
3,2.3 Control of Respiration
At rest, a person normally breathes about a 0.5 liter of

air, 12 to 20 times a minute. During exertion or emotional
stress, rate and volume increase many times. The rate
slows during rest and deep relaxation.

The body has many self-regulatory mechanisms to
keep internal levels of oxygen and carbon dioxide the
same, even during heavy exercise. Although tissues use
oxygen during exertion, net blood levels do not fal1.
Although the body produces carbon dioxide during exer-
cise, leve1s do not ordinarlly rise. The body makes the nec-
essary adjustments by changing breathtng patterns.

What is called "the respiratory center" is several sepa-

rate groups of nerve ce1ls in the brain stem, each regulating
different respiratory events. Every few seconds, bursts of
impulses from these main nerve centers signal the respira-
tory muscles, and separately determine rate, pattern, and
depth of inspiration and expiration.

As the primary stimulus during exercise, rising produc-
tion of CO2 stimulates receptors in the respiratory center,
resulting in greatly increased inspiratory and expiratory
signals to the respiratory muscles. Ventilation increases to
remove ("blow of?') CO2; this immediately restores the
blood CO2 level to normal and keeps it there throughout
exerclse.

Oxygen, as the secondary stimulus, does not directly
affect the respiratory center to anv great degree. Oxygen
acts on cells ca11ed chemoreceptors in two places in the
hearl. These chemoreceptors transmit signals to the brain's
respiratory controls.

An excessive ventilatory rate during emotional stress
such as fear, or during deliberate hyperventilation, can
lower CO2 too far. Low CO2 reduces the drive to breathe,
sometimes so low that one can become oxygen deficient
(hypoxia), or even unconscious (see Section 3.2.6.3). An
insufficient ventilatory rate may occur when breathing
resistance is high or there is a high paftial pressure of oxy-
gen, both found in certain diving situations. These can
contribute to carbon dioxide toxicity (hypercapnia) (see

Section 3.2.6.2).

3.2.4 Circulation
Oxygen from air in the lungs needs to get to the tissue,

and carbon dioxide from the tissue needs to get back to the
lungs. Oxygen in the alveoli dissolves and transfers into the
blood through the millions of alveolar capillaries. These
capillaries join, forming fewer but larger venules; the
venules join, forming the Iarge pulmonary vein; and the
pulmonary vein carries the oxygenated blood to the left
side of the heart.

The left side of the heart pumps blood into the aorta,
and through a series of large muscular blood vessels ca1led
arteries (see Figure 3.8). Arteries branch into many pro-
gressively smaller arterioles. The muscular arteriole walls
squeeze or relax to regulate how much blood can pass.
Arterial constriction and dilation is useful to direct blood

FIGURE 3.8
Flow of Blood Through the Heart

into needed areas, away from others, and to increase and
decrease resistance to blood flow, which is a factor in con-
trolling blood pressure. Arterial pressure also contributes
to the force that distributes biood through the body.

Arterioles increase in number and decrease in size until
they become capillaries the human body has nearly 60,000
miles (100,000 km) of them. Capillaries are so narrow that
blood cells can only go through them single fi1e. The num-
ber of capillaries in any particular part ofthe body depends
on how metabolically active that part is. Muscles may have
approximately 240,000 capillaries per square centimeter.
The lens of the eye has none. Only about five to ten percent
of capillaries flow with blood at any given time. The body
contains a fintte amount of blood, therefore it must be regu-
lated to meet the body's varying needs. When there is insuf-
ficient blood to meet the body's needs, problems arise. For
example, if blood fluid volume depletes from dehydration or
can't keep up with the competing demands of exercise and
cooling in the heat, the body is adversely affected.
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Dissolved oxygen transfers easily through the capil1ary
walls to the cells, and carbon dioxide transfers from cells to
capillaries. The CO2-loaded blood continues through all
the capillaries, onward to venules, then veins, and back to
the heart. The heart pumps the blood to the lungs where
CO2 is removed and more oxygen is received. A small
amount of oxygen and nutrient-rich blood reaches the
lungs directly from the left side of the hearl; the lungs, like
a1l other tissues, need oxygen to function.

Another part of the circulatory system is the lymph
system. As blood passes through capillary networks, pres-

sure inside capillaries pushes fluid out of the capillaries.
About one percent of the liquid is not resorbed and
remains in the spaces between capillaries and ce11s. The
lymph system drains this extra fluid so it can return to the
blood vessels to maintain proper blood volume. The lymph
system also filters cell debris and foreign substances in the
blood, and makes and stores infection-fighting white cells
(lymphocytes) in bean-shaped storage bodies called lymph
nodes. Whenever lymphocytes collect to fight invaders, the
swollen piles of them can be felt in the lymph nodes.

3.2.4.1Blood Transport of Oxygen and Carbon Dioxide
Blood transports food, water, disease-fighting cells,

chemicals, messages, waste, and repair kits throughout the
body. This section focuses on the blood's role in bringing
oxygen to the body and carbon dioxide back to the 1ungs.

Blood is mostly water. Oxygen and carbon dioxide
don't dissolve well in water, particularly in warm water, as

in the body. As a result, at sea 1evel pressure, only a smal1

amount of oxygen dissolves in blood plasma (the part of
blood without cells). The oxygen-carrying problem is
solved with a red protein molecule ca11ed hemoglobin
found inside red blood cells. Red blood ce1ls carry far more
oxygen with hemoglobin than they could without it. Up to
four oxygen molecules loosely attach to each hemoglobin
molecule to form oxyhemoglobin. At sea leve1, about 98
percent of the oxygen in blood is carried by hemoglobin.

A hemoglobin molecule with four oxygen molecules
bound to it looks red, while hemoglobin without bound
oxygen is so dark-red that it looks blue. This is why oxy-
genated (arterial) blood looks red, and deoxygenated
(venous) blood looks b1ue. It is also why, if all of the blood
is deoxygenating from a serious injury or disease process,
the victim can look blue; this is called cyanosis, from the
word root cyan, meaning blue.

Carbon dioxide is easier to transport in the blood than
oxygen; it can be transported in higher quantity, and in more
ways (see Figure 3.9). Dissolved CO2 diffuses out of cells
into capi1lary b1ood. A small amount stays in the dissolved
state in blood plasma all the way to the 1ung. Hemoglobin
can loosely bond a small amount, and when combined, it is
caIled carbaminohemoglobin. An even smaller amount of
CO2 can bond with plasma proteins. These three ways are

minor and s1ow.

The bulk of CO2 (about 700/o) reacts quickly with water
inside red blood cells to form first the weak. unstable
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FIGURE 3.9
Carbon Dioxide Exchange

carbonic acid (H2CO3), and then, just as quickly (another
small fraction of a second) loses hydrogens to become
bicarbonate ions (H2CO:), many of which diffuse into the
plasma where it is transported to the lungs. Bicarbonate is

alkaline, and so it is a buffering agent in the blood against
acids, such as carbonic acid. Hemoglobin also functions as

a powerful acid-base buffer and scavenges the acidic hydro-
gen ions. These are useful reactions in the body. Acid from
carbon dioxide and its reactions may form in great quanti-
ties, yet still not build to unhealthy levels.

Ordinarily, the reaction of changing carbonic acid to
bicarbonate ions would take seconds to minutes-too slow
to be useful, so an enzyme called carbonic anhydrase
inside red blood cel1s decreases the reaction time by a" fac-
tor of 5,000 times so that great amounts of CO2 can react
with water, even before blood leaves the capillaries on the
way back to the lung. Drugs called carbonic anhydrase
inhibitors block the reaction of carbonic anhydrase, slow-
ing CO2 transport so that tissue levels rise. Carbonic anhy-
drase inhibitors are used to combat glaucoma, fluid
retention, and altitude sickness.

Carbonic acid is used to carbonate soft drinks. Just as

bicarbonate in soda releases carbon dioxide gas rvhen a

pop can is opened, bicarbonate in blood becomes car-bonic
acid again, releasing carbon dioxide into the alveoli so that
CO2 can be exhaled. The difference between the soft drink
and the body is that the reaction to release carbon dioxide
in soda has no catalyst to speed it up. Though seemingly
fast, it is far too slow to keep one alive if it occurred at the
same rate in the body. The lungs have enzymes to speed
the reaction.

Carbon dioxide is also released in the lung by hemo-
globin. When hemoglobin arrives in the alveolar caplllar-
ies with excess carbon dioxide, it first wants to pick up
new oxygen. The oxygen makes the hemoglobin a

stronger acid. Having just become more acidic, hemoglo-
bin does not want the existing acid from the acidic carbon
dioxide any more, so it releases it. This effect, called the
Haldane Effect, means that picking up oxygen in the lung
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promotes releasing carbon dioxide. The reverse is also
true-as hemoglobin picks up carbon dioxide in the body,
it makes the hemoglobin more acid, so it wants to release

its stores of oxygen right then, which is an important fac-
tor in oxygen delivery to the cells. The Haldane Effect is
named for Scottish-born British physiologist John Scott
Haldane, who also co-developed the first algorithm to esti-
mate amounts of inert gas absorbed and released by the
body. Many modern decompression tables are based on
his work.

3.2,4.2 Tissue Gas Exchange
Blood flow is not the only determinant of how much

oxygen reaches the body. How much oxygen the blood
releases to cells, and how much carbon dioxide it removes,
is determined by variable, yet tightly regulated processes.

Cells withdraw oxygen from the blood. By the time
blood returns to the lungs, oxygen pressure is 1ow. Oxygen
in the air in the lungs travels toward the biood through a
simple gradient of higher to lower pressure. Now it is

blood with higher oxygen pressure. Oxygenated blood
travels back to oxygen-depleted tissues. Gas transfers via
that pressure gradient to the lower pressure areas of the
body.

Meanwhile, cells have been producing carbon diox-
ide. Body CO2 concentration is higher than blood con-
centration. CO2 travels from tissue to blood, then blood
to lungs, down its own gradient. Gas exchange of carbon
dioxide and oxygen occurs quickly and easily, so that tis-
sue 1eve1s remain in set ranges, even though blood rushes
through the body, and even with the high demands of
exercise.

The body also controls oxygen delivery; it does not
simply accept all the oxygen providedby the gradient. One
regulation mechanism involves the small blood vessels.
Oxygen is a vasoconstrictor. Wtth high oxygen pressures

during diving, smal1 blood vessels constrict, thus reducing
the oxygen delivered through vascular beds.

3.2.4.3 Tissue Use of Oxygen
The body uses some of the oxygen supplied to it, but not

all, even during heavy exercise. At rest, the body inhales
approximately 2l percent oxygen, and exhales about 16 per-
cent. This is why mouth-to-mouth resuscitation can work.
Exhaled air has sufficient 02 to benefit the hypoxic victim.
During exercise, working muscles need more oxygen; so, the
blood vessels redistribute blood flow, the blood releases more
oxygen, and the working cells extract more of the oxygen
from the blood supply (see Figure 3. 1 0). The better shape one
is in, the more oxygen the body can deliver and extract. The
amount of oxygen taken up by the body, the oxygen con-
sumption, is a means of measuring the body's metabolism
and energy production. Usually about 25ok of the oxygen
used by the body is available for muscular activity; the bal-
ance produces heat and suppolts other metabolic functions.

During exercise, heart raI"e and the force of the heart
beat increase. Blood pressure rises. Hemoglobin distrib-
utes nitric oxide, which controls the width of the blood
vessels. Blood vessels constrict in areas of the body not
using as much, such as the digestive tract, spleen, liver,
and non-working muscles. Contraction of arteriolar mus-
cles constricts the arteriole, reducing the amount of blood
entering the capillary bed. Arteriolar smooth muscle cel1s

form sphincters, ca1led precapillary sphincters, at selected
places in the capillary bed to shut off blood flow. Every
capillary bed has one capillary with no sphincter, called
the thoroughfare channel. It stays open all the time, allow-
ing some blood passage to maintain normal functioning.

Blood expelled from low-demand areas increases blood
flow to areas with high demand for oxygen supply and for
carbon dioxide and waste removai. In these areas, the arleri-
oiar muscular lining relaxes to allow more blood to enter.

Unlike other areas of thebody withvarying blood sup-
p1y, the brain always needs a steady supply of oxygen. If
circulation slows or stops, consciousness may be iost in
seconds, and irreparable brain damage may occur within
four to six minutes (see Section 3.2.6.1).

Another conftoL mechanism is the hemoglobin-oxy- Aerobic fitness is the abllity of lungs, heart, andblood
gen buffer system. Hemoglobin does not just carry oxy- vessels to deliver oxygen, and the ability of the muscles
gen and blindly deliver it to the cells. Hemoglobin and other ceils to exftact and use it. Aerobically fitpeople
regulates how much oxygen it releases. With low sur- candeTiver, extract, and use more oxygen when exercising
rounding oxygen partial pressure, at altjtvde or other low and are able to do more aerobic exercise. Average exercise
oxygen states, for example, hemoglobin releases more increases the amount of oxygen needed by the active tis-
than usual. With increased oxygen pressure, as during sues by about ten times. Heavy exercise can increase it to
diving, hemoglobin reieases less. Within limits (though around twenty times, depending on the aerobic fitness. The
one breathes higher or lower than normal pressure oxy- better aerobic shape one is in, the more work the body can
gen), hemoglobin still delivers oxygento thebody tissues do without reaching its own maximum oxygen-processing
at almost normal pressure. The lungs get exposed to too ability. World-class athletes have reached over 30 times
much or too little oxygen, but the rest of the body does their resting rate. MereTy breathing in more oxygen does
not. not affect how much one can use for exercise. One has to

l{owever, above and below a range of about half nor- increase their abllity to deliver, extract, and use oxygen.
ma1 pressure atmoderatealtitudetomany timesnormalat Supplying more oxygen does not improve one's fitness.
,'lenrh thc hnrJrr nen'r compensate. See SeCtiOn 3.3.3.3 on Only regular aerobic exercise wili make the necessary
Orr-gen Toxicity for effects of excess oxygen. changes in the body.
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Notes:

1 - All figures are average values. There is considerable .
variation between individuals.

2 - STPD means "standard temperature and pressure, dry gas."
As given here, it is medical STPD (i.e., 32"F,1ata, dry gas.
For oxygen cylinder endurance or helmet ventilation
calculations, the numbers should be multiplied by 1.08 to
yield engineering STPD.

3 - BTPS means "body temperature (98.6'F), ambient
barometric pressure. saturated with water vaoor at
body temperature." For open-circuit scuba
endurance calculations, this value should be
multiplied by 0.95 to give corresponding
values for dry gas aI70"F. The 0.95 factor
ignores difference in the water vapor
content between dry and saturated gas,
but this is very small at most diving
depths. ' Swimming, 1.2 knots (2.5, 60) (Note 2)

' Running, S mph (2.0,50)

Heavy Work

Max Walking Speed, Mud Bottom (1.8, 40)
Swimming, 1.0 knot

Max Walking Speed, Hard Bottom

Swimming, 0.85 knot (avg. speed)

Waf king, 4 mph (1.2,27)

Slow Walking on Mud Bottom (1.1, 23)

Uphill (4.0, 95)
Running

Severe Work

(1.5, 34)

(1.4, 30)

Moderate Work

Light Work

Rest

Swimming, 0.5 knot (slow) (0.8, 18)
Walking,2 mph (0.7, 16)

Slow Walking on Hard Bottom (0.6, 13)

Standing Stlll (0.40, 9)

Sitting Quietly (0.30, 7)

Bed Rest (Basal) (0.25, 6)

Oxygen Consumption (liters/min, STPD) (Note 2)

FIGURE 3.10
Oxygen Consumption and RMV at Different Work Rates
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Aerobic fitness is not the only fitness needed for life
activities. In rapid-onset, short duration, and intense activi-
ty, the body uses special stored fue1 and glucose, not oxygen.
Because these fwo fue1s are not oxygen-using (aerobic) sys-

tems, they are called anaerobic. These two anaerobic sys-

tems are utilized for breath-hold diving, swimming against
strong currents, sprints, hauling out of the water in full gear,

or rescuing a heavy buddy. Regularly exercising at high
speed and intensity for short bouts improves one's anaerobic
capacity.

3.2.5 Summary of Respiration and Circulation Processes
The processes of respiration and circulation include six

important, continuous phases:

1. Breathing air into the lungs (ventilation)
2. Oxygen and carbon dioxide exchange between air in

the lung alveoli and blood
3. Oxygen transport by blood to the body tissue

4. Releasing oxygen by blood to cells, and extraction by
body cells

5. Use of oxygen in the cells by combining oxygen with
fat and carbohydrates to generate energy and produce

waste products including carbon dioxide
6. Carbon dioxide transport by blood back to the heart,

then 1ungs, where it diffuses into the lungs and is

breathed out ofthe body

3.2.6 Respiratory Problems
3,2.6.I Hypoxia

The brain requires constant oxygen to maintain con-
sciousness, and ultimately, life. The brain is subject to
damage when it is deprived of oxygen for more than four
to six minutes, as can happen in heart failure when the
blood supply to the brain is interrupted, in drowning,
asphyxia, if breathing stops and the lungs receive no oxy-
gen, or if the oxygen partiaI pressure in the lungs is insuffi-
cient. An inadequate supply of oxygen is known as

hypoxia, which means low oxygen and can mean any sit-
uation where cells have insufficient oxygen. Hypoxia
may result from several situations:

. Breathing mixtures that may be low in oxygen such
as in seafloor or surface-based saturation systems or
rebreathers

. Ascending to high elevation

. Convulsing under water from an oxygen-toxicity
event

. Breathing the wrong gas; for example, mistaking the
argon supply for dry suits for a breathing gas supply

. Breathing gas from a scuba cylinder that has been
stored with a little water in it for long periods - the
oxidation reaction (misting) can, over time, con-
sume nearly all of the oxygen in the cylinder

. Inadequate purging of breathing bags in closed or
s emi clo s ed br e athing app ar atus
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In terms of inspired oxygen percentage at one atmos-
phere or at equivalent oxygen partial pressures, there are
usually no perceptible effects down to about 760/o oxygen
(PO2 of 0.16 ata). At l2-l4oh, most people will not
notice the first symptoms of tingling, numb lips, and tun-
nel vision. These symptoms become more prominent at
9-70oh, with the onset of dizziness; collapse is imminent
for some. At levels much below this, some people can
stay conscious with great effort but most will become
unconscious. There is a significant variation between
individuals in susceptibility and symptoms; an adapta-
tion to altitude can greatly increase one's tolerance to
hypoxia. Fitness helps, but individual physiology is a
more prominent factor. Typical responses are included
in Table 3.1, which shows both the range of hypoxic
effects and higher ranges ofoxygen uses.

Hypoxia decreases the ability to think, orient, see
properly, or perform tasks. Of all the cells in the body,
brain cells are the most vulnerable to hypoxia. Uncon-
sciousness and death can occur in brain cells before the

TABLE 3.1
Effects of Different Levels
of Oxygen Partial Pressure

Poz
(atm)

<0.08

<0.08-0.10

0.09-0.10

0.t4-0.16

0.21

0.35-0.40

0.s0

1.6

2.2

2.4

Application and Effect

Coma to ultimate death

Unconsciousness in most people

Serious signs/symptoms of hypoxia

Initial signs/symptoms of hypoxia

Normal environment oxygen (sea level air)

Normal saturation dive PO2 level

Threshold for whole-body effects; maxi-
mum saturation dive exposure

NOAA limit for maximum exposure for a

working diver

Commercial /m1lttary "Sur-D" chamber sur-
face decompression, l00o/o 02 at 40 fsw
pressure

60% N2/400h O2 nitrox recompression
treatment gas at six ata (165 fsw)

100% O2 recompression treatment gas at
2.8 ata (60 fsw)

50/50 nitrox recompression treatment gas

for use in the chamber at s.ix ata
3.0
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FIGURE 3.3
A Nerve Cell

3.1.3 Digestive System
The digestive system consists of the stomach, small

andTarge intestine, the salivary glands, pancreas, liver, and
gaTTbladder (see Figure 3.4). The digestive system converts
food to a form that can be transponed to and utlltzed by
the cells. Through a combina:ion of mechanical. chemical,
and bacteriological actions. the drgestive system reduces
food into solubie basic materials such as amino acids, fatty
acids, sugars, and water, These materrals diffuse into the
blood and are carried by the circulatory system to all ofthe
cells in the body. Non-digested material passes out of the
body as feces.

FIGURE 3.4
Digestive System
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3.2 RESPIRATION AND CIRCULATION
Two body processes most noticeably affected during

diving are respiration and circulation (see Figure 3.5).

3.2.I Process of Respiration
Respiration is the process of getting oxygen (O2) into

the body, and carbon dioxide (COz) out. Inspired air is
warmed as it passes through the nose, mouth, and throat.
This warm air continues down the trachea, into two
bronchi at the top of each lung. These bronchi divide and
re-divide into ten bronchopulmonary branches which make
up the five lobes of the lungs: three for the right lung; the
left lung has only two lobes to al1ow room for the heart. In
each lobe, the branches divide into even smaller tubes
called bronchioles. The purpose of all these branches is to
provide a Iarge amount of gas-transfer tissue in a sma1l
area. Unfolded, the bronchio-pulmonary branches would
be enormous-befween 750 and 860 square feet each (70

and 80 square meters).
The larger bronchioles have a muscular lining that can

squeeze or relax to regulate how much air can pass. Special
cells lining the bronchioles secrete mucus to lubricate and
moisten the lungs so that breathing doesn't dry them, and
to trap dust and other particles. Trapped particles are then
removed by coughing or swallowing. Irritating stimuli trig-
ger the secretion of too much mucus into the bronchioles;
this congests air passages, creating respiratory conditions
that cause problems when diving. Other stimuli cantrigger
bronchiole-muscle spasms, reducing the amount of air
breathed in a given time. When spasms occur frequently,
asthma is suspected.

FIGURE 3.5
Respiratory and Circulatory System
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The bronchioles are honeycombed with pouches, each
containing a cluster of tiny air sacs ca1led a1veo1i. Each alve-
olus is less than .04 inch (lmm) wide. Surrounding each
alveolus is a nefwork of tiny blood vessels called capillaries.
It is in the capillaries that dissolved oxygen and carbon
dioxide are exchanged between the lungs and the blood-
stream. The wal1s of alveoli and their capillaries are only
one ce1l thick, semi-permeable, and close together so gas

transfers easily. There are about 300 million alveoli in each
lung, so gas transfers quickly. This process is shown in Fig-
ures 3.6 and3.7.

3.2.2 Mechanics of Respiration
The volume of air breathed in and out is ca1led tidal

volume; like the tide, it comes in and goes out. Tidal vol-
ume at rest averages about 0.5 liter.

Normal inhalation requires the contraction of the inspi-
ratory rtb muscles (external intercostals) and the diaphragm
muscle below the 1ungs. As the chest cavity enlarges, it
pulls on the double membrane around the lungs called the
pleura. In turn, the pleura pul1s on the lungs, enlarging
them. As lung volume increases, pressure within decreases

allowing air to flow into the lungs to equaTize pressure. To
exhale, the diaphragm and inspiratory muscles relax, push-
ing on the lungs by elastic recoil and pushing air out.

Normal inspiration can be increased by adding contrac-
tion of some of the neck muscles (accessory muscles), and
more rib muscles. Exhalation can be increased by contract-
ing the abdominal wal1 and the expiratory muscles of the
chest (internal intercostals).

Vital capacity refers to the largest volume exhaled after
maximum inhalation. This volume is usually determined by
size and age; larger individuals usually have higher vital
capacity. Vital capacity alone does not determine capacity
for exercise, the ability to breathe adequately during exer-
tion, or the abiliry to deliver oxygen to the blood.

Additional air thaI" can be inhaled after a normal inspi-
ration is the inspiratory reserve. Inspiratory reserve aver-
ages three liters. After exhaling normally, one can forceably
exhale another liter or so of air, ca11ed the expiratory
reserye. Even after forcefu1ly expelling all the air possible,
there is still just over a liter in the 1ungs. This residual vol-
ume keeps the lungs from collapsing.

Besides exchanging oxygen and carbon dioxide, lungs
have several other interesting functions, including filtering.
Lungs are directly exposed to all the pollutants, dust,
smoke, bacteria, and viruses in the air. Parlicles not trapped
by bronchiole mucus enter the a1veo1i. There, special cel1s

ca11ed alveolar macrophages engulf or destroy them. Lungs
also filter the blood supply, removing harmful particles,
such as fat globules and smal1 blood clots. Special ce11s and
enzymes break down and remove the trapped particles. The
lungs even filter gas bubbles generated during diving
ascents, preventing bubbles, in most cases, from going back
to the heart and being pumped from there to the rest of the
body. However, too many bubbles will overwhelm this pul-
monary fi1ter.

Diving Physiology

FIGURE 3.6
Process of Respiration
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3.2.3 Control of Respiration
At rest, a person normally breathes about a 0.5 liter of

air,12 to 20 times a minute. During exertion or emotional
stress, rate and volume increase many times. The rate
slows during rest and deep relaxation.

The body has many self-regulatory mechanisms to
keep internal levels of oxygen and carbon dioxide the
same, even during heavy exercise. Although tissues use
oxygen during exertion, net blood levels do not fall.
Although the body produces carbon dioxide during exer-
cise, levels do not ordinarily rise. The body makes the nec-

essary adj ustments by changing br eathing patterns.
What is called "the respiratory center" is several sepa-

rate groups of newe cells in the brain stem, each reguTating
different respiratory events. Every few seconds, bursts of
impulses from these main nerve centers signal the respira-
tory muscles, and separately determine rate, pattern, and
depth of inspiration and expiration.

As the primary stimulus during exercise, rising produc-
tion of CO2 stimulates receptors in the respiratory center,
resulting in greatly increased inspiratory and expiratory
signals to the respiratory muscles. Ventilation increases to
remove ("blow ofl') CO2; this immediately restores the
blood CO2 level to normal and keeps it there throughout
exercise.

Oxygen, as the secondary stimulus, does not directly
affect the respiratory center to any great degree. Oxygen
acts on cel1s called chemoreceptors in two places in the
heart. These chemoreceptors transmit signals to the brain's
respiratory controls.

An excessive ventilatory rate during emotional stress

such as fear, or during deliberate hyperventilation, can
lower CO2 too far. Low CO2 reduces the drive to breathe,
sometimes so 1ow that one can become oxygen deficient
(hypoxia), or even unconscious (see Section 3.2.6.3). An
insufficient ventilatory rate may occur when breathing
resistance is high or there is a high pafiial pressure ofoxy-
gen, both found in certain diving situations. These can
contribute to carbon dioxide toxicity (hypercapnia) (see

Section 3.2.6.2).

3.2.4 Circtlation
Oxygen from air in the lungs needs to get to the tissue,

and carbon dioxide from the tissue needs to get back to the
1ungs. Oxygen in the alveoli dissolves and transfers into the
blood through the millions of alveolar capillaries. These
capillaries join, forming fewer but Targer venules; the
venules join, forming the large pulmonary vein; and the
pulmonary vein carries the oxygenated blood to the left
side ofthe heart.

The left side of the heart pumps blood into the aorta,
and through a series of Targe muscular blood vessels called
arteries (see Figure 3.8). Arteries branch into many pro-
gressively smaller arterioles. The muscuiar arteriole walls
squeeze or relax to regulate how much blood can pass.
Arterial constriction and dilation is useful to direct blood

FIGURE 3.8
Flow of Blood Through the Heart

into needed areas, away from others, and to increase and
decrease resistance to blood flow, which is a factor in con-
trolling blood pressure. Arterial pressure also contributes
to the force that distributes blood through the body.

Arterioles increase in number and decrease in size until
they become capillaries-the human body has nea{y 60,000
miles (100,000 km) of them. Capillaries are so naffow that
blood ce11s can only go through them single file. The num-
ber ofcapillaries in any particular part ofthe body depends
on how metabolically active that part is. Muscles may have
approximately 240,000 capillaries per square centimeter.
The lens ofthe eye has none. Only about five to ten percent
of capillaries flow with blood at any given time. The body
contains a finite amount of blood, therefore it must be regu-
Latedto meet the body's varying needs. When there is insuf-
ftcient blood to meet the body's needs, problems arise. For
exampTe, if blood fluid volume depletes from dehydration or
can't keep up with the competing demands of exercise and
cooling in the heat, the body is adversely affected.

3-4

Head and Arms

De-oxygenated blood entering the inferior and superior
vena cava, flows into the right atrium, right ventricle, to the
fungs via the pulmonary artery, O2|CO2 exchange in the
pulmonary capillary bed, back to the left atrium through the
pulmonary vein, left ventricle, and back into the systemic
circulation through the ascending and descending aorta. lt
is interesting to note that this circulatory loop takes only 90
seconds, which explains why a bubble which is introduced
into the arterial circulation due to a lung overpressure acci-
dent can quickly cause an arterial gas embolism.

Aorta
all parts ol the body
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Continuous Exposure
Level of CO HbCO in Blood

50 ppm 8.4 %
40 ppm 6.7 %
30 ppm 5.0 "/o

20 ppm 3.3 %
10 ppm 1.7 %

0.5 % (non-smoker)

TABLE 3.2
Garboxyhemoglobin Relative to CO Exposure

Hemoglobin binds with CO 200 to 300 times more
readily than 01 rendering it diflicult and time consuming to
eliminate from the body once inhaled. CO behaves in half:
time fashion, like nitrogen. At sea level breathingregular air,
5 7/2hours pass before half the CO leaves the body; another
5 l/2 hours must pass for the next 25 percent to 1eave, and
so on. Breathing 100 percent oxygen at the surface reduces
the half-time to just under 1 I /2 hours, At three ata (66 ft.)
in a hyperbaric chamber. the half-time is about 23 minutes.

Contamination of a scuba cylinder of air with CO can
come from fumes drawn into the compressor intake. These
fumes can come from the exhaust of an internal combus-
tion engine or from partial combustion of lubricating oil in
a compressor not properly operated or maintained. Air
intakes on compressors must be protected to avoid carbon
monoxide contamination. Use oi1 with an appropriate
flash point if using an oil-lubricated compressor.

Smoking cigarettes creates carboxyhemoglobin in the
blood. The exhaled breath of a smoker can contain more
carbon monoxide than NOAA allows in its compressed air
for diving (see Table 3.2). Diving-industry standards call
for air suppliers to adhere to air-quality standards.

Signs and Symptoms:
Carbon monoxide poisoning usually produces no

symptoms until the victim loses consciousness. Some vic-
tims experience headache, nausea, dizziness, weakness, a

feeling of tightness in the head, confusion, or clumsiness,
while others may be unresponsive or display poor judge-
ment. Rapid deep breathing may progress to cessation of
breathing. There may be abnormal redness or blueness of
lips, nailbeds, or skin. The classic sign of CO poisoning,
"cherry-red" 1ips, may or may not occur and is therefore
not a reliable diagnostic aid.

Treatment:
The victim should be given fresh air and, if avatTable,

oxygen. Some effects, such as headache or nausea, may
persist after the exposure has ended. An unconscious vic-
tim should be treated in accordance with the procedures
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outlined in Chapter 21. The treatment of choice is hyper-
baric oxygen therapy in a recompression chamber.

3.2.6.6 Excessive Resistance to Breathing
"Work-of-breathing" is the amount of effort involved

with inhaling against the elastic resistance of the chest
walls, the resistive forces from restrictions in and lengths of
the airways, and those of supplemental breathing apparu-
tuses. If breathing resistance is high, it makes breathing
more difficu7t, particularly during hard work.

Work-of-breathing increases with high resistance to gas

flow in poorly tuned scuba regulators, valves, and hoses,
and from tight equipment and exposure suits, or from an air
supply in which the supply valve is not wide open. Breath-
ing resistance can increase with gas density, which increases
with depth. Some regulators are not designed to handle deep
depths or high breathing needs. Well-designed, fitting, and
maintained equipment minimizes resistance to the flow of
breathing gas. Resistance increases to the square of the
increased flow rate. That is, doubling the flow rate increases
breathing resistance by four times. Rapid breathing pattems
increase turbulence which, past a point, can increase breath-
ing resistance. Small-bore snorkels, small-diameter exhaust
valves, breathing hoses, and mouthpieces may increase tur-
bulent flow to the point of increasing work-of-breathing.

The body compensates for high breathing resistance by
reducing ventilation-easily demonstrated by breathing
through a narrow fube. As work-of-breathing increases, the
body reaches a limit; it will accept increased carbon dioxide
rather than perform the increased respiratory work required
to maintain a normal CO2 level in the tissues. Excess breath-
ing resistance has been implicated in some diving accidents.

To reduce work-of-breathing, breathe normally. Keep
equipment well tuned and serviced regularly.

3.2.6.7 Lipoid Pneumonia
Lipoid pneumonia can result if a diver breathes gas

containing suspended petroleum vapor. Once petroleum
particles enter the lungs they remain there for a long time.
This condition is commonly known as "black lung" and is
prevented by not allowing oil vapor in the diver's breathing
gas and by ensuring that only approved oil is used in diving
compressors.

NOTF
Oil of any kind is danEerous if breathed into the
diver's lungs.

3.3 EFFECTS OF PRESSURE
Effects of pressure may be arbitrarlly divided into two

main catesories:

1. Direct, mechanical effects during descent
and ascent.
2. Effects from changes in the partial pres-
sure ofinspired gases during descent and ascent.
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FIGURE 3.13
Principle Parts of the Ear

3.3.1 Direct Effects of Pressure During Descent
The body can withstand great hydrostatic pressure.

Divers have made open-sea dives to over 1,500 fsw (682
psia); in experimental situations, divers have been exposed
to pressures equivalent to 2,250 fsw (1,016 psia). Pressure
increases do not affect the liquid areas of the body which
are essentially incompressible and do not change shape or
distort. Air spaces are not affected as long as pressure
inside the air space is the same as pressure outside. If
openings to the air space are blocked on descent or ascent
preventing pressure equalization, the air spaces can be
mechanically distorted and injured. Injury from pressure
change is called barotrauma. The Greek word baros,
means weight or pressure, and trauma means injury.

This section covers barotrauma during descent, as

pressure increases on the air spaces of the ears, sinuses,
lungs, and in certain pieces of diving equipment.

3.3.1.1Ears
The ear has three divisions: outer, middle, and inner

(see Figures 3.13). Each division functions separately to
convert sound waves into nerve impulses going to the
brain.

The outer ear is comprised of the outer projecting
portion and the ear cana7. The outer ear collects sound
waves and channels them through the ear canal to the
ear drum which begins the middle ear (see Figure 3.14).
The middle ear is a tiny air cavity in the temporal bone
on both sides of the sku11. It is a closed air space; when
pressure increases volume decreases, making the middle

Diving Physiology

ear susceptible to pressure problems. The middle ear has
three small bones (malleus, incus, stapes) which intensifu
sound waves from the ear drum and transforms them
into mechanical vibrations going to the inner ear through
a sma11, delicate, oval membrane called the oval win-
dow. The last of the three middle ear bones, the stirrup,

FIGURE 3.14
Tympanic Membrane (Ear Drum)
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attaches directly to the oval window. The oval window is

20 times smaller than the ear drum, so pressure changes

on the ear drum from sound waves or diving amplify
greatly on the oval window. Another delicate structure
separating middle and inner ear is the round window.

WARNING
MIDDLE EAR SQUEEZE, OR TOO VIGOROUS AUTO
INFLATION OF THE MIDDLE EAR SPACE USING A
VALSALVA MANEUVER (ATTEMPTING TO EXHALE
THROUGH CLOSED NOSTRILS), CAN TRANSFER
PRESSURE AGAINST OVAL OR ROUND WINDOWS,
OR EVEN RUPTURE THEM, LEADING TO VERTIGO
AND SOMETIMES PERMANENT HEARING LOSS.

The middle ears connect to the throat by the eustachi-
an tubes, allowing air to enter the middle ears for pressure

eqvalization The eustachian tube is about 1.5 inches (3.8
cm) long in the adult. Pressure equalization of the middle
ear is ongoing, whether diving, flying, or while on dry
land. The eustachian tubes open as middle-ear volume
changes when swallowing and chewing, allowing air to
pass and equalize pressure.

The closed, fluid-filled inner ear has two parts. Both
have intricate shapes, called labyrinths. Receptor ce1ls in
the inner ear receive mechanical vibrations, change them
to neural impulses, and transmit them to the brain. The
second, sepatate function of the inner ear pertains to loca-
tion. motion, and balance.

During descent, water pressure increases against the ear
drum. The ear drum bows inward, compressing air in the
middle ear, initially equaliztng pressure; however, the ear
drum can stretch only so far. As water pressure increases
relative to middle ear pressure, it creates an uncomforlable
relative vacuum in the middle ear. This is "middle-ear
squeeze," or barotitis media. Ear squeeze is common
among divers, but easily preventable.

Successful methods of equalizing middle-ear pressure
are swallowing, yawning, or gently blowing against a

closed mouth and nostrils, which al1ows atr from the throat
to enter the middle ear through the eustachian tube. If one
does not equalize pressure, negative pressure in the middle
ear continues to stress the eardrum, expanding the blood
vessels of the eardrum and middle-ear limng. Either the ear
drum will rupture, allowing air or water to enter the mid-
dle ear and equaltze the pressure, or the blood vessels will
leak and rupture to allow enough bleeding in the middle
ear to equalize pressure. Inner-ear injury may occur from
rupture of the round window. Round-window rupture
requires surgical repair.Injuries to the eardrum or inner ear
may occur with as little as three pounds of pressure differ-
ential and can happen at any depth. It's usually more difflr-
cult to equalize during descent than ascent because the air
passes out of the middle ear through the eustachian tube
more easily than into the middle ear.

WARNING
BECAUSE OF THE DANGER OF EAR DAMAGE, DO
NOT DO A FORCEFUL VALSALVA MANEUVER
BEFORE OR DURING DESCENT OR ASCENT.

Upper respiratory infection (URI) may reduce or prevent
equalization Conditions contributing to stuffi ness include
acute or chronic inflammatory illness, a77ergy, irritation from
smoking, and prolonged use of nasal spray. If one has diffi-
culty equalizing on the surface, don't dive. If one has an
upper respiratory infection of any kind, don't dive until the

infection has cleared.
Systemic and topical drugs may improve nasal and sinus

function and middle-ear equalization. lJse them cautiously
because a rebound phenomenon can occr.1r, particularly with
nasal spray. When the drug wears off , greater congestion and
equaTization problems can reocqlr.

If you have chronic nasal obstruction, frequent upper
respiratory infections, nasal allergies, mastoid or ear dis-
ease, or chronic sinus trouble, see an ear, nose, and throat
specialist.

Signs and Symptoms:
. Fullness or pressure in region of the extemal ear canals
. Squeaking sound
. Pain
. Blood or fluid from external ear
. Rupture of ear drum

Prevention:
. Use of solid ear piugs are prohibited in diving.
. Fit ofdiving hoods and earphones should be adjusted

so that they do not completely cover or seal the exter-
nal ear canal during ascent or descent.

. Accumulated wax that can obstruct the ear canal
should be removed by gently irr.gatrng the canal with
a lukewarm water solution, using a rubber bulb
syringe. Care should be taken before irrigation to
guarantee that there is no ear drum perforation
behind the obstructing wax.

. Descend feet first, preferably down the anchor line or
descent line. Membranes line the airwavs in the head.
and gravity affects blood in the vessels within the
membranes. When you are upside down in water, the
membranes of the air passages swel1 and narrow.

. Don't wait for ear pain to start before equaltzing.
Start equalizing as soon as pressure is felt, or before.

. Equalize gently. Avoid forceful blowing.

. Stop descent if ear blockage or fullness develops.
Ascend until symptoms resolve, even if you must
return to the surface.

Treatment:
Ear drum rupture should be treated according to the pro-

cedures for treatingmiddle earbarotrauma. See a physician.
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FIGURE 3.16
Effect of DescenVAscent on Lungs

3 .3.1.2 Sinuses
The term "sinus" can mean any channel, hollow

space, or cavity in abone, or a dllated area tn a blood ves-

se1 or soft tissue; most often sinus refers to the four, paired,
mucus-lined, air cavities in the facial bones of the head.
Sinus cavities are shown in Figure 3.15.

The same kind of membrane lines the sinuses and
nose, so nasal infections spread easily to the sinuses. In
sinusitis, mucous membranes inflame and swe11, closing
sinus openings and preventing infected material from
draining. If nasal inflammation, congestion, deformities, or
masses block sinus openings, the srnus ltning swells and
inflames, absorbing pre-existing gas whrch forms negative
pressure. When blockage occurs during descent, the rela-
tive vacuum in the sinus increases the risk of damage.
Hemorrhage into the sinus may occur.

Don't dive if you have congested sinuses. Vanous over-
the-counter and prescription medications open sinus passages.

If a decongestant wears off during your dive, the sinuses
become closed spaces (rebound effect) containing high pres-

sure air. This can lead to a reverse block on ascent. Sinus
barotrauma can also occur during ascent if blockage of a one-
way valve of the sinus, by inflamed mucosa, cysts, or polyps,

allows equahzation on descent, but impairs it on ascent.

Signs and Symptoms:
. Sensation of fullness or pain in the vicinity of the

involved sinus or in the upper teeth
. Numbness of the front of the face
. Bleeding from the nose

Treatment:
The treatment of sinus squeeze may involve the use of

nasal decongestants, vasoconstrictors, and antihistamines
taken by mouth. These medications will promote nasal
mucosal shrinkage and opening of the sinus. Most of the
symptoms of paranasal sinus barotrauma disappear within
five to ten days without serious complications. Divers who
have symptoms for longer periods should see a specialist. If
severe pain and nasal bleeding are present or if there is a
ye1low or greenish nasal discharge, with or without fever, a

specialist should be seen promptly. Individuals with a his-
tory of nasal or sinus problems should have a complete
otolaryngologic evaluation before beginning to dive.

3.3.1.3 Lungs
On a breath-hold dive, there is no compressed air sup-

ply. So lung pressure cannot be equaTized with ambient-
pressure. Lung spaces compress with increasing depth (see

Figure 3.16). It used to be thought that the lungs compress

by the simple pressure-volume relationship of Boyle's Law;
that is at five times surface pressure (132 ft. or 40 m) lung
volume would compress to 1/ 5 volume, which can become
less than residual volume, depending on the size of the
1ungs. At such 1ow volume, a condition called thoracic
squeeze would develop, including pulmonary congestion,
swe11ing, and hemorrhage of the lung tissue.
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FIGURE 3.17
Consequences of Overinflation of the Lungs

However, the body has many self-regulatory abilities.
Thoracic squeeze does not readily occur, even at iar greater
depths. Compression during descent shifts blood from the
extremities and abdomen into thoracic blood vessels, main-
taining a larger than predicted lung volume. Lung volume
can faII below residual volume without the damage previ-
ously thought. Record free dives to over 400 ft. (122 m)
have been successful. Such dives are not without other
dangers; they should not be attempted without extraordi-
nary preparation and training.

Signs and Symptoms:
. Feeling of chest compression during descent
. Pain in the chest
. Difficulty in breathing on return to the surface
. Bloody spufum

Treatment:
In severe cases of lung squeeze, the diver requires

assistance to the surface. The diver should be placed face
down, and blood should be cleared from the mouth. If
breathing has ceased, cardiopulmonary resuscitation with
oxygen should be administered. Attendants should be alert

for symptoms of shock, and treatment for shock should be
instituted, if necessary. The dive accident management
plan should be initiated.

3.3.1.4 Eyes
Non-compressible fluids fill the eyes, protecting

them against direct water pressure. Use of a mask pre-
serves underwater vision, but introduces an air-space
around the eyes that must be equalized with ambient
pressure during descent. Without equalization, negative
pressure in the mask space creates suction on the eyes
and lids. Swe1ling, bruising, and bleeding can occur ln
the mucous membrane lining the eyelid (conjunctiva). A
more serious injury can also occur - blood in the anteri-
or chamber of the eye, called hyphema. To prevent mask
squeeze, mask pressure is equalized by exhaling through
the nose during descent. During ascent, air vents harm-
lessly out of the mask.

Signs and Symptoms:
. Sensation of suction on the face, or of mask being

forced into face
. Pain or a squeezing sensation
. Face swollen or bruised
. Whites of eyes bright red

Treatment:
Ice packs should be applied to the damaged tissues and

pain relievers may be administered if required. In serious
cases, the services of a physician knowledgeable in diving
medicine should be obtained.

3.3.2Direct Effects of Pressure During Ascent
During ascent, ambient pressure decreases and air in

the body's air spaces expands. When this air vents freely,
there is no problem. When expanding air is blocked from
venting, overinflation occurs and increases the possibility
o f overpressu rizatton inj ury.

This section covers barotrauma during ascent, as

decreasing pressure affects the lungs, gastrointestinal tact,
teeth, and the space behind contact lenses.

3 .3 .2.1 Lungs-Pneumothorax
If breathing is normal and there are not any lung lesions

or conditions that obstruct air flow, lungs will vent expand-
ing air on ascent without problem. If expanding air is blocked
from exiting, the lungs will overinflate, thus damaging the
alveoli and bronchial passages. Breath-holding or insufficient
exhalation can cr eate gener al lung b arotr auma; obstruction
fiom chronic or acute respiratory diseases, or bronchospasm
with asthma, can result in localized lung overpressure and
barotrauma. If expanding air rupfures the 1ung, air escapes
into the sma1l, normally airless area between lungs and chest
wall (see Figure 3.17). This injury is called pneumothorax.
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FIGURE 3.18
Lungs - Pneumothorax

The lungs are attached to the chest wa11 by a thin,
paired membrane called the pieura. The two pleural mem-
branes lie so close to each other that they touch. A watery
fluid lubricates the layer between them, making a suction
between the layers, which holds open the lungs. Air rup-
turing the lung wa1ls vents air into the pleural cavity,
breaking the suction. There are two types of pneumotho-
rax; simple and tension. A simple pneumothorax is a one
time leaking of air into the pleura cavity. A tension pneu-
mothorax is a repeated leaking of air from the lungs into
the pleural cavity with each successive breath, thus pro-
gressively enTarging the air pocket. A large amount of air
between pleural membranes prevents the lungs from
expanding. Trapped intrapleural gas expands as ascent
continues, increasing pressure in the chest cavify. A lung
may collapse, and the heart may push out of normal posi-
tion, causing sudden severe pain, difficulty breathing, and,
rarely, coughing frothy blood or death from shock (see

Figure 3.18).

Signs and Symptoms:
. Difficulty or raprd breathing
. Leaning toward affected side
. Hypotension
. Cyanosis and shock
. Chest pain (deep breath hurts)
. Shortness ofbreath
. Decreased or absent lung sounds on affected side
. Rapid, shallow breathing
. Death

Treatment:
Simple Pneumothorax
. Normally improves with time as air is reabsorbed.
. Monitor for signs of tension pneumothorax.
. Monitor ABC (airway, breathing, and circulation)

and administer 100 percent oxygen.
. Transport to nearest medical facility.

Tension Pneumothorax
. Position patient on injured side.
. ABC.
. Treat for shock and administer 100 percent oxygen.
. Transport immediately to nearest medical facility

(air must be vented from chest cavrty).

WARNING
DO NOT HOLD BREATH WHEN ASCENDING USING
SCUBA OR SURFACE-SUPPLIED EQUIPMENT.

WARNING
A DIVER WHO HAS HAD AN OVERPRESSURE
ACCIDENT MUST BE EXAMINED IMMEDIATELY BY
A DIVING MEDICAL DOCTOR.

3.3.2.2 Lungs-Mediastinal Emphysema
Emphysema, in general, means an abnormal disten-

tion of body tissues from retention of air. The most
familiar type of emphysema usually results from smoking
or other lung pollution, and permanently overexpands
and damages alveoli. In mediastinal emphysema, air
escapes from a lung overpressurization into tissues
around the heart, major blood vessels, and trachea
(windpipe). This gas expands on ascent, causing pain
under the sternum (breast-bone), shortness of breath, or,
in extreme cases, fainting from impaired blood return to
the heart (see Figure 3.19).

Signs and Symptoms:
. Pain under the breastbone that may radiate to the

neck, collarbone, or shoulder
. Shortness ofbreath
. Faintness
. Blueness (cyanosis) of the skin, lips, or nailbeds
. Difficulty in breathing
' Shock
. Swelling around the neck
. A brassy quality to the voice
. A sensation of pressure on the windpipe
' Cough
. Deviation of adams apple to affected side

Treatment:
. ABC
. Administer oxygen and monitor for shock
. Examine diver for other signs of pulmonary barotrau-

ma
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FIGURE 3.19
Lungs - Mediastinal Emphysema and Subcuta-
neous Emphysema

. Mediastinal emphysema causing respiratory or circu-
latory impairment may require recompression.

. Transport to the nearest medical facility.

3,3.2.3 Lungs-Subcutaneous Emphysema
Subcutaneous emphysema results from air forced into

tissues beneath the skin of the neck. It can be associated
with mediastinal emphysema or can occur alone (see Fig-
ure 3.19).

Signs and Symptoms:
. Feeling of fullness in the neck area
. Swelling or inflation around the neck and upper chest
. Crackling sensation when skin is palpated
. Change in sound of voice
. Cough

Treatment:
Unless complicated by gas embolism, recompression is

not normally required. The services of a physician should be

obtained and oxygen should be administered if breathing is
impaired.

3.3.2.4Arterial Gas Embolism
An arterial gas embolism occurs when a bubble of gas

(or air) causes a blockage of the blood supply to the heart,
brain, or other vital tissue (see Figure 3.20). Arterial gas

embolism maybe abbreviatedAcE. A cerebral (brain) arteri-
al gas embolism is abbreviated CAGE.

The bubble tends to increase in size as the pressure
decreases (Boyle's Law), which makes the blockage worse.
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FIGURE 3.20
Arterial Gas Embolism

When a diver holds his breath or has 1ocal air trapped in
his lungs during ascent, the volume of gas in the lungs
increases due to a reduction in ambient pressure. Alveoli
can rupture or air can be forced across apparently intact
alveoli. If air bubbles enter the pulmonary veins, they trav-
el to the left side of the heart muscle, and then commonly
on through the carotid arteries to embolize the brain. As
the bubbles pass into smaller arteries, they reach a point
where they can move no further, and here they stop circu-
lation. Deprived of oxygen, those tissues die.

Arterial gas embolism may occur quickly after surfacing
with damage depending on the area inyolved. There is no
way to predict which area will be affected. Symptoms of arte-
rial gas embolism usually occur immediately or within five
minutes of surfacing. Prompt recompression is the only treat-
ment for gas embolism.

One, a few, or all of the symptoms listed below may be
present.

Signs and Symptoms:
. Chest pain
. Cough or shortness ofbreath
. Bioody, frothy sputum
. Headache
. Visual disturbances including blindness, partiaT or

complete
. Numbness or tingling (paresthesias)
. Weakness or paraiysis
. Loss of. or change in. sensation over part ofbody
. Dizziness

Bubbles
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. Confusion

. Sudden unconsciousness (usually immediately after
surfacing, but sometimes before surfacing)

. Respiratory arrest

. Death

WARNING
ARTERIAL GAS EMBOLISM IS LIFE THREATENING
AND REQUIRES IMMEDIATE TREATMENT.

Prevention:
. Never hold your breath when diving with com-

pressed gases
. Ascend slowly (30 ieet per minute)
. Do not dive with a chest cold or obstructed air oas-

sages
. Maintain good physical fitness, nutrition, andhydra-

tion
. Carry sufficient quantities of gas to complete the

dive

Treatment:
. Establish and maintain ABC, and initiate cardiopul-

mnn2n/ re<rrqcit;. --__,^.JilOn, ll necessary
. Administer 100 percent oxygen with the injured

diver supine or in recovery position
. Transport to nearest medical facility and initiate

recompression treatment ASAP
. Perform a physical examination, including neurolog-

ical examination, as soon as situation permits
. Provide additional life support measures
. Reassess diver's condition regularly

Rescuers and attendants must be aware that many
embolism patients are also near-drowning victims. Posi-
tion the injured diver in a supine or the recovery posi-
tion. Injured diver position should not be allowed to
interfere with the immediate administration of CPR.
Administer 100 percent oxygen with a tight-fitting
oronasal mask by demand/positive-pressure valve or
non-rebreather mask at 15-1pm, and transport the patient
as rapidly as possible to a medical facility for recompres-
sion treatment. A gas embolism case is a minute-to-
minute emergency transfer. The chances of fu11 recovery
decrease with each minute lost in returning the patient to
pressure. If air transportation is required, the patient
must not be exposed to decreased cabin pressure during
transit; consequently, aircraft capable of being pressur-
tzed to sea level must be used. A helicopter or unpressur-
jzed atcraft must be flown as low as is safely possible.
Despite the decreased chance of recovery if therapy is
delayed, patients have responded even after several hours
delay. Victims should not be taken back into the water
for treatment.

3.3.2.5 Stomach and Intestine
Only a small amount of gas is normally present in the

smal1 intestine at any time. Although gas enters or forms in
larger quantities, most is usually absorbed back through the
intestinal mucosa. Any air remaining in the stomach and
iarge intestine compresses with descent and returns to nor-
ma1 volume on ascent. The intestines are surrounded by
soft tissue so compressron and expansion are, normal1y,
neither hazardous nor noticeable.

Tf .,^,, -,.rr ^-^,,^L .L .' ...._ while underlr yuu auu giluu}jil B4J tu t|q )_v)Lqrrr

water, the gas will expand on ascent. These gases can be
generated by swallowing air, or withrn the intestine from
carbon dioxide iiberated by reactions between gastric and
pancreatic juices, or a prior gas-producing meal. Ambient
pressure pushing on a stomach fuIl of gas can cause belch-
ing or back flow of stomach contents (heartburn). Severe
inlury is rare. With a hernta, expanding gas trapped in a

loop of bowel could make the hernia irreducible.
To prevent gastrointestinal (GI) barotrauma, breathe

normaliy, don't swallow air, and avoid large meals and
gas-producing food and drink before diving. Should GI dis-
tress occur on ascent, descend to relieve discomfort, and
slowly re-ascend. It may help to keep the legs moving. If
surfacing is necessary before relieving pressure, try various
over-the-counter, anti-gas preparations. In extreme cases,

get medical attention.

3.3.2.6Teeth
Barodontalgia means "tooth pain." It occurs when a

small pocket of gas coliected in a tooth during the dive
expands on ascent. Tooth pain has been reported during
air travel as well.

The air space may be generated by decay resulting in an
area for gas to coilect under a filling. Other causes of tooth
squeeze include recent extractions, gum infections that have
formed periodontal pockets, large areas of decay where the
pulp is infected, abscesses, recent fillings, and recent root
canal therupy. Part of the root canal procedure is to dry and
temporarily seal the canal betr,veen ffeatments with a materi-
a1 designed for pressure of one atmosphere. Exposure to
higher pressures can produce small leaks that cannot release

air fast enough during ascent. Trapped air can shatter fLl1

porcelain crowns in teeth where the cement bond is failing.
Gas accumulated slowly during a saturation dive has been
known to (rarely) cause tooth cracking and even explosion.

Tooth squeeze is not common, but prevention is worth
keeping in mind. Keep teeth clean, have cavities fil1ed and
ill-fitting crowns replaced. Complete endodontic therapy
before diving. Before undergoing any dental work, inform
the dentist of diving status.

3.3.2.7 Contact Lenses
Bubbles have been found in the precorneal fi1m oftears

beneath hard contact lenses after ascent. Affected divers
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Feet

Guideline Depths

Meters Effect

0-1 00

100

1 00-1 65

t03

1 65-230

230

230-300

300

300

0-30.5

30.5

30.5-50-3

50.3

50,3-70.1

70.1

70.1-91 .5

91.5

91.5

Mild impairment of performance on unpracticed tasks.
Mild euohoria.

Reasoning and immediate memory afiected more than motor coordination and
choice reactions. Delayed response to visual and auditory stimuli.

Laughter and loquacity may be overcome by self control.
ldea fixation and overconfidence.
Calculation errors.

Sleepiness, hallucinations, impaired judgment.

Convivial group atmosphere. lvlay be terror reaction in some.
Talkative, Dizziness reported occasionally.
Uncontrolled laughter approaching hysteria in some.

Severe impairment of intellectual pedormance. Manual dexterity less affected.

Gross delay in response to stimuli. Diminished concentration.
Mental confusion. lncreased auditory sensitivity, i.e. sounds seem louder.

Stupefaction. Severe impairment of practical activity and judgment.
Mental abnormalities and memory defects. Deterioration in handwriting,
euphoria, hyperexcitablity.
Almosl total loss of intellectual and perceptive faculties.

Hallucinations (similar to those caused by hallucinogenic drugs rather than alcohol).

TABLE 3.3
Narcotic Effects of Compressed Air Diving

experienced soreness, decreased visual acuity, and the
appearance ofhalos around lights for about rvvo hours after
ascent. Divers who wear contact lenses should use either
soft lenses or hard fenestrated lenses (hard lenses with a

special hole drilled). Consult with an ophthalmologist.

3.3.3 Indirect Effects of Pressure During Descent
Indirect effects of pressure occur from changes in the

partial pressure of the gases in the breathing mix. This sec-

tion covers inert gas narcosis, high pressure nervous syn-
drome (HPNS), and oxygen toxicity.

3.3.3.1 Inert Gas Narcosis
Inert gas narcosis is a condition of confusion or stupor

resulting from increased pressure of dissolved inert gas.

The most common inert gas narcosis is nitrogen narcosis.

The gases producing narcosis have no effect ifthey are
not breathed under pressure. High pressure dissolves gas in
the protein coverings of nerve ce1l membranes, depressing
nerve excitability and interfering with signals. Of course,
there are other factors involved in this complex and incom-
pletely understood phenomenon.

Although often portrayed as such, narcosis is not
always rapturous or intoxicating. Effects can be unpieasant

or frightening, particularly in limited visibility or cold
water. Even if pleasant, narcosis impairs intellectual capac-
jties. short-term memory. time perception, orientation.
judgment, reasoning, and the ability to perform mental
functions, making it difficult to monitor time, depth, air
supply, or the location of a buddy. Dive plan information
may be forgotten. Spatial orientation may become a matter
of complete indifference. Severe narcosis can produce hal-
lucinations, bizarre behavior, or loss of consciousness.
Physical problems include decreased motor abllity and
slowed reaction time. Because it decreases perceptions of
cold and decreases heat production, narcosis may play an
important role in diving hypothermia. Despite the popular
belief, narcosis does not slow respiration. Narcosis is dan-
gerous because it increases the risk of an accident while
diminishing the ability to cope with one.

Impairment increases with depth. Narcosis is often first
noticed at approximately 100 feet (31 m) when breathing com-
pressed ar. Wide variations rn susceptibility occur; although,
aI greater depths, most compressed-air divers are affected (see

Table 3.3).

Helium causes minimal narcosis, making it useful at
depths where nitrogen narcosis would incapacitate a diver,
Two other inert gases used in experimental diving are
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neon and argon. Neon is not narcotic; however, argon is nar-
cotic at deeper depths. Interestingly, it appears that too high
an oxygen ievel can leave some oxygen in the tissues unme-
tabolized. To the extent that.it is present in certain tissues,

oxygen may also act as an inert gas and produce narcosis
(Bennett and Elliott 1993).

Several factors can compound the effects of narcosis:
CO2, fatigue, anxiety, cold, alcohoi, and hangovers. Med-
ications that might cause drowsiness or reduce alertness,
such as motion sickness remedies and sedatives, or sedat-
ing recreational drugs, also contribute to narcosis. This is
consistent with the view that narcosis depresses the central
nervous system (CNS). Narcosis rapidly reverses with
ascent, though divers who have experienced narcosis may
not remember events occurring at depth.

Signs and Symptoms:
. Loss ofjudgment and skill
. A false feeling of well being
. Lack ofconcern forjob or safety
. Inappropriate laughter
. Euphoria

Prevention and Treatment:
There is no specific treatment for nitrogen narcosis. A

diver experiencing narcosis must be brought to a shallower
depth, where the effects wrl1 be reversed.

3.3.3.2 High Pressure Nervous Syndrome (IIPNS)
High pressure nervous syndrome (HPNS) occurs at

depths grearet than 400 fsw (123 msw). First noted in the
1960s, HPNS was initially thought to be an effect of breath-
ing helium, so it was called helium tremors. At that time,
helium was the most commonly used diluent gas for diving
at deeper depths. HPNS becomes worse with increasing
pressure and rate of compression.

HPNS is characterizedby dizziness, nausea, vomiting,
postural and intention tremors, fatigue and somnolence,
sudden muscle rwitching (ca11ed myoclonic jerking), stom-
ach cramps, intellectual and psychomotor performance
decrements, and poor sleep with nightmares.

Adding a small amount (5-10%) of nitrogen into the
breathing mix reduces HPNS. At high pressure, nitrogen is a
neural depressant. Other methods of preventing or reducing
HPNS include s1ow, steady compression, stage compression
with long intervals, exponential compression rates, and care-

ful personnel selection.

3.3.3.3 Oxygen Toxicity
Given oxygen's metabolic effects, it should be no great

surprise that in excess it can be toxic. In fact, all living things
have enzymes and other mechanisms that protect against
oxygen's toxicities. There are two lypes of oxygen poisoning
for which divers must be concemed: those affecting the cen-

tral nervous system (CNS), and those affecting many other
parts of the body more generally, particularly the lungs.

Diving Physiology

FIGURE 3.21
CNS Oxygen Toxicity Signs and Symptoms

3.3.3.3.1 CNS: Central Nervous System
CNS oxygen toxicity can occur at the high end of POl

levels, even after short exposures. Typically, it can develop
within a few to many minutes on exposure to partial pres-

sures of oxygen above 1.6 atm (roughly 5 to 50 min, but
this is highly variable) (Lambertsen 1978). The end result
may be an epileptic-like convulsion that is not damaging in
itself, but can result in drowning or physical injury. The
acronym CONVENTID (see Figure 3.21) is a simple way to
remember all the signs and symptoms of CNS oxygen toxi-
city. It is important to note that these symptoms may come
in any order.

There are other signs and symptoms of CNS toxicity.
Not onerous in themselves, they are justification to stop a

dive. They include twitching of lips and facial muscles,
visual or hearing disturbances, nausea, dizziness, difficulty
in breathing (dyspnea), anxiety, confusion, poor coordina-
tion, and unusual fatigue. These may warn of an impend-
ing convulsion, however, a convulsion is just as likely to
occur without any warning. Divers have been known to
"black out" or go unconscious without a conl'ulsion; this
may be a manifestation of oxygen toxicity.

3.3.3.3.2 Lung and "Whole-Body"
Slower developing oxygen toxicities may lollou erpo-

sure to lower levels of oxygen for longer times. The lung is
the principal organ affected, but many other parts oi the
body can be affected as well. Therefore, the ten-t-t "ril-iole-

body" toxicity is used to include the affected palts of the

body other than the CNS.
A classical symptom of whole-bodl' to-ricitr is pui-

monary irritation, the result of ox1'gen's effect on the
lung. Such a symptom usually takes hours or longer to
develop from exposure levels that mav be lower than
those that cause CNS symptoms. Whole-body oxygen
toxicity is generally of littie concern to divers doing no-
stop dives, even when breathing oxygen-enriched mix-
tures, but it may be seen during intensive diving
operations or during long oxygen treatments for decom-
pression sickness in a hyperbaric chamber. Symptoms are

- Convulsion

V - Visual disturbances, including tunnel vision

E - Ear ringing

N -Nausea
T - Tingling, twitching or muscle spasms, especially

of the face and lips

I - Irritability, restlessness, euphoria, anxiety

D - Dizziness, dyspnea
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the victim for a few minutes, most victims of sudden car-
diac arrest will not ultimateiy survive unless there is fur-
ther intervention.

Sudden death secondary to cardiac disease is a leading
cause of death in the United States. Estimates are that if all
the links in what is called the "chain of survival" are intact,
upwards of 49 percent of all victims of sudden cardiac death
might survive to discharge. This contrasts to rather dismal
survival to discharge rates that occur at present in the Unit-
ed States with the system as it exists in most parts of the
country. The critical links in the chain of survival include:

. Early recognition of the problem and mobilization of
the EMS response

. Early CPR intervention

. Early defibrillation

. Early advanced cardiac life support

A diver trained in CPR can be instrumental in perform-
ing the key functions in the first three links in the chain
(Guidelines 2000).

Certain heart rhythm abnormalities respond very favor-
ably to the delivery of a direct current shock through the
heart muscle. One of these rhythms is called ventricular fib-
rillation. When the heart is behaving in that manner, the
heart simply quivers without any blood being pumped.
According to the report of the committee mentioned above,
"the majority of adults (80-90 percent) with sudden, non-
traumatic, cardrac arrest are found to be in ventricular fibril-
lation when the initial electrocardiogram is obtained"
(Guidelines 2000).

Most survivors of ventricular fibriilation receive early
defibrillation. Survival dramatically falls if the first defibrii-
lation effort is not delivered within eight to ten minutes of
the initial arrest. The emphasis on early defibrillation is so
great that the implication of the 7992 report is that, opti-
mally, automated external defibrillators should be available
to deal with sudden cardiac death.

The automated external defibrillator (AED) is a med-
ical device that not only analyzes a victim's cardtac rhythm,
but also guides the rescuer through the steps to deliver the
potentially life-saving shock. Automated external defibrilla-
tors sold today are described as semi-automatic in their
method of operation. The semi-automatic defibrillator ana-
lyzes the cardiac rhythm and determines if a shock is war-
ranted. The shock cannot be delivered without some
physical action by the rescuer. The material be1ow, very
briefly, shows the steps in the utilization of one such device.
As with most material in this section, it is imporfant to
recognize that the briefpresentation here does not consti-
tute training, but simply provides material to supplement
appropnate training by the agencies previously cited.

Automated defibrillators are remarkable devices in that
they not onTy analyze cardiac rhythms, but also provide
voice prompts to the caregiver. For example, some of the
"spoken," computer-generated, commands that may be
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heard from the automated defibrilator's speaker include:
" stand-clear," " analy zing," " charging, " "press to shock, "
"check pulse," "start CPR," "stop CPR," "check victim," etc.

As in basic CPR described above, the victim is checked
for responsiveness, breathing, and pulse. In the non-breath-
ing and pulseless victim, insure that someone has activated
the emergency medical services agencies and, at the same
time, have someone bring the automatic defibrillator to the
victim and place it beside the victim. If there is more than a
momentary delay until the automated defibrillator is
deployed, perform basic CPR and, if possible, the victim's
breathing should be supported with suppiemental oxygen.

The automated defibrillator, due to its sophisticated
computer technology, is typically not the sort of device that a

diver will purchase for himself. However, it has largely been
established as a standard of care that should be present, along
with adequate oxygen and oxygen delivery devices, on large
boats, parly boats, dive boats, research vessels, land-based
research diving facilities, and live-aboard dive vessels.

20.5 STOPPING LIFE-THREATENING
BLEEDING

Once the presence of a patent air-v.ray, breathing, and
adequate circulation are assured, the last phase ofthe scene

safety assessment/intervention is control of any visible,
life-threatening, or severe bleeding.

It is unusual that any external bleeding will require
care beyond direct pressure to the site of the bleeding and,
if the injury is to an extremity, lifting it above the level of
the heart. It is important, particularly when bleeding is
present, to be especially cognizant ofthe infection risks and
take the steps necessary for protection.

Remove the disposable gloves from their packagtng
and put gloves on before proceeding.

Provided there is time, a sterile dressing should be
removed from its packaging in a manner that the sterility
of the dressing is maintained to the maximum extent.

The sterile dressing should be firmly held against the
wound with a gioved hand and, if the wound is in an
extremity, the extremity shouid be lifted above the level of
the victim's heart. The force of gravity working against the
movement of blood wil1, in a smali part, contribute to the
slowing of the rate of bleeding.

If direct pressure with the dressing substantially slows,
but does not entirely stop the bleeding, do not remove the
dressing. Instead, apply another dressing on top ofthe blood-
soaked dressing and continue this process until the soaking of
the dressings subsides, or until it is determined that more
aggressive methods must be employed to stop the bleeding.

If direct pressure and elevation, if applicable, do not sig-

nificantly reduce the rate of the flow of blood, then it may be

necessary to use alternative means to stop the bleeding. If
the uncontrolled bleeding is in the upper arm, pressure
should be applied to the brachial artery, found on the inside
of the upper arm. Apply pressure where there is a pulse.
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This will compress the aftery against the bone of the upper
arm.

The pressure point to use for bleeding in the leg is the
femoral artery. Feel along the crease in the groin on the
inside of the upper leg to find a pulse. Use the heel of one
hand to compress the artery against the bone.

A tourniquet is the absolute last resort in an effort to
control bleeding from an extremity. The "litmus test"
applied to the use of the tourniquet should be that the risk
of the loss of a portion of the limb is an appropriate rrade-
off for the stopping of the bleeding that cannot be stopped
by any other means. In a situation where there are many
victims in need of care and some of those victims have
severe extremity bleeding, the tourniquet can be utilized as

a stop-gap measure when victims vastly outnumber care-
givers. Tourniquets used in such a setting will likely be
replaced with direct pressure and/or pressure points when
the number of caregivers become sufficient to provide one
caregiver per victim.

A three to four inch band of cloth makes a good
tourniquet. This is usually a triangular bandage folded
into what is known as a cravat. The cravat should be
placed between the victim's heart and the wound, about
one inch above the wound. The cravat is wrapped
around the extremity and an over-hand knot is tied in
the cravat to hold it in place (see Figure 20.1).

A stout stick is needed, or on a boat, a wrench is usual-
ly readily available, at least six inches in length. Place it
over the overhand knot and then tie it in place with a
square knot. Twist the stick in circles until the bleeding
stops. Once the bleeding has stopped, take another cravat
and use it to tie the stick in place.

FIGURE 20.1
Application of a Tourniquet

Rernember. the tourniquet is tr-u1_v a last-ditch effort to
stop bleeding that cannot he stopped t r direct pressure. eJe-

vation, or the r.rse of pressure points, Be certain that the
direct pressure and elevation nlethod or prs55rta aa a.
arterial pressure point irate been given acequare time
before making the decisiLrn rrr a::rl\ a :oulrrcue:.

If the tourni.luet is '.ise.l as rrlhe: :h.'.:r a sjr.',rI-Ierm.
stop-gap measure. take a mal.il:rg .:e i --- rr: sole -ni and
write the initials "TK' on the rrc:::::s :r:el:e:; as tell as

the time the tourniquet \\'as apphe.i F-r,,-.', -,: ::e :r:i:rg
the victim for transport, never alio\\' :ira :iur^:,q'-ra: rrr Lre

covered since it may be rnissed or aJ--Jr:r,.:--'. ;,s--r;_=e;.
Keeping the tourniquet in sighr n-. :----.,.i- ,.- :l-. -.c
involved in the care or handlins of the vic::::r ",,',::e --,I :he
tourniquet's presence.

20.6 USE OF SUPPLEMENTAI OXYGE\
With the knowledge avallable todai' r.e,a.,'. - :- :..

need for oxygen in the ill or injured victrm. especra,-'. -,::
diving accident victims, it is absolutely mandaton tL-r 1a-,.
adequate supplemental medical oxygen suppiies p1e :e r-: ;.
all diving operations.

One of the most effective oxygen systems pror icing
high concentrations of oxygen to the victim is a posrtrr e

pressure,/demand va1ve. The essentials of this rype oi sr s-

tem will be easy for the scuba diver to identify with since
the parts have very similar parallels in diving.

The oxygen cylinder for most portable systems is ihe
aluminum or steel D, aluminum Jumbo D, or aluminun
or steel E size. Like the scuba cylinder, this is rhe source of
the gas to deliver to the victim, but unlike the scuba o'hn-
der, these cylinders contain pure oxygen. At the top of the
cylinder, there is either a handle or wrench-operated metal
stem for turning the cyiinder supply on and off. The essen-

tial information for each of these popular portable o.\\-gen
cylinders for both steel and aluminum cylinders is listed in
Table 20.1.

In order to select the appropriate system for the set-

ting in which the oxygen may be utllized, determine ,he
maximum time that oxygen might be required un!1er :he
worst of circumstances. For example, if actir itie s rr-.'err
take the vessel as far as 30 minutes fiom the ;.r;k.
assume that an emergency might requrre 15 to lt-l l.ri:-
utes of oxygen prior to getting under s ar'. \e rr.
assume there might be an additional delar ol i: rr::rures
awaiting emergency medical service's ar.r.ivai ar the
dock. So, at the outside, the caregiver. u'i1l nee 't a 65-
minute supply. Two D cylinder.s u'ottl.i :1.1-rL'aLr1\' be
adequate for this situation. but a third ;r liu.i.r ::ri:h: l.e
a good idea.

The oxygen delivery svstem has a leguialor that is

similar to the first stage of the scr,rL.a s\.sler'n. This leguia-
tor reduces the pressure of the orrge rt 1r'lrtt tr linJer pres-

sures to a usable pressure of aprprlel,r.natelr' 50 lbs. per
square inch (psi). Also includetj on the lrsltcr rcorrlatnrc
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and then make an estimate how many of those palm sur-
face areas would cover the area injured by burn. So, if
the estimate is that ten of the victim's palms might cover
the burned area, that would equal a 10% burn.

2O.II FRACTURES AND SPRAINS
"Slip and fa1l" injuries are a problem, particularly

when wet boat decks come into p1ay. Detailed diagnosis
of bone and joint injuries typically are left to trained med-
ical personnel. A11 a rescuer real1y needs to do is to recog-
nize thar there has been an injury that may involve the
bones and joints.

If a victim has suffered a falling or rwisting injury and
complains of severe pain rn a bone or joint, the initial pre-

sumption should be that injury has taken place. Swelling
and discoloration may confirm such injuries. Injuries like
this need to be evaiuatedby a physician, preferably in a hos-
pital emergency room, and should be x-rayed to determine
the severify of injury. Even if there is no fracture present,

there may be significant injury to the tissues surrounding a
joint and the injury needs to be managed as a fracfure.

Principles of bone and joint injury management are
universal in that the primary objective is to immobilize the
bones and joints immediately above and immediately
below the site of the injury. If a long bone is involved, the
bones and joints both above and below the possibly injured
bone should be immobilized.

The ankle is a commonly injured joint in the marine
environment and management can take advantage of some
available materials. For an injured ankle, one may use a

wet suit, blanket, or two large beach towels for splinting.
The folded wet suit (or alternate materials mentioned)

is pulled up the victim's 1eg to be certain that the area cov-
ered is adequate to immobilize the ankle. The cravat (trian-
gular bandages) is first brought under the victim's foot that
has been wrapped in the folded wet suit. In larger victims,
two cravats may have to be tied together to have sufficient
length for application of the bandage. Take the long ends
and cross them behind the victim's 1eg then bring the ends
around and across the victim's instep. The "tails" are now
slipped through the material originally taken behind the
victim's leg. With the long ends pulled through the "stir-
r-ups" formed by the material and with steady upward pres-
sure, the ankle and foot are secured with the cravat and
wet suit material. The ends of the cravats are tied off on
top of the victim's foot.

Though not as figid as a cast, this method immobilizes
an injured ankle adequately and will enable the victim to
be moved from the boat or beach with limited additional
risk of further injury.

The forearm bones are commonly fractured either by
fal1s or having heavy objects falling upon them. Managing
such an injury ideally requires the assistance of a bystander
or another caregiver during the initial stages so that any
additional movement of the iniured extremitv is minimized.

The victirn's upper arm, elbow, wrist, and hand are sta-

bllized manuall_"- first. Due to the interconnections between
the hand and the arm. ir is iurportant ro be cer-tain that the
hand is immobilized This u il1 prevent unnecessan' pain
and further injury to tl.re lrctim. The hand should be iurtno-
bllized in what is descril.ed as rhe posiricrn oi tunction. One
of the simplest methods oi doing thrs rs i.r' p.iacrng a loll of
self-conforming bandage gentlr rnio iire victin s ulip n hrle

the support of the arm is mar-rualiv nta:rt:ar:te .r

Anothercarepiver nr hvsr,arr,lr' .'t" ",',lc tic :)JItudl
support of the injured extremitl u'l.iile ii.re r.es.:-r s:a'-'es a
SAM splint to the victim's atm. The S \\I s:.::t: '.i;.s .ie ','e,-

oped by an orthopqdic surgeon iSanr Scheir:L,e:g a::t -s all
ideal device for the marine environtttent. silr.e -, -i .ss-rt-
tially impervious to the environment, light in ','. - :l:: '-:.:
when rolled up takes up very little space. Th:s s':-:::: :an
also be re-used and is suitable for bone and joil: -r-'-:r.:i -'

the arm and wrist, shoulder, and, when two sphnts clr.i --)-;
together, can be used to splint the leg or ank1e. The s1---n: rs

secured in place using a self-conforming bandage :l ,l-
same manner as discussed in wound management.

For upper extremity injuries, the splint is on11' the ll's:
part of care and the arm should be further supported and
immobilized using a sling and swathe.

To prepare a sling for the victim, tie an overhand lctot
in the point of the triangularbandage that will be used as the

splint. If a triangular bandage is laid out on the beach or.

boat deck, two "long arms" and one "short arm" riill be

noticed. The knot should be tied at the very end of the shon
arm as indicated in Figure 20.2. This knot will help to tbrrn
the "cup" at the victim's elbow when the sling is app1iec1.

In applying the sling to the victim, take the portiolr oi
the triangular bandage closest to the victim's body and pass

it around the side of the neck on the same side as the
injury. The other end of the triangular bandage. the por-
tion which is on the outside of the victim's arm. is passed

FIGURE 20.2
Placement of Knot for a Slinq
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over the shoulder opposite the victim's injured arm. The
sling is tied behind the victim's neck with a square knot,
but the knot should rest to the side of the neck in the inter-
est of the victim's comfort.

As a fina1 safeguard, take another triangtlar bandage
andbrtng it over the outside of the upper arm and tie it off
under the victim's opposite arm. This is described as the
swathe and yields a ful1 immobrlizatton of the injured arm.
With slight modifications, this same sling and swathe tech-
nique is usefu1 for the management of upper arm, shoulder,
and collar bone injuries.

20.12 POSSIBLE MEDICAL PROBLEMS
Though most people encountered in the diving envi-

ronment are generaTTy healthy, it is possible that on board a
boat, divers may be exposed to certain medical emergen-
cies. None of these will be discussed in great detail, but
some thoughts are offered relative to the initial manage-
ment of some illnesses thatmay be encountered.

20.12.1 Respiratory Emergencies
The simplest way to classifi' respiratory problems is those

victims breathing too fast, those breathing too s1ow, or those
whose breathing is impared due to some intemal obstruction.

20.12.L\ Hyperventilation
Breathing too fast, hyperwentilating, may be a natvraT

response to injuries or to blood loss and need not be treat-
^A T^-r^-,-{ -{^-l .,:'t rhp "'.,'lo'l',i.- ^'^hl.eo. Insteao. oeai \\ttn.,,- ,.ms In a man-
ner previously discussed. Hvperventilation mav also be a
result of diabetes or other metabolic emergencies and needs
the attention ol'medical professionals. as it may be a sign
of a very serious medical condition.

However. hyperventilarion syndrome can be a prob-
lem, as it may lead to an imbalance of respiratory gases in
the body that need to maintain a relatively delicate bal-
ance. It is usually precipitated from some emotional
response, but once started, appears to be self-sustaining
and beyond the voluntary control of the victim.

The victim will usually breathe from 35 to 50 times per
minute and may complain of numbness and tingling
around the mouth and nose. The victim is anxious and
appears to be suffering from air hunger and may also
exhibit cramping of the hands and forearms.

Management of this type of hyperventilation is direct-
ed at getting the victim's respiratory gases back into bal-
ance. Take two immediate actions:

1. Continue to reassure the victim that everything is
OK, and that they need to concentrate on trying to
slow their breathing.

2. Using either a paper bag or an oxygen mask not con-
nected to any oxygen, have the victim re-breathe
their own exhaled air. This will increase the leve1 of
carbon dioxide in their b1ood, the gas that has been
over-depleted via hyperventilation, and bring their
respiratory rate back under control.
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If the victim's breathing does not quickly come under
control, the victim needs to be treated by more advanced
emergency medical personnel.

20.12.1.2 Inadequate Breathing (Hypoventilation)
This type of problem can be the result of a disease

process, extreme weakness, or some injuries that cause the
victim to limit chest wall movement. In any case, the prob-
lem leads to an inadequate volume of gas being exchanged
each minute, with too little oxygen being taken into the sys-
tem, and too little carbon dioxide being exhaled.

The rescuer may notice the problem by observing a

very slow breathing rate of less than ten breaths per minute.
Very shallow breathing or cyanosis (a bluish color change
seen in the nail beds and around the lips) may be present.
Any of these flndings should be treated by administering
oxygen and providing ventilatory suppoft to the victim in
the manner discussed earlier under Section20.4.4.

20.12.1.3 Obstructive Problems
Diseases such as chronic bronchitis, emphysema, and

asthma all result in some degree of blockage or impairment
ofnormal gas exchange. Ifa victim has one ofthese diseases
and such a person is in respiratory difficulty and in obvious
distress, oxygen should be administered and supplementary
ventilation should be considered. Such victims are almost
always more comforlable if maintained in a sitting position.

These are emergencies that need to be transferred imme-
diately to the emergency medical services system for care.

20,I2.2 Cardiovascular Emergencies
In the course of discussing primary victim care, the

procedures to fo11ow in the event of cardtac arrest were
examined. Even if the condition being treated is essen-

tially self-limiting, like angina, the victim needs to be
transferred to the emergency medical services system for
ongoing care and ultimate disposition. It has been recog-
nized that one of the leading causes of unnecessary
deaths from heart disease occurs because of delay in
reaching appropriate care. Do not contribute to the prob-
lem.

Certain chronic cardiac problems, the most common
of which is called chronic or congestive heart failure, will
usually involve a victim in respiratory distress and needing
appropriate care, along with immediate transfer to the
emergency medical ser-vices system.

Other heart conditions usually present with a victim
having any one of the following signs and symptoms:

. Chest pain (this pain will usually be described by the
victim as crushing or squeezing and will not be
relieved by any change of position or with breathing)

. Respiratory distress

. Nausea or vomiting

. Unusual fattgue

. Skin color and quality tb.at may be shock-like as

previously described or cyanotic
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As a final part of the medical history-taking interview,
have the victim describe his symptoms. In the victim's
own words, if pain is present, what does it feel like? Does
anything make the pain worse or better? How long has the
pain been present and has its intensity changed during that
period? Does the pain remain in one place or does it seem
to radiate to other parts ofthe body?

All information iearned during this part of the inter-
view should be recorded in the same fashion as the find-
ings during the primary and secondary assessment and
subsequently related to medical care personnel who
assume responsibility for the victim.

20.8 ELECTROCUTION
Electrocution may result from the careless handling,

poor design, or poor maintenance of power equipment, such
as welding and cutting equipment, or electric underwater
lights. A11 electrical equipment used under water should be
well insulated. In addition, divers should be properly insulat-
ed from any possible source of electrical current. Another
source of electrocution and electrical bums is lightning.

Prevention of electrocution from lightning is simply a
matter of divers not permitting themselves to remain out in
the open, particulariy on a boat, when there is obviously
the threat of lightning from thunderstorms. When seeking
shelter from storms, it is important to avoid those places
and structures where one might reasonably expect light-
ning to strike (i.e., under trees or in structures that stand
alone in an open area).

When leaving the water to enter a boat or habitat,
divers should not carry a connected light or electric tool.
Victims may not be able to separate themselves from the
source of the shock. Before intervening, the rescuer must
first be certain that he too is not being exposed to an elec-
trocution hazard. When attempting to separate the electro-
cution victim from the source of the electricity, make
certain that a non-conducting material is used to effect the
separation. Non-metailic poies, long pieces of dry lumber,
or wooden oars are objects that might be found in the div-
ing environment suitable for separating the victim from an
electrical source. If an electrical extension cord is involved,
it might be most effective to find the plug and disconnect
the cord.

Signs and Symptoms:
. Ijnconsciousness
. Seizures
. Cardiopulmonary arrest
. Burns-though electrical burns rareTy appear as

severe as the real tissue damage that has occurred

The victim, if unresponsive after being separated from
the electrical source, must have a scene safety assessment
performed and may likely require CPR. Since many elec-
trocutions place the victim into ventricular fibrillation,
rapid deployment of the semi-automatic defibrillator is a
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pnrdent actlon. Even if an electrocution victim seems to be

normal aftel the event. they must be evaluated at a medical
care institution. Potentiallr lethal srde effects of electrical
injury include heart dr srlivthn-rias. kidnev abnormalities
and failure. and r.nethemoglol.irrernia. a severe and hfe-
threatening condition rl-rat is !.rec1p1iated bv tl.re unseen
breakdown of tissues tb1lou rng se riL-rus inir-rrl

20.9 WOLTNDS
open wounds, most ofien lacel.a:irrlS. -1r'c -:.eir-rentlv

encountered in the marine environr.nert; T:e ::.:r;.r-\ con-
cern is to stop the bleedrng and to prc\(r-.:.,... '..: :=' ..lrl-
amination of the wound.

Since blood will undoubtedl-v be pre sen . .liel.. crs

must don disposable gloves for protection. Dre .s-rt;r :;...-
ages should be opened in a manner that u'rl1 llirt:n-z- -.-:t-
tamination of the dressing. Carefu11l' e\a1111:re ;.1\
package for visual cues how to effectivel\ rellLr\ e :lti
dressing or bandage from the package.

The dressing is placed over the victim's \\'ound alri
pressure is applied until all bleeding has stopped. Bleechn-g

extremities are also elevated while direct pressnle is
applied. Both pressure and gravity are used to slor'r'bleed-
ing. If the bleeding continues and soaks through the trrst

dressing applied, simply apply an additional dressing on
top of the first. This process of adding dressings continues
until the bleeding stops with blood-soaked dressings
remaining in place.

With the bleeding stopped, apply a self-conforrring
bandage to hold the dressing in p1ace. The first step 1n

this process is to utilize some technique to keep the ban-
dage from "spinning" around the victim's arm as it is

applied. By wrapping one corner of the end of the ban-
dage and "locking" it under the first wrap of the ban-
dage, the conforming bandage can be stabilized on any
body part.

Most bandaging techniques employ the open-
spiral/closed-spiral technique. The open spiral is simply
wrapping the bandage so that the dressing held in place but
is not overlapped sequentially. That will be executed dur-
ing the closed-spiral phase. When holding a roll of con-
forming bandage, it is held in such a way that the
additional material is released from "under" the bandage
ro11 rather than from the "top." This method makes it a bit
easier to maintain appropriate tension on the bandage as

well as make it less likely that the bandage will "get away."
After securing the dressing in place with the open spi-

ral, wrap the bandage in the opposite direction utilizing the
closed spiral technique. In this wrapping of the bandage,
each wrap overlaps the previous wrap so that the dressing
is completely covered by the bandage.

When applying abandage to a victim, several options are

available at the end ofthe procedure to secure the bandage in
place. Tape the bandage in place. The bandage may be split
along its length with an overhand knot tied in the resulting
"tails" and these taii pieces being used to tie the bandage in
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pTace by encircling the extremily and rying a square knot in
the opposite tails. Finally, one of the fastest techniques
extends alarge loop of the bandaging material away from the
extremity at the end of the bandaging process. A loop is taken
over a finger and the bandage is taken back in the opposite
direction. The result is the loop ends up on one side of the
extremify and the balance of the conformingbandagtngmate-
rial in the hand on the opposite side of the extremity. Bring-
ing the opposing ends together, an overhand knot is frst tied
in the bandage, and this is then made into a square knot by
making a second tie. Be certatn that the knot is not made so

tight that the circulation is impaired. A finger should fit under
the tied part of the bandage without too much effofi.

After the bandage is tied, trim excess bandaging materi-
al from the ends so that these pieces will not become entan-
gled in anything and compromise the management of the
victim. With the dressing tied in place by the bandagrng
method chosen, periodically touch the victim's hand or foot,
depending upon the extremity bandaged, to make sure it is

remaining as warm as the opposite extremity. If it is not,
then there is a possibility that the bandage has impaired the
victlm's circulation or swelling has caused such impairment.
The bandage should be untied and re-tied more loosely.

If treating smaller wounds and unable to get the victim
to medical assistance immediately, the small wounds may
be washed with soap and water and then dressed in the same
manner as above. The only difference is that there will not
be any substantial bleeding that needs ro be stopped.

2O,TO BIIRNS
When one is exposed to boats. there are man\- sources

of heat that mat- cause burns. Manifolds, sruffing boxes,
generators, compressors, and gas or alcohol stoves arejust
a few of the heat sources that may cause such burns.

Burns can be particularly insidious injuries leading to
infection, severe scarring, and partial disability of the
burned area.

There are three generally accepted classifications of
burns with which you should have some famrliarity.

Superficial: Classified as a burn only involving the
epidermis. Often referred to as superficial burns, they red-
den the skin but initially cause no other damage. Treat
such burns by immersing the effected body part in cool
water. The objective is to reduce the temperature of the
affected tissues to limit the damage and reduce the victim's
discomfort. If on board a boat and looking for some
immediate relief for minor burns, Burn Gelt or other simi-
lar products can be used. This is a gel material that may be
spread on minor burns, but most significantly, it contains
200 Lidocaine HCl. a topical anesthetic.

Partial Thickness: Classrfied as a burn involving the
epidermis and the dermis, but not penetrating the dermis.
Sometimes called partial thickness burns, they are more
severe than first degree burns as there is more extensive
tissue damage. Blistering is a strong indicaiion of a second
degree burn. For smal1 burns of this ciassification, the
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same type of treatment as for first degree burns may be ini-
tia77y utlhzed. This should be followed with the applica-
tion of sterile dressings or specialized burn dressings,
discussed below. Though blisters may not be attractive,
care should be taken to keep the blisters intact since they
are a naturaT "bandage" covering injured tissue below.

Full Thickness: Classified as a fu1l thickness burn with
all layers of the skin receiving damage. While they are some-
times confused with second degree burns, a strong indicator
ate areas that are dry and white or even charred black. The
patient may complain of severe pain or no pain at all, which
indicates severe nerye damage (although there will usually
be pain around the periphery of the third degreebum). Third
degree bums may involve permanent nerve damage, respira-
tory arrest, and other major complications and victims
should be transported immediately to a medical facility.

There has been a tendency among first-aid providers
over the years to want to put something on burns. A very
simple ru1e is DON'T! First, most topical substances that
are commonly used do nothing to enhance healing. Second,
most are suspended in material which has limited bacterio-
static strength, but can provide an excellent "ghe" for partic-
ulate matter that may come into contact with the victim.
Finally, since all serious burns should be assessed medically,
these substances will have to be removed an).way so that the
burn may be appropriately evaluated and treated.

A11 but the most minor superficial burns should be
evaluated at a hospital emergency department. In addi-
tion, there are several types of burn situations that need to
be treated in hospitals designated as burn centers. Local
emergencv medical services personnel should be aware
u,hich facilities are designated burn centers. Ifthere is any
doubt, the victim should be transported to the nearest trau-
ma center. Those burn injuries which require such special
attention include:

. Partial thickness burns covering more than 75ok of
body surface area

. Full thickness burns covering more than 5oh of body
surface area

. Any significant burns involving the hands, face, feet,
or genital area

. Any high-voltage electrical burns

. Any inhalation or airway burns

. Any chemical burns from chemicals that may con-
tinue to destroy tissues

. Anv hrrrns which occurred with associared sisnifi-
cant other injuries

Reference to the percentage of the body surface area
burned is made above and there are several methods for
making such determinations. However, the simplest pro-
cedure is a method of estimation based on the surface
area of the victim's palm. As a rough estimating tool,
each "palm" is equal to lo/o of the victim's body surface.
Visually estimate the surface area of the victim's palm
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and then make an estimate how many of those palm sur-
face areas would cover the area injured by burn. So, if
the estimate is that ten of the victim's palms might cover
the burned area, that would equal a 7}ohburn.

2O.II FRACTURES AND SPRAINS
"Slip and fa1l" injuries are a problem, particularly

when wet boat decks come into p1ay. Detailed diagnosis
of bone and joint injuries typically areleft to trained med-
ical personnel. A11 a rescuer really needs to do is to recog-
nize that there has been an injury that may involve the
bones and joints.

If a victim has suffered a falling or twisting injury and
complains of severe pain in a bone or joint, the initial pre-

sumption should be that injury has taken place. Swelling
and discoloration may confirm such injuries. Injuries like
this need to be evaluated by a physician, preferably in a hos-
pital emergency room, and should be x-rayed to determine
the severiry of injury. Even if there is no fracture present,

there may be significant injury to the tissues surrounding a
joint and the injury needs to be managed as a fracfure.

Principles of bone and joint injury management are
universal in that the primary objective is to immobiTize the
bones and joints immediately above and immediately
below the site of the injury. If a long bone is involved, the
bones and jornts both above and below the possibly injured
bone should be immobilized.

The ankle is a commonly injured joint in the marine
environment and management can take advantage of some
avallable materials. For an injured ankle, one may use a

wet suit, blanket, or two large beach towels for splinting.
The folded wet suit (or alternate materials mentioned)

is pu1led up the victim's leg to be certain that the area cov-
ered is adequate to immobilize the ankle. The cravat (trian-
gular bandages) is first brought under the victim's foot that
has been wrapped in the folded wet suit. In larger victims,
two cravats may have to be tied together to have sufficient
length for application of the bandage. Take the long ends
and cross them behind the victim's leg then bring the ends
around and across the victim's instep. The "tails" are now
slipped through the material originally taken behind the
victim's leg. With the long ends pu1led through the "stir-
rups" formed by the material and with steady upward pres-

sure, the ankle and foot are secured with the cravat and
wet suit material. The ends of the cravats are tied off on
top of the victim's foot.

Though not as rigid as a cast, this method immobilizes
an injured ankle adequately and will enable the victim to
be moved from the boat or beach with limited additional
risk of further injury.

The forearm bones are commonly fractured either by
falls or having heary objects falling upon them. Managing
such an injury ideally requires the assistance of a bystander
or another caregiver during the initial stages so that any
additional movement of the iniured extremitv is minimized.

The victir-n's upper arm, e1bow, wrist, and hand are sta-

bthzed manuallr f-ilst. Due to the interconnections between
the hand and t1-re arm. it is imp.e113111 to be cer-iain that the
hand is immol.ilized Tirrs n ili p1gl ent unnecessart pain
and funher injurr to the r icrin. Tire hand shoul.1 l.e irrmo-
bllized in what is descril.ed as the '-.osriron of irncl;on. One
of the simplest lrethods cri col'Ls ,h.s ls :r' '-'-.r;-ng a roll of
self-conforming bandage geni-r rntr. :::: -. r;:,:r.t s gr:1. u'htle
the support of the arm rs manr,ra.ir ::A.:t:"-:tal

Another caregiver or bvstan.le:.r:t ::aa'i- ::-- :t-.;rrua-
suppoft of the injured extrernin u:'.:.c : -: :r),-.r: ::--,-';: "
SAM splint to the victim's arm. The S \\l .:-r::: ..'. rs :;-. ei-

oped by an orthopqdic surgeon (Sarri Sc:-.:'-'.:. .,r-.--. : lr'
ideal device for the marine envilonmen:. i-rr.. r: :i -:s-:r-
tially impervious to the environment. lr-e.l-.: .:'. .',:.--'.. ::--:.

when rolled up takes up very little space. Tit-. :':..:'. :,.--
also be re-used and is suitable for bone andiolni .r-.'-.:-=, ---

the arm and wrist, shoulder, and, when trvo 5p116;s :.:i -^:ar
together, can be used to splint the leg or ank1e, The s'-'--r.t: -.
secured in place using a self-conforming bandage l: .;-.
same manner as discussed in wound management.

For upper extremity injuries, the splint is onlr' the fi:s:
part of care and the arm should be further supported and
immobilized using a sling and swathe.

To prepare a sling for the victim, tie an overhand knot
in the point of the triangularbandage that will be used as the

splint. If a triangular bandage is laid out on the beach or
boat deck, two "long arms" and one "short arm" r.r'i11 1-.e

noticed. The knot should be tied at the very end of the shon
arm as indicated in Figure 20.2. Thls knot will help to fornr
the "cup" at the victim's elbow when the sling is applied.

In applying the sling to the victim, take the portion of
the triangular bandage closest to the victim's body and pass

it around the side of the neck on the same side as the
injury. The other end of the triangular bandage. the por-
tion which is on the outside of the victim's arm. is passed

FIGURE 20.2
Placement of Knot for a Sling
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