ears, yet not remember how to use tables that are
equally important to his safety? The answer is twofold. First, many peo-
ple have a basic fear and loathing of numbers. Just ask any math
teacher. Furthermore, we're especially afraid of numbers, it seems,
when they’re placed in columns and rows, As proof, just think back to
the last time you had to use an income tax table, or tried to determine
how much your mortgage payment would change if you refinanced
your home. Not a lot of fun, was it?

The second and more significant reason why so many divers are less
than outstanding at using tables is that they rarely have an occasion to
use them. Today, most of us dive in organized groups under profes-
sional supervision. While this supervision helps ensure safety, it also
makes it easy to get lazy with dive tables. In fact, in the vast majority of
supervised dives, decisions relating to decompression status (depth,
maximum bottom times, surface intervals, etc.) are not made by the
diver, but by whomever is supervising him. Add to this the industry
estimate that almost half of all divers now use a dive computer, and
there’s little mystery why a diver’s familiarity with tables might get
more than a little rusty.

While debate rages over whether dive computers will someday
obviate the need for teaching dive tables at all, that's a matter for the
future. The reality of today is that responsible divers must be able to
think for themselves. Maintaining your ability to use dive tables is a
vital part of responsible diving. To re-familiarize you with this essential
aspect of safe diving, this chapter will examine the four most popular
recreational dive tables and review their procedures for use.
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A Word of Caution

his cha;oter is merely an orientation to four of the most com-

monly used dive tables. Space limitations prevent address-
ing all the pertinent rules and special circumstances that can
arise in planning an actual dive, such as diving at altitude,
safety or decompression stops, and omitted decompression.

Therefore, you should not consider the discussion in this
chapter a substitute for professional training in dive-table use
by a qualified instructor. Enrolling in a refresher course or con-
tinuing education class such as Advanced, Deep, or Multilevel
Diving is a great way to learn everything you should know
about using dive tables.

INTRODUCTION TO DIVE TABLES

All decompression models in use by recreational divers have a similar
conceptual framework. They incorporate one table to tell you your no-
decompression limits and how much nitrogen you've absorbed after
surfacing; a second table tells you how much of the excess nitrogen
you purge while you're on the surface; and still a third table indicates
your remaining nitrogen level before you make another dive,

The U.S. Navy Tables

Because they're the granddaddy of most tables in use today, a good
place to start any review of use procedures is with the U.S. Navy
Tables. With one exception, which we'll discuss later, virtually all other
sport diving tables are adaptations of either the USN data or their dis-
play format.

Figure 3-1 shows the “No-Decompression Limits and Repetitive
Group Destination Table” of the USN Tables. The first left-hand column
indicates the depth of the dive. The second column shows the maxi-
mum no-decompression limits, expressed in minutes. To determine a
repetitive group after a dive, simply find the exact or next greater

Beating the Bends ® 55




FIGURE 3-1 : FIGURE 3-2

RESIDUAL NITROGEN TIMETABLE FOR REPETITIVE AIR DIVES A
: , E e B 00
*Dives following surface intervals of more than 12 hours are 210
not repetitive dives. Use actual bottom times in the Standard & c 010 140
g Air Decompression Tables to compute decompression for @i“ 186 249
i such dives. W D 00 140 233
1 (\ 104 238 548
g E 010 055 158 32
£ R 054 157 3R B3R
! ¢ F 010 046 130 229 356
oy g5 128 228 357 75
o (:)—B— 116 200 259 408
vag 0:40 159 258 435 735
x® H o010 037 1 142 224 321 450
ra 036 108 223 320 449 7459
o"Q 1 010 0:33 10 208 245 344 513
eg‘ (:33 059 128 244 343 512 B2
A J 010 032 055 120 281 305 403 5
Qe“ 031 05 118 147 304 402 540 B4D
@ K 010 029 050 192 1.3 238 32 40 54
028 049 411 135 205 288 321 479 S4B GRS
L 010 027 046 105 126 150 20 254 337 436 603 913
085 045 04 195 149 213 23 3% 435 602 1 12007
M D0 026 043 100 148 140 205 2f5 309 353 450 649 928
035 042 059 16 135 205 234 38 352 449 818 4E8 12000
N 040 085 040 055 12 13 154 218 323 405 504 633 o4
= 024 039 05 11 130 153 218 247 404 503 B3 B43 1200°
= 0 010 024 037 05 108 125 144 205 230 33 418 517 845 955
= 083 036 051 107 124 143 204 228 258 3P3 417 546 B44 954 12000
= 010 023 035 049 103 119 137 156 248 243 O@ 346 430 538 BS7 1008
= 022 034 042 102 1B 136 135 217 242 310 3WS 409 527 65 1006 1200¢
= MEW > Z O N M L K J I H 6 @ E ‘D € B A
S GROUP
= DESIGNATION

REPETITIVE
DIVE

WJSD
ol
150 40

2
RN
T

No-decom-
pression
[imits
{min)

: il 4 i
L 10 B 4 2

RESIDUAL NITROGEN TIMES (MINUTES)

Depth
{feet)

U.S. Navy Table One . U.S. Navy Tables Two and Three

i 57
56 ®  Chapter Three Beating the Bends @




depth of your dive. Next, being careful to remain on the correct depth
line, move to the right and locate the exact or next greater bottom time
of the dive. (The Navy defines bottom time as from the beginning of
your descent until the beginning of an uninterrupted ascent directly to
the surface.) Once you have located your bottom time, move straight
up the column and you will find a “Group Designation,” which is a
way to quantify the amount of excess or residual nitrogen in your body
after a dive

For example, suppose you dived on a shipwreck in 58 feet of water
for 32 minutes. This time/depth information is called a “dive profile.”
As Figure 3-1 illustrates, this profile is considered a 60-foot dive for 40
minutes. Now, move up the column and you’ll see you are in repetitive
group G. Thus, at the conclusion of your dive, you have excess nitro-
gen in your body equal to what's defined as a group G. (In the com-
mon terminelogy of dive tables, you're said to be a “G diver”.) We'll
eventually turn this group letter into a usable number by using the
third table.

While at the surface between dives, you'll gradually eliminate the
excess nitrogen in your system. Much as a moist sponge dries out over
time, you'll eventually lose all your excess nitrogen. But the question
is, how much nitrogen will you lose over a given time? This is an
important question because you must account for the excess nitrogen
in addition to what you'll absorb during your second dive. That's the
function of the second table. Tt tells you how much yow'll “dry out” of
excess nitrogen,

A brief example will illustrate its use. Let's continue with our previ-
ous dive profile. As a G diver after your first dive, lel’s assume you
know it will take at least 45 minutes before you arrive at the next dive
site. This time between repetitive dives is call a surface interval. Enter
the second table (Figure 3-2) along the diagonal row of group letters
(not the straight bottom row). The numbers in this table represent time
spans, and are expressed as hours and minutes (1:30, for example,
means 1 hour and 30 minutes).

Moving to the right from group G, find the box containing your 45-
minute surface interval time. Two columns over there’s a set of num-
bers, 0:41 and 1:15. This is a time span from 41 minutes to 1 hour and
15 minutes. As your 45-minute surface interval is within this time span,
you'll stop there and move directly down the column. At the bottom of
the column you’ll find that it ends at a new repetitive group of F. The
table has told you that in the span of 45 minutes you have decreased
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your repetitive group from G at the end of the first dive, to F as you
enter on the second dive.

Now it's time to turn our group designation into a number repre-
senting how much excess nitrogen is still in our system. This is the
function of the third and final table, also illustrated in Figure 3-2. Con-
tinuing our sample problem, let’s assume your second dive will be to a
depth of 50 feet. In the lower left corner of Figure 3-2, locate the col-
umn labeled Repetitive Dive Depth and find the 50-foot depth row.
Next, enter the column of numbers directly under group F from the
second table, and find where the F column and the S0-foot row inter-
sect. You'll see this occurs at number 47. In this case, the 47 represents
time in minutes. More specifically, it represents the excess or residual
nitrogen remaining in your system as you reenter the water for your
second dive. In other words, even before you make your descent, you
already have 47 minutes of “penalty time” credited against you. This
penalty time is more formally called residual nitrogen time, or RNT.

But how do we put the RNT to practical use? We must return to the
first table. If this were the first dive of the day, the first table says you
could remain at 50 feet for 100 minutes. However, you have 47 minutes
of RNT credited against you, so the maximum no-decompression time
for vour second dive is only 53 minutes, not the 100 minutes allowed if
this was the first dive of the day. 1t's like having a credit card with a
$100 credit limit. If you charged $47 on it, then you could charge only
$53 more until you paid off the balance. In a sense, you haven’t been
on the surface long enough to “pay off” the full balance of your resid-
ual nitrogen.

Now let’s assume you made the second dive. But rather than spend-
ing the full 53 minutes the table allows, you elected to spend only 40
minutes. (Avoiding maximum limits on any dive is always a prudent
decision.) As there is not a fourth table, how do you determine your
decompression status after the second dive? You must return to the first
table, but you must be careful to do so properly. A common mistake is
merely to reenter the first table assuming you were at 50 feet for 40
minutes, thus making you an F diver. The problem is that this would
ignore the RNT from the first dive and dangerously underestimate your
true nitrogen status.

The proper way to return to the first table is by adding your Actual
Bottom Time (ABT) to your RNT to arrive at yet another figure called
your Total Bottom Time (TBT). In our example, your TBT is 87 minutes
(47 RNT plus 40 ABT). This means you'll reenter the first table assum-
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ing you were at 50 feet for 90 minutes, not 40 minutes. And this, in | wl

turn, puts you in repetitive group K, not group F.

Forgetting to add the ABT to RNT is the single most common error
in using dive tables. An easy way to remember this important step is to
“always drown the RAT” between dives. This way you're less likely to

forget adding your RNT plus ABT to determine TBT (R+A=T). ' ‘/a—= R

Seeking to improve decompression safety and make the tables eas- 1 B "E" E DlVE TABLES
fer to use, a number of organizations have published their own dive Y 1 el ?Ef_qifwf_"?rfii?ﬁ? F
tables. Three of the most popular are the NAUI Dive Tables, PADI's ‘ e RN e e i e SR
Recreational Dive Planner, and DCIEM Sport Diver Tables. Let’s take a 'i
look at each. : RNT RESIDUAL KTROGEN TIME v: TS

+ADT 2CTUAL DIVE TIME [pPE RECNE
¥ TNT TomaL MITROGEN TIME Ry R

The NAUI Dive Tables sREee W
The NAUI Dive Tables are an adaptation of the USN Tables with more Gl
conservative no-decompression limits and slightly amended surface
interval times. While retaining the three-table format of the USN, the é
design of the NAUI tables makes them easier to use than the Navy ver- :
sion. Let’s use our previous example to illustrate their use. - B &%g;

As with the USN Tables, Table 1 shows that you must interpret a 58 ‘ mg o
foot dive for 32 minutes as a 60-foot dive for 40 minutes. And, like the iz
USN Tables, this dive will yield a repetitive group of G, ’I A s i

Next, a surface interval of 45 minutes occurs before the second dive. EHE B
To enter the second table, merely continue to move downward into the t 1 K
G column and, again like the USN Tables, you'll find the time span of § T
1:15 to 0:41. Moving to the left you now find that you're in a new v
repetitive group designation of F

Your second dive has you returning to 50 feet. So, continuing to o
move to the left, then stopping at the 50-foot column, you again find %’Li -
PSS OIS RN p i Hveve iyt dlhg BItC - ety ; TABLE 3 REPETITIVE DIVE TIMETABLE _ TABLE 2 - SURFACE INTERVAL TIME (SIT) TABLE
number that did not appear on the USN Tables. The bottom, boldface coCTNABTSMESSSOULNTIOOR TS T, eGSO e S
number in the box—33 minutes in this case—is the Adjusted Maximum SR J E
Dive Time (AMDT). As the term implies, this is the maximum allowable A N

bottom time for your second dive. Note that the sum of these two num-
bers is always equal to the no-decompression limit for that depth if it
had been an initial dive. In this case, the sum is 80, which as Table
One shows is the no-decompression limit for 50 feet if this had been
the first dive of the day. Providing the AMDT eliminates the need for
you to subtract your RNT from the no-decompression limit, as is neces-
sary with the USN Tables.

NAUI Tables
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In the previous sample using the USN Tables, your second dive was
planned for 40 minutes, and you still had 13 minutes to spare before
reaching the no-decompression limit. The NAUI Dive Tables, however,
allow you only 33 minutes for the second dive. So, when using the
NAUI Dive Tables you could not make the second dive for as long as
the USN Tables allowed.

Revising our original example, let’s plan the second dive for only 30
minutes rather than the 40 minutes we had planned using the USN
Tables. Remembering to “always drown the RAT,” we calculate your
RNT of 47 plus 30 minutes of ABT equals 77 minutes of TBT. To deter-
mine your decompression status at the end of the second dive, as illus-
trated on Figure 3-3, move up the 50-foot column following the line
back to Table 1. As your TBT from the dive was 77 minutes, find the
exact or greater number from Table 1 along the 50-foot row. This
would be 80 minutes. Now move straight down the column and you’ll
find a new repetitive group of J. If you're making still another dive,
simply enter Table Two in the ] column and continue as before.

The Recreational Dive Planner

Unlike the NAUI Dive Tables, PADI's Recreational Dive Planner (RDP)
is not based completely upon the USN model. Although the conceptual
design of the RDP is similar in approach to the Navy’s, the RDP was
independently developed and tested by the Diving Science and Tech-
nology Corporation (DSAT). Like the NAUI Tables and other more
recent tables and computers, the RDP has shorter no-decompression
limits than the USN Tables. A significant difference between the RDP
and other tables, as explained in the last chapter, is the faster control-
ling tissue compartment the model uses during surface intervals. (We'll
see an example of this later.) Regarding its format and use, however,
the RDP continues the familiar three-table approach.

Let’s return to the original sample dive profile to illustrate how to
use the RDP. You have descended to 58 feet for 32 minutes. Locate the
Start position on the RDP [Figure 3-4/. There you'll find the depth row.
Find the 60-foot column and move straight down to 32 or the next
greater number, in this case 33. Stop there and move horizontally to
the right, and you find you are now in repetitive group M.

Your surface interval is 45 minutes. Continuing to move to the right,
you'll locate the box with the time span of 0:40 to 0:46. Now, move
straight down the column and you'll come to a new repetitive group of F.
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FIGURE 3-5 ' :
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Next, turn the RDP over to side two and find the F column at the
top, as shown in Figure 3-5. Locate the depth column on the extreme
left end. Move horizontally to the right along the 50-foot row until you
find the box that intersects with the group F column. This box contains
the numbers 24 at the top white portion and 56 in the bottom dark por-
tion. Here the 24 represents the RNT, while the 56 is the Adjusted No-
Decompression Limit or ANDL (analogous to the AMDT on the NAUI
Dive Tables). This is the maximum allowable time for the second dive.

Although you could stay for 56 minutes, your second dive is actually
only 40 minutes. Remember to “always drown the rat:” 24 minutes of
RNT from Table Three plus the 40-minute ABT equals a TBT of 64 minutes.

To determine your decompression status at the end of the second
dive, you must return to side one (Figure 3-4/ and locate the 50-foot
depth column. Moving down the column you find that, as there is no
64, you must select the next greater number, which is 67. Moving hori-
zontally to the right you quickly determine that your repetitive group
after the second dive is U. Incidentally, although both the RDP model
and the USN/NAUI models use alphabets to indicate a certain level of
residual nitrogen, the actual levels corresponding to identical letters are
vastly different. Therefore, you cannot interchange repetitive groups
among the RDP and USN/NAUI tables. Once you begin using a particu-
lar table, never switch to a different table to plan a repetitive dive,

The DCIEM Tables

The DCIEM Sport Diving Tables, distributed by Universal Dive Tech-
tronics of Toronto, were derived from the air decompression model
developed in 1983 by Canada’s Defence and Civil Institute of Environ-
mental Medicine (DCIEM). The DCIEM model was based, in part, on
earlier work by researchers Kidd and Stubbs, whose model differed
from the more traditional Haldanean model in the number and pre-
sumed arrangement of the mathematical compartments.

Although the DCIEM Tables are relatively new to the recreational
diving community, scientific, commercial, and technical divers have
used them for a number of years. Today most of the North American-
based diver training organizations, along with a number of govern-
ments and naval authorities around the world, have approved the
DCIEM Tables for use.

Not only do the DCIEM Tables differ from the USN Tables in the
theoretical design, they also differ in their format and use. Again, using
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Why Do Tables Give Different Limit:
You’ve undoubtedly noticed that the four tables discussed in this

chapter each give differing results regarding the same dive profile.
Divers often ask, “How is this possible?”

The answer has to do with the fact that dive tables and computers
differ in their scope and intent. For example, the Navy constructed its
dive tables for decompression diving, meaning it expected the diver
would intentionally exceed the no-stop limit. A decompression model
must assume that “slow” tissue compartments load with much higher
nitrogen levels than for a no-decompression model. Any table designed
for decompression diving (as well as any table derived from a decom-
pression model) must also take into account that a repetitive dive may
be preceded—and in some models even followed—by a decompression
dive. Therefore, a decompression table must mandate long surface
intervals to allow the slow compartments to unload the high level of
nitrogen absorbed on a decompression dive. These long surface inter-
vals, however, occur regardless of whether the previous dive was a
decompression or no-decompression dive.

Conversely, the RDP is a special application table intended solely for
no-decompression (no-stop) diving. This is an important distinction
because, according to DSAT researchers, in most cases a no-decom-
pression model does not have to be limited by the lengthy outgassing
process required by the slower compartments of a decompression
model. What's the practical consequence of all this? In a no-decom-
pression model, because a repetitive dive is never preceded by a

the same sample dive profile as before, you're making a dive to 58 feet
for 32 minutes. As shown in Figure 3-6, you begin with Table A. As
you did with the other tables, locate the exact or next greater depth.
The depth column is at the extreme left. In this case you should select
060 feet.

Next, move to the right and you'll find four boxes under the heading
“No-Decompression Bottom Times.” Again locate the exact or next
greater number—in this case, 40. Next to the number 40 is the letter E.
This is your repetitive group, and you'll use this letter to enter Table B,
shown in Figure 3-7.

Your surface interval is 45 minutes. The row at the top of Table B
represents time spans. Here, as in our previous examples, the table
expresses time in the familiar hour and minute format. Column two
indicates the time span of between 30 minutes (0:30) and 59 minutes
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d_ecompression dive, the surface interval does not need to be as restric-
tive as in a decompression model. This means the resulting no-decom-
pression limits for a repetitive dive are less restrictive as well.

This idea was pioneered in the mid-1980s by the RDP’s developer,
Dr. Raymond Rogers, and validated by test trials in both the chamber
and open sea. The hundreds of thousands of dives performed using the
RDP since then demonstrate a pragmatic success of Rogers’ approach
for recreational diving.

The trend in both recreational and technical diving is toward special
tables dedicated to particular needs. The is exacily what the RDP is—a
no-decompression repetitive dive table.

Although the other tables examined in this chapter are used by
recreational divers for no-decompression diving, they were derived from
models that make decompression diving possible.

Furthermore, it's incorrect to determine the relative safety of dive
tables by comparing numbers and assuming that the more conservative
is the safest. The only way to determine the safety of a dive table is by
evaluating its ability to prevent DCS. Given our limited understanding of
the decompression phenomenon, all of the tables examined in this
chapter have been shown to do a good job of prevention when they are
used correctly.

Ultimately, what's important are not the differences in the dive tables,
but that you plan your dive properly by using whatever table you decide
Is most appropriate for you,

(0:59). Your 45-minute surface interval falls within this span, so this is
the column you should use, This column intersects the E-group row at
a box containing the number 1.6. You will use this number to calculate
the amount of excess or residual nitrogen in your body. It's called a
Repetitive Factor or simply RF. The highest RF is 2.0, and the number
decreases as your surface interval increases.

A repetitive dive is any dive where your RF is greater than 1.0. Thus,
if your RF is 1.0 or less, merely go back to Table A to plan your next
dive. If your RF is greater than 1.0, enter Table C. In our example, your
RF is 1.6, so, you'll enter Table C [Figure 3-7].

Enter Table C from the depth column at the extreme left. As your
second dive is to a depth of 50 feet, find the SO-foot row. Next, locate
vour RF of 1.6 along the top row, then find the box where the 50-foot
row and 1.6 column intersect. This is at the box containing the number
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38. You have just determined that you could remain for as long as 38
minutes on your second dive.

Finally, how do you determine your decompression status after the
second dive? This is vitally important if you plan to make still another
dive. Let's assume, for example, that although you could have re-
mained at 50 feet for 38 minutes, you chose to stay only 30 minutes on
your second dive. To determine your decompression status you must
return to Table A. But to do so, you must first determine your Effective
Bottom Time (EBT) for the second dive. To do this multiply the bottom
time of your second dive by the RF of 1.6. In your case, 30 minutes
times 1.0 equals an EBT of 48 minutes. (You can also determine EBT

with a special table that accompanies the DCIEM Tables; a copy is also.

included in the instruction bocoklet.)

Back on Table A, locate the 50-foot row. Moving to the right you
find that 50 is the next greater number to your 48-minute EBT. Your
repetitive group after the second dive, which appears next to the num-
ber 50, is E.

Unlike the other tables we've looked at, the DCIEM Tables contain a
depth correction table for use at altitude (Table D in Figure 3-7). Al-
though you can use other tables at altitude, they will require various
conversion factors or special procedures not found on the tables them-
selves. This self-contained altitude capability is handy for those who
regularly dive 1,000 feet or more above sea level.

SOME PARTING WORDS

According to statistics from the Divers Alert Network, somewhere
between 700 and 800 recreational divers seek hyperbaric treatment for
decompression illness each year. You could conclude that, given the
millions of dives made each year, the risk of injury while diving is quite
low (a risk comparable to bowling, according to one recent study). Yet,
if you are the person who is bent, even one accident is too many.

Although proper use of dive tables cannot guarantee you will avoid
DCS, you are a lot less likely to become a statistic by learning to use
dive tables correctly and conservatively. There is no clearer application
of what your mama used to say: “An ounce of prevention is worth a
pound of cure.”
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CHAPTER FOUR

Turning on a
Computer Shouldn’t
Mean Turning Off
Your Brain

Using Dive Computers Wisely

ost of us have grown up depending on technology. It brews our

morning coffee, operates the computer we use at work, and con-
trols the jumbo jet that whisks us away to exotic diving locations. We
are, in fact, so dependent upon technology that we usually accept it
even if we don’t understand it. Yet, an uninformed acceptance some-
times keeps us from enjoying its full benefits, and in some cases can be
outright dangerous.

As divers, when we think of high technology what usually comes to
mind are dive computers. In only a few years, the number of divers
using computers has exploded to an unimagined level. Today about
half of all recreational divers use one. The reason is simple. These
wondrous little devices have helped free us of the tedious burden—
and potential human error—of using dive tables. They also provide
certain advantages that many dive tables cannot, such as keeping track
of your decompression status during a multilevel dive.

To use a dive computer wisely means we must understand it. In
learning about dive computers, once we get beyond understanding
their operating procedures, a lot of basic questions arise. In the first
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part of this chapter we’ll look at where the idea for dive computers
came from, and how the idea evolved into the instruments we use
today. Next, we'll explore what's inside those little black boxes, how
they work, and why they often vary from model to model in the infor-
mation they give you. We'll also discuss how to make an informed
decision when you purchase one.

In the second part of the chapter we’'ll move from the realm of the-
ory to practice. We'll first look at the important difference between
computer-assisted versus computer-dependent diving, and examine
both the capabilities and limitations of dive computers. The final seg-
ment will delve into practical “how-to” techniques for using your com-
puter in a safe and responsible manner.

A QUICK AND DIRTY HISTORY

Divers are often surprised to find out that the idea of a mechanical
device o determine decompression status is quite old—much older
than the microprocessor.

Before Microprocessors—The Stone Age

A U.S. Navy report submitted in 1953 suggested the development of a
mechanical device to monitor the decompression and air consumption
of the new “underwater swimmers”™—their name for scuba divers. The
report even provided a basic design for such a device.

In 1955, following the advice of the Navy’s report, the Foxboro Elec-
tronics Corporation developed a prototype device. Dubbed the
Foxboro Decomputer Mark I, it was a pneumatic design that used a
system of springs, bellows, and porous resistors to simulate nitrogen
absorption and elimination. It contained two tissue compartments—
40 and 75 minutes. Unfortunately, the Navy Experimental Diving Unit
(EDU) found that the Mark [ was inconsistent with Navy decompres-
sion tables. The Navy returned the device for redesign; Foxboro never
resubmitted it for further evaluation. But, the project proved the practi-
cality of a dive computer.

The next mechanical dive computer was one that many recreational
divers of the 1960s and '70s probably remember—the SOS Meter, It
was designed and manufactured by the SOS Diving Equipment Com-
pany of Italy in 1959 and distributed initially in the U.S. by the Health-
ways Corporation, and later by the Scubapro Corporation.
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The SOS Meter was a
wrist-mounted device made
of plastic (later of stainless
steel) and looked like a
wind-up alarm clock. Tt
operated on a “single-tis-
sue” concept. Upon de-
scent, increasing pressure
compressed a flexible gas-
filled bag. The compres-
sion squeezed gas through
a porous, ceramic element
into a constant volume
chamber. The rate of gas
exchange through this el-
The first dive computer to enjoy commercial suc- ement, the designers as-
cess, the SOS Decompression Meter was a non- sumed, was the same as
digital, pneumatic device. But, after empirical nitrogen absorption in the
testing, serious questions arose about its safety. body. On ascent, the pres-
sure in the constant vol-
ume chamber increased,
and gas passed back into the bag via the ceramic element. This rate
was assumed to be the same as nitrogen elimination in the body.

Although used by thousands of divers for many vears, serious con-
cerns arose after scientific evaluation of the device. Test results showed
the SOS Meter to be more conservative than the U.S, Navy Dive Table
limits on dives shallower than 60 feet. But it was less conservative on
dives deeper than 60 feet. The device is no longer distributed in the
U.S., although it's still available in Europe.

In 1962 important research into dive computer technology began at
the Canadian Forces Institute of Aviation Medicine and Canadian
Defence Medical Laboratory in Toronto (the forerunner of DCIEM) by
Kidd and Stubbs. By 1965 they developed the pneumatic analog
decompression computer (PADC). It used the four-compartment Kidd-
Stubbs decompression model (see Chapter Two), Extensive tests
revealed this device to be highly effective. Manufactured for commer-
cial and military use, the PADC was never intended for the recreational
diving market. It was expensive and needed extensive maintenance.

The first electronic analog (nondigital) decompression computer
was developed by Texas Research Associates in 1963. Dubbed the
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TRACOR Electronic Analog Computer, it used a series of electronic
resistors and capacitors to simulate absorption and elimination of nitro-
gen in the human body. Once again, an evaluation by the Navy EDU
found the device gave inadequate decompression, particularly for long,
deep dives. The evaluation also pointed up the most significant factor
complicating the development of electronic dive computers—the sensi-
tivity of electronic componentry to extreme temperatures. The temper-
ature ranges encountered by divers presented enormous technical
problems, which wouldn’t be solved for almost 20 years.

In 1973 General Electric offered a new approach to the problem. To
simulate nitrogen absorption and elimination, GE used semipermeable
silicon membranes. It developed a four-tissue compartment device that
tests showed to be highly effective in simulating the U.S. Navy decom-
pression schedules. For unexplained reasons, however, GE did not
continue development of the device.

Picking up on the semipermeable silicon technology, Farallon
Industries, a diving equipment manufacturer, in 1975 developed a
device similar to GE’s. Dubbed the Decomputer, this was the first dive
computer introduced to recreational divers since the SOS Meter in the
late 1950s. The Decomputer used a two-tissue decompression model.
A gas-filled bag, when subjected to pressure, forced air across two
membranes—one “fast” and one “slow.” On ascent the expanding gas
passed through the “offgassing membrane,” simulating nitrogen elimi-
nation. Unfortunately, during independent testing this device gave no-
decompression limits in excess of the U.S. Navy Tables.

All Hail the Microprocessor!

By the late 1970s and early 1980s important technological advances
revolutionized dive computers. Low-cost microprocessors with minimal
power requirements had become commonplace. And designers solved
the temperature sensitivity problem of pressure transducers. (A pres-
sure transducer is a device that senses external pressure and converts it
into an electronic current.) The pieces of the puzzle needed to solve
the dive computer dilemma were ready.

One method of using microprocessors is to program a decompres-
sion model into the memory of the computer. This type of device is
called model-based. Using time and pressure (depth) information, the
microprocessor computes the diver's decompression status by using a
set of mathematical instructions (called an algorithm) imprinted on a
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computer chip. An algorithm is merely an equation or series of mathe-
matical steps designed for a specific task—such as computing nitrogen
absorption and elimination.

Another way oft using microprocessor technology, although not
quite as useful, is to program actual dive tables into the computer’s
memory. The device then “reads” the tables according to the depth and
duration of the dive. This type of computer is called table-based.

The earliest work with digital microprocessors occurred in the mid-
"70s at DCIEM under the direction of scientist Ron Nishi and resulted in
the XDC Digital Decompression Computer series. The XDC-1 was a
desktop dive calculator programmed with the highly successful Kidd-
Stubbs decompression model. The device was not carried underwater,
but instead was used for planning and analyzing dive profiles.

The next generation—the XDC-2—required less maintenance and
calibration. Although still not a diver-carried device, it was designed for
surface-supplied diving and hyperbaric chamber operations. Later pro-
grammed with the DCIEM 1983 decompression model, the XDC-2 was
used in validating the DCIEM tables discussed in Chapter Two.

The XDC-3, a diver-carried device, solved the problem of free-swim-
ming scuba divers. It provided most of the information of the XDC-2
but operated on batteries. The drawback was that, because low-power
components and digital displays were not available at the time, the
XDC-3 had an enormous power requirement. In cold water it could
drain four 9-volt transistor batteries in only four hours. This expense
and inconvenience made the XDC-3 impractical for most recreational
divers to use.

In 1978, Kybertec International, a company that spun off from a firm
involved in developing the XDC series, designed and marketed the
Cyberdiver. A variation of the XDC-3, designers programmed the
Cyberdiver to read the U.S. Navy Tables. The device connected to the
diver’s high-pressure hose and also provided a read-out of tank pres-
sure. Using only one standard 9-volt battery, it was a more practical
device for recreational divers than the XDC series. The next genera-
tion—the Cyberdiver I[I—went back to the model-based approach
using the reliable Kidd-Stubbs decompression model.

Unfortunately, the Cyberdiver series was expensive, bulky, required
periodic recalibration, and was plagued by a water leakage problem.
Only about 700 units were sold, and the device was discontinued in
the early 1980s. However, the introduction of the Cyberdiver was an
important milestone in the evolution of dive computers. Exposure to
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the device, although lim- [FE eyl B '

ited, was one of the fac-
tors that sparked interest
in computer technology
among recreational divers.

In the late '70s, the Da-
cor Corporation returned
to the table-based approach
for a short-lived project to
create its first dive com-
puter—the DDC. Like the
Cyberdiver II, the DDC read
the U.S. Navy Dive Tables
according to the diver's ac-
tual dive profile. Like other
devices of the time, the The Edge, manufactured by Orca Industries, was
DDC was power hungry, one of the first microprocessor-based dive comput-
requiring special expen- ers used extensively by recreational divers.
sive batteries. For this rea-
son, and due to the inability
to purchase enough memory chips, the DDC was never mass-produced.

In 1983 the first commercially successful microprocessor dive com-
puters were introduced. These were the Edge, produced by U.S.-based
Orca Industries, and the Decobrain I, produced by the European-based
Divetronic Corporation.

Each took a different approach to solving the decompression prob-
lem. The Edge was a Haldanean model-based device. Decobrain I was
table-based using the high altitude tables of Dr. Albert Buhlmann, a
researcher at the University of Zurich. Divetronic later introduced a
model-based version—the Decobrain ll—along with several software
upgrades. (Buhlmann’s decompression model, or some variation, is the
basis of most dive computers with high altitude capabilities.)

Soon after the introduction of the Edge and Decobrain, several other
manufacturers introduced dive computers. A collaborative effort
between Oceanic and the U.S. Divers Company resulted in a device
that displayed both the diver's decompression and air-supply status.
The Oceanic version was called the DataMaster 11, and the U.S, Divers
model the Data Scan 2.

From these preliminary devices many refinements and innovations
have occurred. Today about two dozen models are available. Some
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provide only minimal no-decompression information. Others give
extensive decompression provisions allowing dives far beyond the
recreational diving limit of 130 feet. Many computers now have down-
loading capabilities. This means that with the proper connecting hard-
ware, the data collected can be transferred to a desktop computer to
log and analyze the dive profile.

The most recent dive computers allow the user to change some of
the parameters in the program, such as the percentage of oxygen in the
diver's gas mixture. Although this is an irrelevant feature for recrea-
tional divers, it does accommodate the needs of the growing number
of technical divers who use altered gas mixtures, such as enriched air nitrox.

THE ANATOMY OF A DIVE COMPUTER

While divers have lots of models from which to choose, virtually all
dive computers on the market today work in the same basic way.
Schematically, dive computers contain eight elemental components.
(See Figure 4-1).

Power source: This provides the electrical power for all other com-
ponents. As dive computers vary significantly in their power require-
ments, the power supplies differ greatly. Some use extreme long-life
batteries that must be replaced by the manufacturer or dealer. Others
use shorter life, user-replaceable batteries. For this reason, the type and
amount of diving you do and the availability of technical support
should be important criteria in selecting a computer.

Display: Like the power supply, this component differs widely
among the various models. The display tells divers their decompres-
sion status and, if so designed, other vital information. Usually, the dis-
play reads out only the status of the controlling tissue compartment.
While underwater, all devices provide a depth read-out and remaining
no-decompression time. Should the diver exceed the no-decompres-
sion limits, the device provides information for the depth and time of
required decompression stops. A few computers graphically display
how much nitrogen your body has absorbed. Once at the surface, it
also tracks outgassing. The diver gets his decompression status as con-
stantly changing no-decompression times. Usually, the display scrolls
the information throughout the surface interval so the diver has a way
of planning a repetitive dive.

Internal clock: This keeps track of bottom time and surface inter-
vals. The internal clock also dictates the rate at which the computer
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COMPUTER COMPONENT SCHEMATIC
Power
Pressure Analog to Digital Supply
Transducer Converter
RAM [ Internal
Microprocessor Clock
ROM
Display of
Dive Status

A schematic of a modern dive computer.

calculations take place. An advantage of digital technology is that it's
more accurate than most analog timepieces.

Pressure transducer: This component senses the ambient pres-
sure, then converts it into an electrical current. The voltage of the cur-
rent varies according to the amount of pressure sensed,

Analog-to-digital (A/D) converter: The basic language of all com-
puters is the binary or digital code. The electrical current from the pres-
sure transducer, therefore, must first be transformed into a digital
signal. Only then can the computer make sense out of the information
provided by the transducer. The A/D converter does this, making the
information provided by the transducer readable to the computer.

Read Only Memory (ROM): A silicone microchip, this component
contains the instructions for the computer, Information encrypted on
the chip is unalterable except by the manufacturer. It contains informa-
tion such as the compartment half-times and M-values of the decom-
pression model. It also tells the microprocessor what steps to perform.

Random Access Memory (RAM): This component stores the dive
data and the results of the various calculations made by the micro-
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processor. Information stored here is what the device processes as it
scrolls during the surface interval or downloads to a desktop computer.

Microprocessor: This is the brain of the dive computer. It takes
information from the A/D converter, along with input from ROM and
RAM, and performs all the mathematical computations.

How Computers Handle Calculations

While all dive computers are similar in the way they operate, there are
important differences in how they derive information. We have already
seen how model-based devices differ from table-based ones. Now let’s
look at a few other important differences.

One term often used to describe computer models is modified Hal-
danean. Actually this term is a poor description. With one exception,
all dive computers on the market today use essentially a modification
of Haldane’s original decompression model. The modifications usually
involve the specific values and number of half-times and the maximum
allowable surfacing pressures (M-values). All dive computers use M-
values more conservative than those used in the U.S. Navy Tables.

The other term sometimes used to describe computer models is
table-based. As explained earlier, this refers to a computer that reads a
set of dive tables programmed into its memory. Except for a timepiece
produced by a popular watch manufacturer, however, table-based com-
puters have been discontinued because of their extreme conservatism.

A better means of describing the models used in dive computers is
by examining how it handles offgasing. There are two distinct
approaches., One assumes that offgasing occurs exponentially—the
same way ongasing occurrs. As we saw in the last chapter, this is some-
times called the E-E model, meaning “exponential in/exponential out.”

E-E model-based devices control repetitive dives by whatever tissue
compartment is in control at the moment. For example, let’s assume a
diver is planning a series of dives to 120 feet. (This example was cho-
sen to illustrate a theory; such deep repetitive diving isn't a wise idea
as an actual practice.) The 5-minute compartment normally controls
no-decompression dives to this depth. If the diver planned to return to
120 feet for a repetitive dive, an E-E model computer will base surface
outgassing on the S5-minute compartment as well. This means the
model assumes the diver’s nitrogen level will drop very quickly. Thus,
the device allows another dive to 120 feet after only a short surface
interval. The problem is that practical experience and controlled stud-
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Which is the Best Computer to Bu)

ith the proliferation of dive computers, how do you know which one
to buy? This is much like asking, “Which car should | buy?” While
you'll get a lot of different opinions, the only reasonable answer is, “It
depends.” Just as no single car could possibly suit the needs of every
driver, no single computer could possibly suit the needs of every diver.
Each diver must answer the question of “which is best” for himself or
herself, based on a myriad practical factors. For example, which type of
diving do you do most often—shallow? deep? multilevel? Is it important
that your computer handle decompression as well as no-decompression
situations? Do you want the computer to monitor your air supply? Is the
lite of the battery, and who can
replace it, an important consid-
eration? How much information
would you like to recall for log-
ging purposes; do you want to
be able to download to a per-
sonal computer? How much will
the computer cost, and what
kind of follow-up service can
you expect?
Beating the Bends is not

about computers but rather
how to avoid DCS. So, it's be- The ‘best” computer is the one that meets

yond the scope of our discus- Your personal needs. All dive computers
sion to cover individual devices. ~ Will do their job—if used properiy. Remem-
Besides, as with most technol- ber, no mechanical device can take the
ogy, it changes so fast that by place of good ol common sense.

the time such information is in
print, it's already outdated. For the most up-to-date facts about the mod-
els currently on the market, see your local dive store—or better yet,
enroll in a course on computer-assisted diving.

In the final analysis, all computers do what they are designed to do
quite well. If you use them according to the manufacturer’s instructions
and with common sense, they'll do the job safely. You should base your
purchase decision on your needs and on the quality of service and train-
ing you'll receive, not on any theoretical factors such as the decompres-
sion model or how many tissue compartments it contains. It's probably
not a good idea to purchase a dive computer second-hand or by mail
order. Choose a reputable local dive store where you can discuss your
needs with a qualified instructor or knowledgeable salesperson.
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ies have shown repetitive dives beyond 80 feet—particularly with short
surface intervals—to be very dangerous. Yet, while some have ex-
pressed concern over the E-E model, they do have a history of reliabil-
ity and safety. In addition, some E-E devices—notably those using
algorithms based on the work of Dr. A.A. Buhlmann—are the most
conservative on the market. (They use extremely conservative M-values).

The second class of dive computers calculate the decompression
status of the initial dive as E-E models do (shifting tissue control during
shallow portions of the dive). The difference is they base surface out-
gassing not on the controlling compartment of the dive, but on a pre-
determined compartment to control offgasing, regardless of the controlling
compartment at depth. In devices of this type, the controlling compart-
ment is the 60-minute half-time. Research conducted by the Diving Sci-
ence and Technology Corporation in developing PADI's Recreational
Dive Planner is the rationale for using the 60-minute compartment.

In leaving the discussion of how computers work, it must be
stressed that we are still a long way off from having the “ultimate algo-
rithm.” According to Dr. Bruce Wienke of the Advanced Computing
Laboratory at the Los Alamos National Laboratory, and noted author on
decompression issues, the ultimate algorithm would involve considera-
tion for more than merely dissolved gas absorption and elimination. It
should also take into account bubble nucleation theories and collision
coalescence (how small bubble meet and join into one). While it’s pos-
sible to construct such models, Wienke stresses, they are extremely
complicated and would require the use of sophisticated supercomput-
ers. Even using today’s highest technology computers and equally
advanced algorithms, as much as a full day or more of number crunch-
ing would be required for the computer to determine the solutions. We
won’t have these kinds of capabilities in the computers we carry
underwater for quite some time.

COMPUTER-DEPENDENT VS.
COMPUTER-ASSISTED DIVING

Not so long ago a friend of mine—a certified instructor—returned from
a deep wreck dive to 120 feet. He had dived the wreck many times in
the past, so, the dive itself wasn't remarkable. What was remarkable
was that he had already made two prolonged shallow dives on a
nearby reef that same morning. As an instructor, he was certainly
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aware that a deep dive should
never follow a shallow dive. Curi-
ous to find out the reason he
ignored a basic rule of decompres-
sion safety, I asked him why he
would make such a deep repeti-
tive dive. His reply: “My computer
said it was okay.” What, I won-
dered, would he have done if his
computer had told him to jump off
the roof?

The incident pointed out an in-
creasingly common problem among
divers: When faced with making
decisions, knowledge and com-
mon sense often lose out to tech-
nology. Certainly, it's easier to read
some numbers off a computer dis-
play than to think. Yet, the best
computers on earth have yet to
match the capabilities of the hu-
man brain. And no program in
existence has the subtlety and so-
phistication of simple common
sense. Turning on your computer

PHOTO 4-3

Dive with the assistance of a computer,
but don't be dependent upon it. Blind
faith in technology is always an invitation
to disaster.

shouldn’t mean turning off your
brain.

At issue is the difference between computer-assisted diving and
computer-dependent diving. Dive computers can aid the decision-mak-
ing process; they should never dictate it. Used properly they are excel-
lent tools. If, however, we follow them blindly without regard to
common sense, they can lull us into behavior that is both stupid and
dangerous. My friend the instructor is an excellent example.

What Computers Can Do...and What They Can’t

A lot of misconceptions surround dive computers, as an incident at a
seminar a few years ago will illustrate. During the program, an engi-
neer for a dive computer manufacturer told an enlightening story. He
had received a letter from a diver who had bought his company’s
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device. An experienced diver, she was very complimentary of the
wrist-mounted model she used. But she expressed some serious reser-
vations. She explained that a friend had purchased the same computer.
Unlike her wrist-mounted device, his was a console-mounted model.
This was the source of her concern, because in her letter she asked, “If
my buddy doesn’t wear the computer on his wrist, then how can it
monitor his blood?” For an experienced diver to hold such an incredi-
ble misconception shows just how little many divers really understand
about dive computers,

Let's begin by clarifying that dive computers are not blood-gas mon-
itors. Like your digital wristwatch or hand-held calculator, they only
“crunch numbers.” Dive computers do not and cannot tell you what's
actually happening inside your body. As you know now from reading
Chapter Two, no one even knows for certain if there’s any real physio-
logical basis to any existing decompression model, What's pro-
grammed into the memory of a dive computer is nothing more than a
mathematical prediction model. Assuming no unusual circumstances,
these models normally work quite well. But, they are not infallible.
They have no way of knowing, for example, if you are overweight, are
engaging in strenuous exercise, or partied until four in the morning. In
fact, even when used within the parameters called for by their design-
ers, computers sometimes still can’t prevent DCS. The same, of course,
is true of dive tables.

Does this mean that dive computers are dangerous? Absolutely not.
It means that, as with any form of technology, the information they
provide should be only part of what goes into making a decision. To
use dive computers wisely, you must follow a few guidelines, regard-
less of what the information tells you in the display.

GUIDELINES FOR SAFE COMPUTER USE

1. Follow the manufacturer’s instructions: Proper computer use
begins with familiarizing yourself with the manufacturer’s instructions
and recommendations. These instructions—contained in the owner’s
manual—will explain how to operate the computer. Some devices, for
example, have on/off switches. Others activate automatically. You will
also learn what information the computer will provide, how to read the
display and what circumstances are beyond its capabilities. (While all
dive computers handle no-decompression diving, they vary greatly in
how they handle decompression diving.)
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2. Your tissues must [EIE[eRfoN B!

be “clean” before using
a computer: When you
turn a dive computer on
(initialize, in computer jar-
gon), it assumes that you
have not made any pre-
vious dives. If you have
made a dive, you should
wait at least 18 to 24 hours
for the nitrogen level in
your body to return to
normal before using a
dive computer.

3. Be careful about
loaning your computer: A dive computer isn’t a panacea for decompression
After making a dive using sickness. Like any calculator, they do nothing more
a computer, that device than “crunch numbers.”
cannot be used by an-
other diver—unless it is
reinitialized. How you reinitialize a computer varies according to the
model. Devices equipped with on/off switches are reinitialized when
they are turned off and then on again. Others provide a magnet that,
when placed over the display, erases all memory of previous dives.
Once activated, some computers cannot be reinitialized. This is to pre-
vent accidentally turning off the device and losing all the data. While
this design feature makes the computer foolproof, it also prevents its
use by another diver until it has completed its outgassing calculations.

4. Buddies should never share a computer: One of the most
potentially dangerous practices is sharing a single computer among a
buddy team. No matter how conscientious divers are about staying
together, buddies never dive the exact same profile. This means only
the buddy wearing the computer will get valid data on his decompres-
sion status. Either both buddies should wear their own computer, or
you must plan the dive using dive tables. There are no other safe alter-
natives. Incidentally, by basing the dive plan on the most conservative
device, you can build an extra measure of safety into the dive.

5. Never turn your computer off if you expect to make a repet-
itive dive: For you to be able to make a repetitive dive, your computer
must retain all information from previous dives within a certain period.
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If you turn it off by mistake, all memory of previous dives is lost, and
the computer cannot be used for repetitive diving. (As noted before,
some computers prevent this problem by not having an on/off switch
so the device ,cannot be turned off once initialized.) Exactly what con-
stitutes a repetitive dive varies according to the model you use. Some
devices assume you are completely outgassed in as little as six hours.
Other models assume outgassing can take 48 hours or longer.

6. Avoid diving to limits: The worst example of abandoning com-
mon sense for technology is continuing a dive until the no-decompres-
sion limit is at or near zero. This is sometimes called “riding the zero”
and can be an extremely dangerous practice. When you’re diving
below 80 feet, always begin your ascent—either to the surface or a
shallower depth—while the display shows at least 3 to 5 minutes
remaining . When diving above 80 feet, begin your ascent with at least
10 minutes remaining. What we know about decompression sickness is
far from complete. Diving to a computer’s limits is like a test pilot
“pushing the envelope” on a new aircraft design: It might work, but
then again, it might not. The consequences of the wrong outcome are
far too great to risk a few more minutes of bottom time.

If you do accidentally exceed a no-decompression limit, your com-
puter will give you information on the depth and time for a decom-
pression stop. Unlike a safety stop, this is a requirement, not a
suggestion. After decompressing, you should remain out of the water
for at least 12 hours before making another dive—regardless of what
your computer tells you.

7. Ascend at the proper rate: The ascent rates programmed into
computers vary according to the model you use. They range from 60
feet to less than 30 feet per minute. Whatever the rate specified for
your device, it's very important that you not exceed it (slower is okay).
One of the many benefits of using a computer is its ability to function
as an ascent rate indicator. Should you exceed the specified ascent
rate, the display will flash, or you will hear an audible beep, warning
you to slow down. Learn to be attentive to this valuable safety feature.

8. Always make a safety stop: Safety stops are among the best
measures to prevent decompression sickness. Halting your ascent for 3
to S minutes at a depth between 10 and 20 feet allows nitrogen in the
faster compartments to release more efficiently. The stop also slows
your ascent rate. On multilevel profiles, an even better practice is to
complete the final portion of your dive in water 20 feet or less. This
allows you to continue to enjoy the dive rather than just blowing bub-
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bles in mid-water. Safety stops are doubly important on dives below 60
feet or on any dive where you are within 5 minutes of a no-decom-
pression limit. We'll discuss more about safety stops in Chapter Five,

9. Avoid deep repetitive dives: Most divers know their deepest
dive of the day should be their first. Statistically, deep repetitive dives
account for a significant percentage of DCS incidents. To avoid being
one of these statistics, limit all repetitive dives to 80 feet or less—
regardless of what your computer says you can do.

10. Avoid decompression dives: Some dive computers are very
sophisticated. They will give you your decompression status far
beyond the no-decompression limits. But, even though some devices
will let you make decompression dives, the best advise is don’t do it.
Decompression diving is extremely dangerous. It requires extensive
planning and support. In fact, it violates the very definition of “recre-
ational diving” (no-stop diving, no deeper than 130 feet). Even taking
the appropriate precautions won't eliminate a higher-than-normal risk
of DCS compared with no-stop diving. Many researchers believe that
the popular models used today to predict no-stop diving are inade-
quate for predicting profiles requiring stops. While others disagree, the
point is nobody knows for sure. All that is certain is that statistically the
risk of DCS increases significantly when you exceed no-stop limits.
Until we learn more about why this happens, it’s foolish to risk your
health merely for more time under water.

11. Know what to do if your computer fails: If your computer
should fail during a dive, terminate the dive immediately and follow
the manufacturer’s instructions in the owner’s manual. If you don't
remember the instructions, begin an immediate ascent, making a safety
stop for at least 10 minutes at 10 to 20 feet before surfacing. If your
computer fails during a surface interval, you could continue to dive
provided you don’t exceed a depth of 25 feet.

You might also be able to make a single repetitive dive deeper than
25 feet. Here’s how it works: While on the surface, the computer will
go into “scroll mode” and read out a series of depths and adjusted no-
decompression limits. Get in the habit of recording this data in your
logbook. Then, if the device fails, you'll have the information to make
a second dive deeper than 25 feet. A third repetitive dive deeper than
25 feet will, of course, not be possible, Remain out of the water for at
least 12 hours when switching from a computer to dive tables.

12. Know when it’s safe to fly: With the increasing popularity of
dive computers, there is special concern over the flying-after-diving
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issue. Generally, dive computers handle flying after diving in one of
two ways. Some devices do not indicate a waiting period before flying.
Instead, they defer to industry guidelines such as the DAN recommen-
dation detailed: on page 102, Others provide specific indications of
when flying is permitted.

The problem is that some devices suggest far less time before flying
than the DAN guideline. Some contend that this reduced time interval
is reasonable because the computer is basing its calculations on your
specific dive profile, not a recommendation for all divers. Until we
know more about the silent bubble phenomenon, and computer mod-
els are refined to deal with the intricacies of flying after diving, it’s best
to be conservative, Many advise that dive computer users abide by
cither the current DAN guideline or the computer, whichever is the
more conservative,

SOME PARTING THOUGHTS

Experts in the field of diving physiology disagree on what's the best
decompression model. But most agree the decompression phenome-
non is probably far more complex than current models assume. Sci-
ence also knows that no existing model can predict the avoidance of
DCS with 100-percent certainty. Some dives even within a model
sometimes result in DCS.

Yet, these models are what designers program into the memory of
dive computers, The conclusion is that we are nowhere near the point
at which we can depend on technology alone for our safety. All we
can really count on to take care of us is our own intelligence and com-
mon sense. Use technology, but use it wisely. Remember, you need
tWo computers to dive safely—the one on your wrist and the one
between your ears.
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CHAPTER FIVE

The Recipe for
Absolute Safety—
Don’t Dive!

Reducing the Risk of DCS

‘x Thile theoretical discussions of decompression sickness may be
interesting, it's how we put this information into practice that
makes us safer divers. That's the purpose of this chapter—turning theory
into practice. A lot of misunderstanding and controversy surround
many of the issues we'll discuss. And much of what isn’t controversial
is clouded by scientific uncertainty. By sorting through the facts, opin-
ions, and misconceptions, however, you should get a better under-
standing of these issues and be able to turn knowledge into action.
The first section will explore two simple yet important techniques—
ascent rates and safety stops. We'll examine why and how you should
avoid high-risk diving practices such as bounce dives and reverse and
sawtooth profiles, along with the impact snorkeling has on bends risk.
We'll offer advice on how to maximize safety when making multiday
repetitive dives., And we’ll take an in-depth look at reducing the risk of
DCS when you combine diving with flying or simply driving to altitude.

ASCENT RATES

A common misconception among divers is that you must exceed the
no-decompression limit to make a decompression dive. Actually,
whether you exceed the limit or not, every dive is a decompression
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dive. Even if you don’t make a decompression stop, your body must
still slowly offgas excess nitrogen as you return to the surface. This
makes your ascent a form of decompression; and the rate of decom-
pression is controlled by how fast vou ascend.

Evolution of Ascent Rates

Early in your diver training you probably learned to ascend no faster
than 60 feet per minute (fpm). Many have assumed this rate, like holy
script, is immutable—at least until recently. A question often asked by
divers is, “How did they come up with this particular rate?” The story
behind the 60-fpm rate illustrates that many supposedly unalterable
rules have been determined in less-than-scientific ways.

According to Dr. Edward Lanphier, a former U.S. Navy medical offi-
cer, when the Royal Navy adopted Haldane’s decompression tables, it
implemented an ascent rate of 60 fpm to avoid hauling the diver up
past his first decompression stop. (Haldane’s original tables did not
have a specific ascent rate, only total time for ascent, which included
decompression time.)

When the U.S. Navy adopted the Royal Navy tables with little
change, it too instituted the 60-fpm rule, so it became the ascent rate
specified back in 1916 for the original U.S. Navy Bureau of Construc-
tion Tables. Somehow, for reasons never explained, The USN Diving
Manual of 1943 changed this rate to 25 fpm.

In the mid-1950s when the “new” U.S. Navy Tables were under
development, the ascent rate was a matter of some dispute between
the Navy's “deep-sea” divers and its new “frogmen” (scuba divers). The
deep-sea contingent wanted the then-current 25-fpm standard retained,
because it was a comfortable rate at which to haul up a surface-sup-
plied diver. The scuba-diving contingent objected, saying this was an
impossibly slow rate of ascent for a free-swimming diver. They advo-
cated a 100 fpm rate. As a practical human compromise—having no
particular scientific basis—the group settled for 60 fpm. It has been
with us ever since.

With the development of the Doppler Bubble Detector in the 1970s,
scientists conducted several studies of the Navy Tables. Each found a
high incidence of asymptomatic or “silent bubbles” present in divers
after surfacing from dives defined as no-decompression. Alarmed by
these results, some researchers advocated slowing the decompression
rate by slowing the ascent rate. This, they reasoned, would reduce
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silent bubbling and—they hoped—the probability of DCS. Satisfied,
however, with the performance of its tables in preventing DCS, the
Navy did not see any need to amend the 60-fpm ascent rate.

A Divergence of Opinion

With the introduction of modern microprocessor-based dive computers
in the early 1980s, the ascent-rate issue was thrown once more into the
spotlight. Following the advice of earlier dive-table studies, many man-
ufacturers opted for reduced ascent rates—some as slow as 30 fpm.
Others prescribed a variable ascent rate dependent upon depth. The
closer the diver got to the surface, the slower the ascent rate. Still other
manufacturers stood by the old standard of 60 feet per minute.

One of the primary advocates
of maintaining the 60-fpm stan-
dard was dive computer engineer
Dr. John Lewis. Using a computer
model with 1,500 tissue compart-
ments, Lewis made a convincing
argument that 60 fpm was an ade-
quate ascent rate. With his model,
he has shown that slowing the as-
cent rate has little impact on re-
ducing nitrogen pressures in tissue
compartments.

While Lewis may be correct
about the minimal impact a slowed
ascent rate has on decompression
safety, it is not the only considera-
tion. Decompression is only one
of the problems facing the diver
on ascent. The other is lung over-
expansion. But just how could a
slower ascent be helpful here?

Practical experience with more
than 30 years of scuba diving, cou-
pled with the best medical evi- Moderating your ascent rate—no faster
dence, indicates that humans can than 60 fom—and taking a safety stop
tolerate a 60-fpm ascent rate with-  are two of the most important steps you
out risking lung overexpansion. can take in reducing your risk of DCS.
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This assumes the diver is breathing properly, has no other history of
lung disease, and is actually ascending at the proper rate. This last
assumption is where theory and practice begin to diverge,

A simple observation on your next dive should confirm to you that
divers quite often ascend faster than 60 fpm. In fact, unless they have a
mechanical aid, divers usually have little idea of how fast they ascend.
Probably the only controlled study of ascent rates, conducted in the
1970s by Dr. Glen Egstrom at UCLA, showed the average ascent rate
among sport divers was between 120 and 160 fpm. The conclusion is
that the problem isn't the 60-fpm ascent rate; the problem is that divers
regularly exceed this rate, and often by substantial margins. Advocating
a rate of less than 60 fpm, therefore, might be a way of getting divers
to reduce their actual ascent rate to at least 60 fpm. Another method is
to use a mechanical device to gauge the ascent rate. As all dive com-
puters have an ascent-rate monitor, this becomes an important benefit
of computer-assisted diving.

So what's the final word on ascent rates? As in most issues involving
DCS, no one knows for sure. On one hand, little empirical evidence
exists to justify an ascent rate slower than 60 fpm as a way of increas-
ing decompression safety. From a practical standpoint, however, we
cannot ignore that divers often ascend at rates far greater than 60 fpm.
The best advice is to follow one of two practices:

(1) If you don’t use a computer, try to develop both the awareness
and skill to ascend at a rate slower than 60 fpm. This way, even if you
exceed your normal rate, you'll still probably not exceed 60 fpm.

(2) The better option is to use a dive computer and pay careful
attention to the ascent-rate indicator. Your ascent rate is a lot like a
speed limit on the highway. You can get away with going slower than
the limit. But, you'll eventually pay the price for going over it.

SAFETY STOPS

While there’s controversy over the value of reduced ascent rates,
there’s agreement on the value of safety stops. As this is sometimes a
confusing issue, let’s begin by looking at the difference between a
safety stop and a decompression stop.

A decompression stop is a required delay in the diver's ascent
before surfacing. This occurs when the diver exceeds the no-decom-
pression limit provided in the decompression model (table or com-
puter) he is using. Without such a stop, the diver will exceed the
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maximum allowable nitrogen level in one or more of his tissue com-
partments, making DCS a likely outcome (though not a certainty).

Conversely, decompression models do not require safety stops, A
safety stop is merely a way of incorporating an added margin of pro-
tection. By delaying the ascent, a diver accomplishes a slower and
safer elimination of nitrogen than ascending immediately to the surface.

Technically, a diver could opt not to make a safety stop—ascend
directly to the surface—and not violate the decompression model.
There are, however, compelling reasons to make safety stops.

The Evidence

For those who like facts to back up advice, none is more convincing
than a study conducted several years ago at the University of Southern
California’s Catalina Marine Science Center exploring how safety stops
could affect silent bubbling.

The hypothesis was that safety
stops could reduce silent bub-
bles; and a test was set up
where volunteer scuba divers
dove to 100 feet for 25 min-
utes (the no-decompression
limit of the U.S. Navy Tables).
One group of divers ascended
directly to the surface. An-
other group made a two-min-
ute stop at 10 feet before
surfacing. Still a third group
stopped for one minute at 20
feet and then four minutes at 10 feet before surfacing. All divers were
monitored for silent bubbles for two hours after surfacing.

The results are summarized in Figure 5-2. Note the high incidence
of silent bubbles in the no-stop group. Even more striking is that the
one-stop group drastically reduced its silent bubbles, and the two-stop
group almost completely eliminated them. If you accept that a relation-
ship exists between silent bubbles and DCS—as do most diving med-
ical experts—no more evidence should be necessary to convince you
of the value of safety stops,

Safety stops are important for another reason—they make you think
about your ascent. This is something many of us simply don’t do.

4 Direct Ascent
£.2 min. af 10 ft.
4.1 min. at 20 f.
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When the time comes to ascend, it’s common to head for the surface
oblivious to the ascent rate. If you plan to make a safety stop, however,
you are unlikely to ascend so thoughtlessly. By planning to stop before
surfacing you must ascend in a controlled, deliberate manner. This
gives you an added benefit as you approach shallow water.

Your safety stop should take place at a depth of from 10 to 20 feet.
If you remember back to your entry-level course, the greatest change
in volume in a flexible, air-filled container—like your lungs—occurs
between two atmospheres (33 feet) and one atmosphere (the surface).
So, the greatest danger from a lung overexpansion injury is in shallow
water. Your rate of ascent—particularly in shallow water—then
becomes an important factor not only in avoiding DCS, but lung over-
expansion, too. Even if you are breathing normally, shutting off your
airway by an innocuous action such as swallowing, combined with a
rapid rate of ascent, could result in a lung overexpansion injury. Slow-
ing your ascent as you approach the surface reduces the likelihood of
such an accident.

How to Make a Safety Stop

Assuming you're now convinced of the need for safety stops, the next
issue is understanding what circumstances warrant making a stop, and
how to do it properly. First, nothing is wrong with making a safety stop
after every dive. Planning a stop as part of every dive helps you main-
tain your neutral buoyancy skills, and makes you more aware of your
ascent rate. If, however, you wish to limit your safety stops to situations
when they are most important in avoiding DCS, the advice is simple:
You should make a safety stop at the end of any dive deeper than 60
feet or anytime you dive to or near (within about 3 to 5 minutes) the
no-decompression limit.

What follows are some guidelines for making an effective safety
stop. You should practice these techniques as part of every ascent.
That way, you'll develop good diving habits, and the procedures will
become second nature.

1. Never take the elevator: A proper safety stop begins as you
leave the bottom. Many divers get into a bad habit of adding air to their
BCD when they ascend and using this positive buoyancy to “take the
elevator” to the surface. You should never do this. A positively buoy-
ancy ascent is not a controlled ascent. Some air in your BCD can help
offset the effect of excessive negative buoyancy at depth. But, the
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effort of kicking is what [JE[elfeleta

should dictate the speed of
your ascent. Your buoyancy is
correct only if you stop as-
cending when you stop kick-
ing. If you don’t stop when
you quit kicking, you should
let some air out of your BCD.

2. Ascend hand-over-hand
when possible: You'll often
have a rope or line to aid your
ascent, particularly if you're
diving from a boat. If you do
have an ascent line, use it.
Ascending hand-over-hand on
a line, without kicking, is an
excellent way to control your
ascent rate and conserve en-
ergy. It also helps avoid kick-
ing the mask off any diver
below you. When in rough Making a safety stop requires good buoyancy
seas, however, be careful when  control skills and paying attention to your
using the anchor line of a  depth. Practice these techniques often.
boat. Severe pitching of the
boat can make the anchor line
difficult or even dangerous to handle. It could also pull you up several
feet through the water at a rapid, uncontrolled rate.

3. Practice your ascent rate often: Learning what a proper ascent
rate should feel like can be difficult. A good way to judge this is by
using a mechanical aid. Practice ascending at the proper rate with a
computer or ascent-rate indicator, Then, without the device, have your
buddy time you in an unaided ascent. Continue practicing until the
proper rate becomes second nature,

Another way of judging your ascent is simply to take the depth into
account. Your ascent rate should be no faster than 60 fpm, or 1 foot
per second. It should, therefore, take you at least the same number of
seconds to reach the surface as the depth from which you began the
ascent (ideally, a little longer).

4. Delete all air from your BCD before reaching 20 feet: Too
much air in your vest sometimes makes it difficult to halt your ascent
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as you reach shallow water. Prepare to stop by letting out air from your
BCD (buoyance compensator device) as you near the surface. By the
time you reach 20 feet, you should have little if any air left in your
BCD. Once at your safety stop, you can add a small amount of air to
offset any negative buoyancy.

5. Practice “hovering” often: You will not always have the aid of
an ascent line to help you. When you don’t, you'll have to maintain
your position at the safety stop using only your buoyancy control
skills. This is where “hovering” becomes an essential skill. Hovering is
the ability to remain absolutely motionless in mid-water by using your
BCD and breathing patterns. If you can’t hover well, the struggle to
maintain your position can cause you to exert a lot of energy. Heavy
physical exertion could interfere with the normal elimination of nitro-
gen and subject you to an increased risk of DCS. Relax and avoid exer-
tion while at your safety stop.

6. Be careful to maintain your depth: Safety stops should take
place in a depth range of 10 to 20 feet. But maintaining a precise depth
can be difficult in open water when the sea state is anything but calm.
In controlling your depth, tend toward the deeper end of the range,
Getting deeper in the water column makes you less subject to the
effects of surge and gives you a margin of error in case you begin to
ascend inadvertently. It also helps you avoid being hit by boats that
might pass overhead. Keep a constant eye on your depth gauge to
make sure you're not slowly descending or ascending.

7. Remain at the stop for an appropriate amount of time: The
general recommendation is to spend at least three to five minutes at
the safety stop. Some authorities, however, suggest that you remain at
the safety stop for either three to five minutes or a period equal to ten
percent of the bottom time of the dive—whichever is greater. The
point is, you can’t spend too long at a safety stop.

8. Forget the “be back with 500 psi” rule: It's common (o plan
your dive so you're back on shore—or on board the boat—with at
least 500 psi of air remaining. The purpose of this rule is to avoid run-
ning out of air while at depth and to save enough air to return to the
exit point. Actually, hurrying out of the water to save a certain amount
of air isn’t helpful. Instead, amend the rule to: Plan your dive so you
are at your safety stop with no less than 500 psi. It's better to exit the
water with no air remaining after making a safety stop than to exit with
500 psi having made no safety stop. The air that’s left in your tank can’t
help you avoid DCS.
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AVOIDING HIGH-RISK PRACTICES

Although it’s unclear exactly why, researchers and those who treat bent
divers know that certain practices put some divers at a higher risk of
getting DCS than others. These practices include various types of dive
profiles and making numerous repetitive dives over several days. Even
snorkeling may have some impact on DCS.

Problematic Profiles

Reverse Profiles: A reverse profile is a multilevel dive that starts in
shallow water and ends in deep. The term is also used to describe the
practice of making a deep repetitive dive after a shallow dive. Avoid
these situations at all costs. Always begin a multilevel dive at the deep-
est point of the profile, and ascend to gradually decreasing depths. Fin-
ishing a dive during the deeper part of a profile is also more dangerous
should an out-of-air emergency occur,

Sawtooth Profiles: As the name implies, a “sawtooth” profile is a
dive where you continually alter your depth. Avoid constantly ascend-
ing and descending, and try to stay within a consistent depth range.
Also, plan your dive so you don't have to ascend to check the location
of the dive boat or exit point. Maintain your orientation by learning to
use your compass and detect clues from the underwater terrain. When
multilevel diving, once you have ascended to a shallower portion of
the profile, never return to a deeper depth.

Bounce Dives: Bounce dives are short, deep dives made after a
previous dive to any depth. Many of us have seen—or are guilty our-
selves of making—the classic bounce dive. It usually starts as “just a
quick dive to retrieve the anchor.” Often, these “quickie dives” result in
yet another dive—one in a recompression chamber,

Multiday, Repetitive Diving: A Word to the Wise

The most important benefit of dive computers is that they allow you to
dive longer and more often. But, as with all good things, this comes
with a price. No decompression model so far—and thus no dive com-
puter—was designed and tested conclusively for multiple day, multiple
dive use. Yet, this is exactly the kind of diving sport divers do—partic-
ularly while vacationing at dive resorts. Statistical evidence from the
Divers Alert Network suggests that the divers at highest risk for DCS
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PHOTO 5-2 are those who make multiday, repeti-

tive dives.

To reduce your risk, DAN recom-
mends either of two common-sense
suggestions. One is to curtail diving
toward the end of the trip. The second
is to take a day off to go sightseeing or
just lay on the beach in the middle of
your trip. Either practice will help re-
duce your nitrogen levels and, hopefully,
your risk of DCS on a diving vacation,
You should also limit the depth of any
repetitive dive to a maximum of 80 feet.
Dives deeper than 80 feet should be
confined to the first dive of the day.

Snorkeling and DCS

Be extra careful when making sev-
eral dives over several days, such Can a snorkeler get the bends? The
as when you're on vacation. Take a  short answer is, yes. DCS has been
day off from diving toward the mid-  seen in the Ama pearl divers of Japan
dle of your trip, or at least ease up  and Korea, and others who engage in
on the number of dives you're mak-  deep free diving over periods of days

ing toward the end. or years. DCS-like symptoms are also
seen among free divers in Polynesia.
There, in the course of studying more than 200 divers, one researcher
documented almost 50 cases of what the islanders call taravana,
which translates as “fall crazy.” Symptoms included extreme vertigo,
nausea, temporary unconsciousness, paralysis and even two cases of
death. The world-famous Cuban free diver Francisco “Pipin” Ferreras
maintains that he’s been bent twice after spearfishing at depths in ex-
cess of 150 feet. (Pipin holds the world free-diving record of 410 feet.)

While this may be an interesting aside, the average—or even above
average—recreational snorkeler hasn’t much to worry about as far as
getting DCS. Given the modest depths and times of the average free
diver, the gas absorbed is just too little to make any difference.

The more important question is what impact snorkeling might have
when it's done between repetitive scuba dives. It probably has a lot to
do with what you consider “snorkeling.” Lying on the surface of the
waler, or leisurely diving down to 10 to 20 feet periodically, is unlikely

Beating the Bends ® 97



to cause any problem. If, on the other hand, you mean aggressive free
diving, where you're making multiple trips to considerable depths,
then that could mean something else entirely.

Al issue is the effect of vigorous exercise after diving. Most authori-
ties caution against it because of how it changes circulatory dynamics
and offgassing rates. But as discussed in Chapter One, such warnings
are based on speculation rather than empirical evidence. The best
advice is to limit your snorkeling between repetitive dives to paddling
around with your face in the water watching the pretty fish below you,
The continual ascending and descending of skin diving probably does-
n't help the outgassing process much, either. Until we know more
about decompression, divers are wise to avoid heavy exertion—includ-
ing vigorous snorkeling—between or after diving.

THE SECOND ASCENT: FLYING AFTER DIVING

As a diver, you know that when you surface after a dive your nitrogen
levels do not immediately return to normal. Excess or residual nitrogen
remains in your body for several hours—even days—after diving. Only
gradually does this higher level return to its pre-dive state. Importantly,
even though the nitrogen level isn't back to normal, it's still within a
“tolerable limit,” as defined by the dive tables. The dive tables, how-
ever, make one important assumption: that, upon surfacing, you return
to an ambient pressure of 1 atmosphere, or 14.7 psi.

When we fly in an airplane or drive through the mountains after div-
ing, it's like making two ascents: the first to the surface, and the second
to a pressure of less than 1 atm. The problem is that the decreased
pressure negates the entire premise of standard dives tables and may
result in exceeding the “tolerable limits” of the residual nitrogen.

This situation doesn’t mean that we can never fly nor drive to alti-
tude after diving. It does, however, require that we follow special pro-
cedures to take the “second ascent” into account. But before we
explore the current recommendations and other pertinent issues, let’s
look first at how flying after diving procedures evolved.

History of Procedures

One of the first flying-after-diving guidelines embraced by recreational
divers was the National Oceanic and Atmospheric Administration
(NOAA) “Group D rule.” The rule stated that flying was safe up to a
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maximum altitude of 8,000 feet/2,400 meters as long as the diver was
in Repetitive Group D or lower (according to the U.S. Navy Tables).
While this guideline was consistent with the mathematics of the U.S.
Navy tables, practical experience showed that it wasn’t always conser-
vative enough. One researcher, for example, documented almost 50
cases of DCS where divers were within Group D or lower.

Somewhat later the National Aeronautics and Space Administration
(NASA) proposed a new rule allowing for flight up to 8,000 feet after a
two hour waiting period, regardless of the Repetitive Group Designa-
tion. The diver could not exceed the U.S. Navy no-decompression lim-
its, and could make only a single, non-repetitive dive. This made it of
dubious value for recreational divers. Furthermore, while the rule was
in keeping with the mathematics of the U.S. Navy Tables, some studies
documented significant silent bubbling in divers following similar—
and even more conservative—guidelines.
~ In 1982 the British Admiralty’s Diving Advisory Committee adopted
a new rule as a guideline for commercial divers working in the North
Sea. Soon after, the recreational diving community embraced the
guideline, and it became the industry standard in North America for
many years. The recommendation was as follows: For no-decompres-
sion dives, with less than one hour spent at depth, it was safe to fly
after a minimum wait of four hours. For all other situations a 12-hour
wait was required. The problem was that these guidelines were not
intended to address repetitive diving.

The story of the current recommendation for flying after diving
begins in February 1989 at a workshop sponsored by the Undersea and
Hyperbaric Medical Society (UHMS). The conference was convened to
reach some scientifically based consensus applicable to all diving situ-
ations, including recreational diving. While much scientific theory ex-
isted to support the need for a revised guideline, little data existed
involving actual cases of DCS after flying—at least in recreational
divers, But what data were available indicated that, of those divers who
were symptom-free before flying, symptoms usually occurred during a
flight within 24 hours of their last dive.

Based on this data, the workshop participants recommended that
divers wait 24 hours after diving before flying—especially after multi-
ple dives over multiple days. For dives requiring decompression stops,
they suggested a period of from 24 to 48 hours before flying.

While the participants may have drawn good working guidelines
from the limited data they had, they failed to recognize what practical
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effect this would have for the [JIeylelg :

recreational diving community—
especially dive resorts. This guide-
line would mean curtailing all
diving within 24 hours of a flight
home, a serious restriction. Fur-
thermore, the recommendation
presented serious liability ques-
tions for dive operators. What, for
example, were the liability implica-
tions for a resort that allowed guests
to dive within this 24-hour period?

By late 1990, many in the recre-
ational diving community began to
question the basis of this recom-
mendation, contending the data
sample was far too small to draw a
definitive conclusion. The UHMS
emphasized that its statement was
meant only as a suggestion, not a
rule. But this did little to quell the
concerns of the recreational com-
munity. Recognizing that any “sug-  Make sure you're aware of the special
gestion” from such an important concerns of combining flying with diving,
organization as the UHMS would and folfow the current flying-after-diving
certainly become an industry stan-  guidelines.
dard, the scientific community was
asked to re-evaluate its position.

At a UHMS conference in June 1991 a paper was presented review-
ing 62 cases of DCS that occurred in divers after flying. These were all
the cases reported to the Divers Alert Network from 1987 through 1990
in which the victim was symptom-free before flying. While the paper
provided an interesting perspective on the problem, it was unable to
answer the question of what these figures really meant in terms of the
risk of getting DCS. What wasn’t documented was the total population
of divers who flew after diving. Without a valid population base num-
ber, there was no way to determine a measurable risk factor and, there-
fore, a verifiable guideline.

The conference did, however, assert that the current guideline might
be overly restrictive to the general diving public and might place dive
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operators in an unjustified liability position. In the fall of 1991, based
on the findings of the UHMS conference, the Divers Alert Network
issued a flying-after-diving guideline that's been revised only slightly in
the years since. (See page 102 for the most recent DAN recommendation.)

Environmental Considerations

The theoretical question of when it's safe to fly after diving is based on
the same mathematical models used to develop dive tables. But, as
we've seen in our examination of decompression theory, these models
have their limitations. In particular, they are unable to take into
account individual factors (such as age or obesity) and environmental
factors (such as temperature or exertion).

Logically, you might assume that environmental factors play no part
in the flying-after-diving issue. After all, the diver is in the safety and
comfort of an aircraft cabin—a far cry from the stress of being under
water. The truth is that while the environmental stresses placed on the
human body are different in flying than in diving, the stress of flying
can be as extreme and significant as diving,

Take, for example, the mere fact of being at altitude. At cruising alti-
tude, cabin pressure in a modern jetliner is maintained at an equivalent
pressure of at about 5,000-8,000 feet. The higher altitude means “thin-
ner air” or less available oxygen. The result is that, even while sitting
restfully in your seat, your body is working harder to deliver oxygen to
your tissues than if you were at sea level. But altitude isn't the only fac-
tor causing stress.

In addition to less oxygen in the air you're breathing, there's also
the quality of that air. In modern jetliners most of the air you breathe is
recirculated. (60 percent or more, depending on the aircraft). This
means that what you—along with 200 or 300 other passengers—
breathe out, you will probably breathe back in again. Several studies
have shown levels of bacteria and other contaminants 10 to 20 times
that of normal air. While scientists debate the true risk of breathing
cabin air, the fact is, yet another environmental stress is imposed on us.
Finally, add to this the thousands of poisons present in continually
recirculated cigarette smoke (on flights where smoking is allowed),
and we have an environment that's less than ideal for healthy human
functioning. For divers it's even worse—we're also concerned about
any effects on the offgassing of nitrogen from our last dive. But there’s
even more.
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ng-after-Diving Guidelines

1. Divers making single dives per diving day should have a minimum
surface interval of 12 hours before ascending to altitude. This includes
going to altitude by aircraft, automobile, or any other means.

2. Divers who make multiple dives per day or over many days, or
dives that require obligated decompression stops, should take special
precautions and wait for an extended surface interval beyond 12 hours
before ascending to altitude. Extended surface intervals allow for addi-
tional denitrogenation and may reduce the likelihood of developing
symptoms. For those diving heavily during an extended vacation, it may
not be a bad idea to take a day off at midweek, or save the last day to
buy souvenirs.

3. Remember: There can never be a flying-after-diving rule guaran-
teed to prevent decompression sickness, no matter how long the surface
interval. Rather, research has produced this guideline that represents
the best estimate for the majority of divers for a conservative, preflight
surface interval. There will always be an occasional diver whose physio-
logical makeup or unique diving circumstances will result in decompres-
sion sickness.

4. Know when you should say when.

Probably the most significant consideration involving cabin air is its
low humidity. Because any air introduced from outside while at alti-
tude is virtually free of humidity, the only source of moisture in cabin
air is from the perspiration and exhaled breath of your fellow passen-
gers. This, too, makes for a far less-than-healthy environment. The
result is that our body must use its own fluid to rehydrate the air we
breathe. Over time this causes dehydration. As we saw in the first
chapter on the causes of decompression sickness, when we lose body
fluids, our blood volume decreases, and even its biochemistry changes.
This causes the blood to thicken or “sludge.” The sludging causes
decreased circulatory efficiency and inhibits the offgassing of nitrogen.
The end result can be bubble formation or enlargement.

As circulatory efficiency decreases, symptoms of hypoxia can occur:
fatigue, nausea, headache, and irritability. Interestingly, in at least one
documented case, hypoxia has been so severe that the victim—a pas-
senger who was a diver—mistakenly interpreted it as DCS. The bottom
line is simple: Even under the best circumstances, an airliner cabin is
not the best place for you to be while attempting to recover from the
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Do’s and Don'ts for Flying Divers

= Avoid dehydration by drinking lots of water—at least eight ounces
per hour.

» Avoid alcohol and any drinks containing caffeine or sugar. Alcohol
and caffeine cause you to lose fluid, and caffeine can actually
change your heart rhythm. Sugar interferes with water absorption.
Drink only water or unsweetened juice.

» Eat lightly before, during, and after flying. Eat meals containing 50-
60 percent vegetables, grains, and fruits.

» Don't just sit there, do something! Get up and move around. Avoid
staying in one position too long.

* Never, never, never smoke! It hurts both you and everyone else on
board.

effects of a dive. (For some advice on what you can do to offset these
effects, see “Do’s and Don'ts for Flying Divers,” above.)

Flying Before Diving

Some divers assume that flying before diving poses no problem. Others
even insist that it imposes a safety factor because you start the dive
with less nitrogen in your tissues than you would if you were saturated
at sea-level pressure. In theory, this makes sense. In practice, however,
it might lead you to a recompression chamber.

A diver arriving at a dive resort after several hours of flying is likely
to be in far less than tip-top shape. The stresses of the cabin air,
restricted circulation from sitting in a confined position, possible alco-
hol consumption, and general fatigue or nervousness from the journey
are all factors that could place the diver under an increased—not
decreased—risk for DCS. The best advice is to avoid diving until you
are completely recovered and rested from the stress of your flight.

Driving to Altitude

A surprising number of divers never take into account that, to our bod-
ies, altitude is altitude. It doesn’t matter whether we get there in an air-
craft or an automobile. This is of special concern to those of you who
drive into mountains after diving at sea level.

Some divers take this situation into account by planning their sea-
level dive as if it were at the altitude to which they’ll be driving. Using
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altitude diving procedures, they reduce their dive times accordingly.
While we again might have a situation where the theory says it's okay,
practical experience says otherwise. Many researchers caution against
this procedure because of the issue of silent bubbles. While its likely
that a shorter dive would produce fewer bubbles, that’s not a certainty.
If significant bubbles do form, then driving to altitude will aggravate
the situation, just as if you got into an aircraft. The best advice is to
treat any post-dive drive to altitude as if it were a flight and follow the
appropriate guidelines.

SOME PARTING WORDS

For divers, DCS is a fact of life. Each year hundreds are stricken and
seek treatment. But many more divers with mild symptoms ignore
signs of DCS, or write it off as “just a strained muscle.”

In most cases divers have no one to blame but themselves for get-
ting DCS. Many incidents occur because divers simply ignore the dive
tables or basic safety rules. Yet, even conscientious divers get bent. The
conclusion is inescapable: Do anything you can to help reduce your
risk, Don’t exceed the ascent rate of your dive tables, take a safety stop
at the end of every dive, avoid practices that could increase your risk,
and be doubly conservative when flying before and especially after
diving. Although not all cases of DCS can be prevented, a little knowl-
edge and common sense can go a long way in reducing the risk.
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CHAPTER SIX

Bent?...Nah, it’s just
a strained muscle.

Dealing with Decompression Sickness

n the previous chapters we've explored the proposed causes of

decompression sickness, the numerous and insidious ways it can
manifest itself, how dive tables and computers have evolved, and how
to use them properly. We even provided some advice on how to mini-
mize your risk of getting the bends. But, we have not yet addressed
what you should do if it happens.

In this final chapter we'll explore the initial response and first aid for
a DCS incident, including the role of oxygen and victim positioning.
Next, we'll look at the definitive treatment for DCS—recompression—
and see what's done once the victim arrives at a hyperbaric chamber.
Finally, we'll close with an important but often overlooked examina-
tion of the psychological consequences of DCS.

FIRST ATID MEASURES

The first step in any medical emergency is monitoring breathing, pulse,
and the victim’s level of consciousness. As shock can accompany any
medical emergency, you should keep the victim warm and avoid any
unnecessary movement.

For victims of decompression illness, there are also some special
considerations. (In this chapter we'll use the term decompression ill-
ness or DCI instead of DCS because the first aid measures are the same
regardless of whether you're dealing with lung expansion or supersat-
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uration disorders.) To provide proper first aid to a DCI victim, you
must first be able to recognize the symptoms. As we saw in Chapter
One, symptoms are generally divided into the categories of mild or
serious. To review, mild symptoms include extreme, unwarranted
fatigue and itching, which are resolved by breathing pure oxygen. Seri-
ous symptoms are: pain, weakness, numbness/tingling, breathing diffi-
culty, difficulty in seeing or hearing, alteration of speech, dizziness,
nausea, or any level of decreased consciousness. If any of these symp-
toms occur after scuba diving—regardless of depth—you should
assume some form of decompression illness, and begin the appropriate
the first aid.

Victim Positioning

Generally, the immediate care for DCI is to administer pure oxygen
while keeping the victim in the proper position. Let’s first look at the
issue of positioning before exploring the oxygen question.

For many years divers were taught to keep diving accident victims
in the classic “feet up/head low position,” (This is also known as the
Trendelenburg Position.) While this might have some benefit for vic-
tims of arterial gas embolism (AGE), medical authorities have shown
that it's of no value in the case of decompression sickness. In fact, the
head-low position can cause breathing difficulty and other complica-
tions. Furthermore, it’s often impossible for divers rendering first aid to
distinguish the symptoms of AGE from decompression sickness, any-
way. The lesson here is to treat all victims suspected of any form of
DCI the same way.

Victim positioning does, however, depend on several factors. For a
conscious victim displaying mild symptoms (extreme fatigue or itch-
ing), you should have him lay in a comfortable, horizontal position. Be
certain to avoid any position that obstructs blood flow to an extremity,
such as resting the head on an arm or crossing the legs. If possible,
also have the victim drink four ounces of water or other nonalcoholic
fluid every 15 minutes.

Due to the risk of lapsing into unconsciousness, the guideline for
positioning victims of serious symptoms is a bit different than for those
with mild symptoms. This is because unconscious or semi-conscious
victims frequently vomit. So, they must lie in a position that reduces
the likelihood of aspirating the vomitus or blocking the airway. In this
case, use what's known as the coma position. This involves turning the
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The coma position is advised for victims of serious DCI symptoms to reduce the likeli-
hood of aspirating vomitus or blocking the airway should they become unconscious.

victim onto the left side, with the head supported at a low angle, and
bending the upper leg at the knee to increase stability /Photo 6-1]. The
coma position assists evacuating vomitus and helps keep the airway
clear. Remember, however, a victim requiring CPR must lie flat on his
back. Also, never administer liquids to anyone who is not completely
conscious or who is suffering from stomach pain or urinal retention.

The Question of Oxygen

Once positioned properly, it’s essential that the victim begin breathing
pure oxygen. For maximum effect, it should be as close to a 100-per-
cent concentration of oxygen as possible. Accomplishing this requires
some understanding of oxygen delivery equipment. Small, disposable
oxygen systems—such as those in your local drug store—are not
designed to meet a person’s full respiratory demand. Typically, these
units provide a flow rate of about 6-10 liters per minute. (At rest a per-
son need about 15-20 liters per minute.) Because they don’t meet the
full respiratory requirements, these systems come with masks that are
vented. The vents allow ambient air to supplement the limited flow of
oxygen. Unfortunately, this supplemental air dilutes the oxygen reach-
ing the lungs to about 40 percent.

To obtain a 100-percent oxygen concentration, the DCI victim
should breathe from a system that uses a demand valve—much like a
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scuba regulator—with a [Jejjel )

sealable mask. The de-
mand valve design allows
the oxygen system to
meet the full respiratory
demand of the victim. The
mask, when sealed prop-
erly, prevents ambient air
from reaching the victim.
The result is an oxygen
concentration of virtually
100 percent. (The mask
should also be transparent
so that vomiting is easier
to detect.)

While learning to use
oxygen systems is simple,
it does require proper in-
struction. DAN and other
organizations have set up
Oxygen Provider courses  For maximum effectiveness an oxygen delivery
for the general diving system should include a demand vaive regulator
public. These courses usu-  and transparent, sealable mask.
ally last about four hours
and include a review of
the causes and symptoms of DCI, along with practical sessions on how
to set up and use oxygen delivery equipment. Any diver with current
CPR certification is encouraged to enroll in one of these short, simple
programs.

DEFINITIVE TREATMENT

First aid measures are only temporary. They are not a substitute for
proper medical evacuation and treatment. Most often the treatment for
DCI will include recompression at an appropriate facility. The effect of
recompression is to reduce the size of the bubbles causing DCI. This,
in turn, encourages the bubbles to diffuse into the surrounding tissues.

Another critical part of recompression therapy involves having the
victim breathe pure oxygen at regular intervals. (Your body cannot tol-
erate breathing pure oxygen indefinitely.) This has numerous positive
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With proper training and the right equipment, administering oxygen to a DCI victim is
easy. If you haven't already, consider taking an oxygen administration course.

effects which include accelerating the release of nitrogen, as well as
increasing oxygenation and reducing swelling of the affected tissues.
Many divers are also unaware that during recompression, the victim
normally receives aggressive drug therapy. Typically, intravenous flu-
ids are administered to rehydrate the victim. Additionally, medications
are given to reducing swelling in the brain and spinal cord and to
counteract the changes in blood chemistry discussed in Chapter One,
The exact recompression schedule selected for a diving accident vic-
tim depends on whether the incident is decompression sickness or
arterial gas embolism. Often, victims suspected of having decompres-
sion sickness undergo the “test of pressure” to help verify the working
diagnosis. This involves recompression to 60 feet for 10 minutes while
breathing pure oxygen. If this reduces or eliminates the symptoms,
then the working diagnosis of DCS is confirmed, and a more extensive
treatment regimen begins. If symptoms do not improve, then the diag-
nosis is questioned, but treatment often continues just in case bubbles
are present. (For cases of suspected arterial gas embolism, the victim is
recompressed to 165 feet to further reduce the size of any bubbles.)
Several treatment tables can be used for recompression therapy, but
the ones most North American divers are likely to encounter were orig-
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The Five-Minute Neurolgical Exam

eurological symptoms of DCI are often very subtle. In fact, the vic-

tim himself may be unaware of certain symptoms unless a more
thorough examination is conducted. What follows is a simple neurolog-
ical assessment from DAN’s Underwater Diving Accident and Oxygen
First Aid Manual. Anyone can use it to determine the nature and extent
of DCI symptoms. Be sure to write down the results and send them with
the victim.

Orientation
Ask the diver if he knows his name and age; present location; time,
day, or year.

Eyes

Have diver count number of fingers you display using both eyes
together, then separately. Have him identify a distant object. While
holding his head still, have diver follow the motion of your hand with his
eyes only. Move your hand both up and down and side to side. Confirm
that diver’'s eyes follow motion and do not jerk to one side and return.
Also determine if pupils are equal in size.

Face

Ask diver to whistle. Determine if both sides of face have same expres-
sion while whistling. Have diver grit teeth and confirm by feel that jaw
muscles are contracted equally. Have diver close his eyes while you
touch his face and forehead. Confirm that sensation is present at each
point of contact.

Hearing

Rub your thumb and forefinger together at a distance of about two feet
from the diver's ear. Move your hand closer until diver can hear sound.
Note distance from ear, and repeat procedure on other ear. Compare
distance with your own hearing.

Swallowing Reflex
Have the diver swallow while you observe his “Adam’s apple.” Confirm
that it moves up and down.

Tongue
Have the diver stick out his tongue. Confirm that it comes out straight
and does not deviate to one side or the other.

Muscle Strength

Have the diver shrug shoulders while you bear down on them. Confirm
equal muscle strength. Have him raise elbows to shoulder-level, and
touch his chest with his hands. Instruct him to resist while you pull
hands away from chest, push them back, then up and down. Strength
should be approximately equal with both arms in all directions. Confirm
leg strength by having diver lie down and raise and lower legs while
you resist movement.

Sensory Perception
Instruct diver to close eyes. Starting at the head, lightly touch each side

moving downward over entire length of body. Have diver confirm sen-
sation.

Balance and Coordination

If not on a rocking boat, have diver stand with feet together, eyes
closed and arms stretched out to his side. Be prepared to catch diver if
he can’t maintain balance. Check coordination by having diver alter-
nately touch his nose and your finger held about 18 inches from his
face. Next, with the diver lying down, have him slide the heel of one
foot down the shin of the other leg. Check both sides and observe for
unusual clumsiness on either side.

If you cannot perform all tests, give priority to Orientation, Muscle
Strength, and Balance/Coordination. Record any omitted tests and rea-
sons. Repeat tests at frequent intervals and note changes. Report all
results to emergency response personnel.
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inally developed by the U.S. Navy. Like other treatment regimes, these
standard treatment tables are used as a guideline by medical personnel
who modify them according to circumstances and the victim’s response
to treatment. Initial treatment often involves a descent to 60 feet for
five or more hours in the cramped, noisy confines of a recompression
chamber.

Unfortunately, it's not uncommeon for the victim to require more
than one treatment session. This less-than-successful outcome occurs
especially when treatment is delayed or the victim does not begin
breathing pure oxygen as soon as symptoms are noticed. For this rea-
son, never delay in providing oxygen to anyone suspected of suffering
from DCI; and always have an adequate supply of oxygen available
along with the appropriate delivery system and trained personnel to
administer it.

Furthermore, diving accident victims sometimes relapse or find that
their symptoms are only partially resolved. In this case, follow-up treat-
ments are administered, usually in 12- to 24-hour intervals. These ses-
sions may last as long, or longer, than the original session.

PSYCHOLOGICAL CONSEQUENCES

While DCI is essentially a physiological disorder, it also has important
psychological consequences. Dealing with decompression illness
therefore means not only treating what's wrong inside the victim’s
body, but also helping the victim deal with what’s going on inside his
head, especially if he feels the illness is undeserved.

Many authorities describe a bends incident as either a “deserved hit”
or an “undeserved hit.” A deserved hit is a case of DCI where the vic-
tim obviously violated the tables or safety procedures. An undeserved
hit is one where the diver followed all the rules but still fell victim. In
this latter case particularly, the psychological consequences of the
event can have a significant impact on the victim’s mental and physical
heath. The victim of an undeserved hit often feels that his body some-
how “betrayed him.” After all, he did nothing wrong. But if he doesn’t
resolve this conflict, it can lead to depression and perhaps other seri-
ous mental disorders.

To avoid negative psychological consequences, you should encour-
age the victim to talk about his feelings. In the case of a deserved hit,
often the diver wants to use his experience as an object lesson to help
others avoid the same mistake. This is an especially powerful desire
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FIGURE 6-1 among victims who are

dive instructors. Encour-

age this desire, and don’t
just sweep the incident
under the rug. In addition
to the practical benefit in
educating other divers,
there’s a therapeutic role
in letting the victim put
some positive meaning
into an event that he may
feel was a mistake.
Equally important, if it's
an undeserved hit, you
should make the victim
understand that not all
cases of bends are pre-
ventable. From what you
have learned in the previ-
ous chapters, you can now

appreciate the imprecise
and poorly understood
Therapy for DCI may not end with treatment in a nature of the decompres-
recompression chamber. Psychological conse- sion phenomenon. The
quences are also common, particularly in cases of only way, in fact, to avoid
“undeserved hits.” DCI with complete cer-
tainty is never to dive, Vir-
tually any dive exposes a
diver to some risk of getting bent, even if he follows every rule and
safety precaution to the letter. Unfortunately, some things in life just
happen, and the bends is, at times, one of them.

Another important aspect of the psychology of DCI is how others
react to bends victims. Much like the victims of many social diseases,
divers who get bent are often stigmatized. They are ridiculed and
reproached by their friends, diving professionals, and even, at times,
the medical community. The inference is that they did something
“wrong” or otherwise they wouldn’t have gotten bent.

Dr. Jennifer Hunt of New York University Medical Center has done
compelling and significant research into the social and psychological
consequences of DCI. She points out several significant negative con-
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sequences of making value judgments on DCI victims. Moralizing
serves no useful purpose; and chastising a bends victim only encour-
ages him to hide his symptoms, or make him even more reluctant to
seek treatment. If he does seek treatment, the fear of being branded
“bad” or “wrong” makes it likely he will omit details about his profile
or other information that could be vital to a proper diagnosis and reso-
lution. The result could be not just psychological scars, but permanent
physical damage from delayed or improper treatment. Dr, Hunt
remarks, “In the face of social assault, divers are encouraged to main-
tain defenses such as denial and self-recrimination, which may mini-
mize some immediate danger but can compromise their long-term
psychological welfare.”

Summarizing her research, Hunt goes on to emphasize, “DCI is not a
moral disease and should not be treated as one. To do so damages the
victim’s chance at full physical and psychological recovery and has a
negative impact on the diving community. This recognition does not
constitute an acceptance of practices that some segments of the dive
community feel put divers at risk. It simply acknowledges than divers
who are bent suffer a serious physical illness than can have far-reach-
ing consequences. Victims of decompression illness deserve under-
standing and treatment rather than social ridicule.”
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. Administer CPR if required, with victim lying fiat (supine).
- Keep airway open and prevent aspiration of vomitus. Unconscious

. Administer oxygen by tight-fitting, transparent, double-seal mask at
. Keep victim in the horizontal left-side-down position if symptoms

. If convulsion occurs, do not forcefully restrain. Turn victim on side

. Protect the victim from excessive heat, cold, wetness, or noxious
- For conscious victims only—Give non-alcoholic liquids orally such as
. Transport the diver to the nearest emergency room to be evaluated

. Call DAN at (919) 684-8111. State that you have an emergency, and

1¢ Accident First Aid Procedures

victims should be intubated by trained personnel.

the highest possible oxygen concentration. Do not remove oxygen
except to re-open the airway or if victim shows signs of convulsions.

occurred within ten minutes of surfacing and steps 1 through 3 have
been completed.

(supporting head and neck), maintain airway and sweep away any
vomitus. Hold diver loosely to prevent self-injury and do not forcefully
insert an airway or tongue blade. Resume oxygen administration
when convulsions cease.

fumes.
water or fruit juices.
and stabilized in preparation for transport to a recompression chamber.

ask for the person on call. (If necessary, you can call collect in an
emergency.)

If air evacuation will be used, it is critical that the victim not be further
injured by exposure to decreased barometric pressure at altitude.
Flight crews must maintain cabin pressure at sea level or fly at the
lowest safe altitude in unpressurized aircraft.

Contact hyperbaric trauma center or chamber before transporting the
victim.

It available, send a copy of DAN’'s Underwater Diving Accident and
Oxygen First Aid Manual, and record history (dive profile, diver's
complaints, medical history, and first aid) with the victim.

Send all diving equipment with the victim for examination. If that's not
possible, arrange for local examination and gas analysis.
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