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Abstract

Physiology is the study of life processes within the body. This review provides an overview of how the

human body normally responds to the varied conditions underwater. This is a brief overview of respiratory,
cardiovascular and sensations physiological reactions associated with diving. Breathing rate, gas exchange,
lung volumes, heart rate, arterial blood pressure, cardiac output, renal functions, gut effects, regulation of

temperature, vision, hearing, equilibrium, smell and taste, and touch were mentioned.
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1. Introduction

Underwater or diving at various depths in
water elicits profound physiological responses. The
purpose of this review is to outline the physiological
responses associated with diving. An understanding
of these physiological contributes to diving safety
and enables a diver to describe diving-related
medical symptoms when problems occur. A
knowledge of diving physiology enhances the safety
and enjoyment of sports diving.

2. Respiratory Functions during Diving

Adequate exchange of oxygen and carbon
dioxide while diving requires the ability to maintain

ventilation in the face of significantly increased
resistive and elastic loads. An increase in resistive,
elastic, and inertial components is induced by
diving. The primary effect of diving on resistance is
mediated by the proportional increase in breathing
gas density with the depth of immersion. This
occurs because breathing underwater can only occur
if breathing gas is delivered to the diver at a
pressure within a few cmH20 of the ambient
pressure at the diver’s depth. For turbulent gas flow,
which is present throughout most of the conducting
airways, flow resistance is proportional to density.
During diving, the external breathing apparatus
adds an additional resistive load. Elastic load is
enhanced primarily by changes in trans-respiratory
pressure. Inertial mechanical load increase has a
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minimal effect on the diver. Added challenges
include blunted respiratory drive due to elevated
partial pressures of inert gas and oxygen, and
possibly impaired diffusion within the alveolus.
Lung compliance decreases due to the increased
central blood volume during immersion as it
engorges and stiffens lung tissues. Also, it
compresses small airways, elevating airway
resistance; and increases air trapping and closing
volume. These alternations result in an increase in
the load on respiratory muscles ['l.  Adequate
ventilation and gas exchange have been achieved in
spite of the above opposing forces because of the
increase in central blood volume and elimination of
blood flow dependence on gravity, thus promoting
homogeneous perfusion of the lungs %),

As depth increases, ambient pressure at
specific depth increases by 1 bar for each 10 meters
underwater. Pressure doesn’t affect fluids or solid
parts of the body as they are not compressed but
affects cavities filled with gases as they are
compressible *l, Water immersion does not affect
the tidal volume or residual volume (RV). It
decreases vital capacity by about 5 to 10% mainly
because of a decrease in expiratory reserve volume.
Several factors contribute to decreased lung
volumes during immersion; among these; the chest
ward pooling of blood (a redistribution of 500 — 800
ml of blood from the legs into the large veins and
pulmonary vessels) and chest ward displacement of
the diaphragm appears most important . If the
diver descends far enough for lung volume to shrink
to RV, the alveolar pressure will be some 40 cmH20
less than body surface pressure and the chest wall
will be very stiff. It should be noted that at a depth
of 99 ft the total lung capacity has been reduced to
the RV. Thus a diver entering the water in full
inspiration will be in a state equivalent to full
expiration without having lost any air when he has
dived to 99 ft. If the diver continued to go deeper,
(1) the air in the lungs would remain at constant
volume; (2) pressure and the pressure differential in
the alveoli would increase, causing a transfer of
fluid from the alveolar capillaries into the lungs
(pulmonary edema); (3) as the descent was
continued, vessels would burst, resulting in
pulmonary hemorrhage; and finally, (4) ribs would
crack and the chest wall would cave in. Therefore,
human diving to depths greater than 99 ft must be

protected by a positive-pressure breathing apparatus
of some kind ],

The work of breathing also increases
underwater . A change in breathing pattern in
endurance underwater swimming is recorded.
Fifteen minutes after the start of constant exercise
an abrupt 20 - 25% increase in ventilation has been
observed 1), This is due to respiratory compensation
for metabolic acidosis, and possibly respiratory
muscle fatigue ).

3. Hyperbaric effects on Cardiovascular System

An increase of oxygen partial pressure of
breathing gas in proportion to depth causes
cardiovascular changes [®. Relative bradycardias
have been reported to occur in humans underwater
%1, The heart rate can drop to 20 - 30 b/min while
diving. Bradycardia is often complicated by cardiac
arrhythmia [, During diving, not only is the
pacemaker activity of the SA node altered, but
sometimes the cardiac contraction also seems to be
initiated by the ventricle ', The incidence of
cardiac arrhythmias during diving increases
significantly when the water temperature is lower [,

Bradycardia is partially caused by the
increased PO> (oxygen-dependent) but to a greater
degree is caused by other non-oxygen-dependent
factors related to the increased inert gas pressure ['),
Oxygen-dependent bradycardia is caused by
different mechanisms. It is mainly due to the direct
effect of high oxygen pressure on the myocardium,
combined to a lesser extent to the parasympathetic
effect. The parasympathetic effect occurs as
hyperoxia induces vasoconstriction causing arterial
hypertension, which in turn stimulates baroreceptors
I, The non-oxygen-dependent bradycardia was
caused primarily by a reduced B -adrenergic
stimulation of the heart. Non-oxygen-dependent
hyperbaric bradycardia occurs due to both density
increase of the inspired gas and ambient pressure
increase '), Other mechanisms include the altered
respiratory pattern which may modify the heart rate
secondarily. The other is circulatory deconditioning
under hyperbaric environments, which masks the
hyperbaric bradycardia . Slowing the heart rate
reduces cardiac oxygen consumption, and
compensates for hypertension due to
vasoconstriction (¥,
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The effects of hyperbaric oxygen on arterial
blood pressure have been controversial. Many
authors have reported that an increase in systolic
and diastolic blood pressure occurs, other authors
found no alteration or non-significant changes. The
increase arterial blood pressure was reported to
values as high as 280/200mmHg. This an increase
may be due to an increase in peripheral vascular
resistance caused by hyperoxic vasoconstriction.
The effect on arterial pressure can be of variable
intensity because of the localization of the
hyperoxic vasoconstriction (arteries of a smaller
diameter than the medium- and small-size arteries
responsible for the major part of the arterial
resistance), of the anatomical and physiological
differences related to regional circulation in the
organs, of whether the perfused areas are hyperoxic
or not, the overall consequences of the
vasoconstriction may be very variable. Also,
variation in cardiac output has an influence on
arterial blood pressure ',

Bradycardia, apnea, and increased peripheral
vascular resistance in response to immersion are
collectively referred to as the diving reflex ['?). The
intensity of this reflex is more pronounced in colder
water. The splenic contraction has been shown to
occur in humans and likely plays a role in supplying
additional Os-rich blood to the vital organs of the
body (13,

A decrease in cardiac output was observed on
exposure to hyperbaric oxygen, but the amplitude
was small (10-15%) and the physiological
significance uncertain !''l. Cardiac output decrease
is caused by hyperoxic-induced bradycardia.
However, a slightly diminished cardiac contractility
may also be a contributing factor '“. A combined
decrease in systolic ejection volume has been
reported. An increase of 11% of myocardial
contractility when PO was increased to 460 mmHg
was reported due to a direct beneficial effect of
oxygen on the myocardial fibre. Preload increases
due to the increase in ventricular filling time caused
by the bradycardia, and a decrease in ventricular
compliance which is made evident by the pressure /
volume curves (i.e., Starling curve). The increasing
effect on preload was mainly related to the
hyperbaric pressure rather than to the hyperoxia.
Ventricular afterload increases due to the hyperoxic

arterial vasoconstriction. Increase of both preload
and afterload results in a balance between them ',

Regional blood flow is regulated by the
metabolic requirements of the respective organ
system. Within 5 min of exposure to 3.5
atmospheres absolute (ATA) oxygen, a 25%
decrease in the cerebral blood flow was reported.
This is accompanied by an increase in cerebral
vascular resistance by 55% [*). Short-term hyperoxia
causes increased cerebral vasoconstriction and
further the reduction of blood flow. However, even
with the reduction of cerebral blood flow, the
cerebrum receives more oxygen than it would
otherwise 'Y, An increase in cerebral blood flow
was suggested to be dependent on an increase in
cerebral PCO» induced by hyperoxia. As it caused
(1) alveolar hypoventilation (due to a decrease in
the respiratory drive) (2) decrease in carbamino-
haemoglobin (Haldane effect) (3) decrease in
cerebral blood flow due to hyperoxic
vasoconstriction, so that vasodilation appeared. This
was countered by the vasoconstricting effect of the
hyperoxia [''],

Hyperbaric  oxygenation decreases total
coronary blood flow. This was combined with a
decrease in myocardial VO, of around 20 % and a
decrease in lactate extraction '), This diminished
do not seem to be associated with a primary
alteration in myocardial contractility, but rather may
result from physiologic autoregulation of the
myocardium to increasing levels of PaO» as, with
increasing levels of oxygenation, coronary blood
flow and myocardial oxygen consumption were all
significantly reduced, while intrinsic myocardial
function, as measured by the stroke-work/end-
diastolic volume relationship was unchanged [>].
The coronary blood flow is closely adjusted to the
myocardial VO, as the myocardium cannot
increase its capacity for oxygen extraction which is
already maximal [,

Hepatic blood flow has been shown to be
maintained even for 16-hour exposures at 1.5 ATA
as the greater part of the hepatic blood flow is of
portal venous origin and that the increase in PO2 in
the portal venous blood is much smaller than in the
arterial  blood. Thus  hyperoxia  causes
vasoconstriction of the hepatic artery resulting in an
increase in portal blood flow as a compensatory
mechanism for maintaining hepatic blood flow '],
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Muscular blood flow depends on the level of
muscular activity. Blood flow to abdomen and
thorax muscle increases in hyperbaric hyperoxia,
and in hyperbaric normoxia. This is probably due to
the increase in VO induced by the increase in
muscular work. An increase in muscular work is
due to an increase in work of breathing due to gas
density-related  ventilation  resistance  under
hyperbaric condition !''l, The reduction in limb
blood flow is due to vasoconstriction resulting from
increased activity of the sympathetic nerves
supplying arteries in the arms and legs. Blood is
shifted to the body ~ s centre to maintain normal
body core temperature and to ensure adequate
perfusion of organs (centralization) %],

4. Effects of Immersion on Renal Functions

Immersion causes both a water diuresis and a
natriuresis, which are apparently controlled by
different mechanisms. Although the increase in
diuresis is usually manifest by the first or second
hour, the natriuresis usually peaks by the fourth or
fifth hour (1%,

Immersion diuresis occurs due to an increase
in central blood volume which results in distention
of left atrial or pulmonary vein mechanoreceptors.
This results in suppression in anti-diuretic hormone
release as a reflex response ['Y. The renal
sympathetic nervous activity was suppressed and it
has long been considered a mediator of the renal
responses to water immersion ['°. There is the
possibility that this reduction in renal sympathetic
activity is due to mechanoreceptor stimulation,
which increases diuresis by altering intrarenal
perfusion, and by direct tubular effects ['7),
Immersion also produces an augmentation of
prostaglandin E (PGE) excretion, which reflects
increased renal PGE synthesis 7).

Immersion causes increased natriuresis, but
this increase is strongly correlated to salt intake and
also varies among individuals. The lack of
dependence of this phenomenon on diuresis is
evident from the fact that even if the anti-diuretic
hormone is administered to prevent diuresis,
natriuresis may still an increase in response to
immersion 'Y, Immersion natriuresis occurs due to
increase in sodium excretion which results in

suppression of  renin-

system [16],

Bicarbonate excretion 1is increased during
immersion and is associated with an increase in
urinary PCO> and a marked increase in urinary pH.
The titratable acid, urinary ammonium, and net acid
excretion are suppressed in immersion, effects that
are not related to any systematic acid-base balance

changes (17,

angiotensin-aldosterone

5. Diving effects on Gastrointestinal System

During head-out immersion in the upright
position the abdomen, being at greater depth is
subjected to a proportionately higher water pressure
than the thorax. This pressure is transmitted to the
abdominal content. The pressures on each side of
the diaphragm changes to be positive on the
abdominal side instead of being equal and negative
on both sides in the non-immersed state. Thus the
abdominal pressure becomes considerably higher
than on the thoracic side (by about 15 cmH20). This
results in displacing of the diaphragm in the cranial
direction and the compression of the lungs
generating an increase in pleural pressure and
therefore in esophageal pressure have shown that
although the pressure increased by about 5 mmHg,
the esophageal pressure went up by about 5 mmHg.
This creates a marked pressure difference that
would tend to push the gastric contents into the
esophagus, was it not for the distal esophageal
sphincter, whose pressure during immersion also
increases and remains up to 15 mmHg higher than
gastric pressure %),

When a diver swims head-down toward the
bottom, the vertical pressure differences on his body
are reversed in comparison to the head-up posture.
Thus, the diver's mouth and breathing regulator are
at a greater depth than the lungs, and especially the
stomach. The high air pressure in the oral cavity
relative to the esophagus may lead to considerable
air ingestion. Change in body buoyancy, determined
by underwater weighing, was taken as a measure of
aerophagia during diving ",

6. Regulation of Temperature Underwater

Due to cardiac changes induced by immersion
in water; divers must tolerate and compensate for
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changes temperature ['®). Because water has a
specific heat approximately 1000 times greater than
that of air and a thermal conductivity 25 times
greater than that of air, the body loses heat much

faster in water than in air of the same temperature
[19]

With cold skin and with core temperatures
below 36° C, the defense mechanisms of the body
are activated. The hypothalamus regulates
temperature in two ways. Most importantly, it
reduces heat loss by behavioral changes (clothing,
position, room thermostat setting) and generalized
vasoconstriction (that decreases the heat conduction
from internal organ to skin and also decreases heat
loss to surrounding). Second, it causes heat gain by
shivering and non-shivering mechanisms. Shivering
will occur in most normal persons when the skin is
cooled to an average value of 30° C. It consists of
rhythmic, oscillating skeletal muscle contractions
that occur at a rapid rate of 10 to 20 per second. All
energy liberated during these muscle tremors is
converted to heat because no external work is
accomplished. Shivering can increase basal body
heat production by up to five times. The non-
shivering form of thermogenesis is a complex
metabolic response to cold, thought to be mediated

by the catecholamines and glucocorticoids
secretions [?],
Unfortunately, these mechanisms rarely

achieve heat balance, so that the diver continues to
lose heat [°!), Heat loss normally occurs by radiation,
conduction, convection, and evaporation. Cutaneous
evaporation and radiation play no role. The
respiratory heat loss comes from breathing dry, cold
air from a tank or surface supply, which the diver
breathes, heats, moistens and expires. Thus,
evaporation occurs when the air comes in contact
with moist lung tissue. This loss is further
exacerbated when the diver breathes a mixture of
helium and oxygen under pressure. Helium breathed
by divers causes heat loss at a rate seven times with
a resulting 28% metabolic heat loss through
respiration. Helium provides another difficulty: a
layer of heliox next to the skin provides far less
insulation than does a layer of air. In addition, body
movement in water reduces the thermal insulation
of the body shell, thus facilitating heat loss from the
core to water during diving [*/.

Because of large individual differences in cold
tolerance, every diver must determine the most
suitable protection on an individual basis. In
commercial and military salvage diving, suits are
heated with hot water. Wet suits, the most
frequently used form of protection, offer limited
protection against cold-limited by pressure (below
shallow depths their effectiveness is markedly
reduced) and also limited by time (the longer the
exposure the greater the heat loss that will occur) %],

Heat imbalance causes complications. These
complications are only just being recognized as
important, and divers should be aware that the faster
the rate of heat loss, the smaller the drop in core
temperature for a given quantity of heat loss.
Complications of a cold include; hypothermia
which in turn may lead to death besides
cardiovascular  reflex. Cardiac irregularities,
impairment of rational thinking, sensory and motor
degradation, loss of consciousness, and drowning

all occur when body temperature falls below 35° C
[21]

7. Underwater Visibility

As the water is dense than air, it causes poor
visibility and sound [**. Underwater, different
factors influence what a diver sees. These factors
are diffusion, which scatters the light; turbidity,
which blocks the light; absorption, which alters the
colour and intensity of the light; and refraction,
which "bends" the light. Light insufficiency
represents the greatest problem underwater [,

In water, the amount of illumination
commonly falls below the levels required for
photopic vision, due to extensive absorption by the
water. Turbid water would cause even more
extreme reduction, of course. Thus divers in clear,
deep water or shallow, turbid water frequently do
not have enough light for colour vision, unless they
carry their light sources. In addition to the overall
loss of light, the transmission of light energy by the
water changes underwater colour vision. Colours
are different wavelengths reflected by an object.
Water absorbs colours wavelengths to differing
degrees. The longest wavelengths, with the lowest
energy, are absorbed first. In clean oceanic water,
red is absorbed in the first metre, orange in the first
five metres, yellow in the first ten, and green and
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blue at greater depths. This explains why most
things, regardless of their colour on the surface,
appear to be coloured shades of blue or green at
depths beyond about ten metres. Thus the only
colour remaining in deep, clear ocean water is blue-
green 24,

The cornea, humours and crystalline lens of
the eye together form a lens that focuses images on
the retina. The refractive index between the cornea
and water is similar (both about 1.33). When one is
underwater, the surrounding water on the outside
and the aqueous humour inside the eye combine to
neutralize the cornea’s focusing power (from +43
dioptres to almost +4.3 dioptres). So, instead of
focusing images on the retina, they are focused
behind the retina, resulting in an extremely blurred
image from hypermetropia ['°. To avoid this, mask
or special glasses are required for providing air
interface resulting in two interfaces with different
refractive power %],

Since the refractive index of the water is four-
thirds that of air, the optical (apparent) distance of a
target underwater is three-fourths of that in air.
Immersed objects appear about 30% larger and
closer, due to the distorted perception. (i.e.
magnification = 1.33 X ). This distortion derives
from the passage of the rays of light from the water
into the gas environment within the mask, due to the
refraction at the interface where the light speed
increases '), Light speed is 186,000 miles/sec in air
but only 135,000 miles/sec in water °!. Distortion
affects divers perception. Effects include
underestimations of  distances  underwater,
overestimations of size, distortions of shape and
position, and interference with  hand-eye
coordination. Interference with  hand-eye
coordination occurs as objects are not located where
they appear to be. Optical distortion affects distance
perception but water turbidity has the opposite
effect. Studies show that perception disorders
improve with experience except for size perception
which shows no improvement !/,

Underwater vision is greatly affected by the
scattering and absorption of light photons on
transmission through water. Scattering occurs as a
result of the direction change of photons on hitting
particles suspended in the water. Scattering causes
loss of contrast between objects and their

backgrounds causing contrast to fall below 2% in
water 19,

8. Auditory Function Underwater

Hearing is also altered in the water where
sound conduction is faster about 25 times than on

the air which results in impairment of sound acuity
[23]

As the middle ear is a closed air space, an
increase of pressure during diving causes the
volume to decrease. This may result in pressure
problems so pressure equalization must be achieved.
This is done through the Eustachian tube which
opens as middle ear volume changes. The opening
of the Eustachian tube allows air to enter the middle
ear for pressure equalization as it connects the
middle ear to the throat [®l. The impedance
mismatch of sound transmission between air and
water is overcome by external and middle ear (air-
containing structures) ['%),

Air conduction (AC) thresholds were elevated
of 30 to 40 dB in the middle frequencies. This
elevation was not related to depth, but no alterations
in cochlear function were observed. Bone
conduction (BC) thresholds remained unchanged.
These effects were believed to be caused by the
increased pressure and density of compressed air
and the resulting increased impedance of the middle
ear transformer and decreased sound conduction to
the inner ear ['%),

The mechanism of underwater hearing is still
not clear. Different theories suggest the mechanism
of underwater hearing. One of them is a tympanic
theory suggesting a similar mechanism to AC as
sound waves are conducted to the inner ear via the
middle ear. Other studies provided evidence
supporting an osseous BC mechanism in which the
sound field in the water surrounding the head
induces skull bone vibrations and the endocranium
contents to the cochlear capsule [*l. The underwater
hearing at low sound intensities may be attributed to
soft tissue conduction or non-osseous BC in which
the sound was transmitted by soft tissue sites on the
head, neck, and thorax. At higher intensities, the
sound was transmitted by osseous BC mechanisms
which involve actual skull bone vibrations. Some
theories suggest that both AC and BC are involved
in underwater hearing [*%/,
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BC hearing is, strongly, suggested as AC
hearing exceeds underwater hearing by 30-60 dB
and this indicates that underwater hearing is less
efficient as the threshold sound pressure level in the
air is much less than in water, the thing that does
not occur. The BC threshold is 45-68 dB below the
AC threshold and this difference is similar to the
difference in the AC and underwater hearing [®l.
Shupak et al. [/ studied the presence of air around
the pinna and inside the external ear canal and
found that no improvement of underwater hearing
sensitivity or sound localization. These results
support the argument that BC plays the main role in
underwater hearing.

9. Proprioceptive and Equilibrium during Diving

Underwater, at neutral buoyancy, cues of
position received from these senses are markedly
reduced or absent. This effect may be exaggerated
by the diver's suit and other equipment. Organic
cues are still effective since gravity continues to
exert its attraction on internal organs, such as the
stomach and intestines, but these cues may be
minimized by the wearing of a snugly fitting wet
suit, scuba tanks, and weight belt. When some of
the equilibrium cues are absent or diminished as in
many underwater activities, the undisturbed cues
become very important. To maintain equilibrium
and balance on a fine level, particularly during rapid
and intricate body movements, the vestibular sense
is thought to be necessary regardless of the number
of other cues available [*,

10. Effects of Diving on Smell and Taste

Both taste and smell have no significant
importance for the diver. A minimal decrease in the
threshold for both of them is reported in case of
existence for long periods under pressure but, these
changes go unnoticed. The human sense of smell
depends on esters released by things in our
environment. These are airborne molecules that
have a certain shape that fits specific olfactory
receptors in our nose. While esters are water-
soluble to some degree, they do this by bonding
with a hydrogen molecule; which changes their
shape. This results in the ester not fitting the
receptors in our nose, rendering the smell

undetectable by humans [*). On exposure to heliox at
18.6 ATA, significant changes in taste sensation
have been shown to occur. These changes include:
increased sensitivity to sweetness, increased
sensitivity to bitter taste, a decline of sour
sensitivity, and an decrease in salt sensitivity [*7),

11. Tactile Function Underwater

Divers may experience two kinds of
impairment to their tactile function, one due to
being in the water and in a very thick environmental
protection suit, the other due to the cold. The water
effect seems to be a hindrance, mainly, to motor
activity due to some combination of instability,
incumbrance of equipment, neutral (approximately)
buoyancy, viscous resistance, resistance to limb
flexion, and reduced sensory input and, thus,
impaired sensory functions. Cold causes losses in
sensory and motor function and disrupts cognitive
activity, especially when extended in time so that
sustained attention and memory are involved [*),
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