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Summary

Recreational diving is a popular sport, although human ability to stay in and under
water is severely limited physiologically. An understanding of these limitations enhances
safety and enjoyment of sports diving.

Breath-hold diving involves head-out water immersion, apnoea and submersion, ex-
ercise, cold stress, and pressure exposure. Each of these components, by itself. elicits prom-
inent and specific physiological effects. Combination of these factors produces a unique
and interesting physiological response generally known as diving reflex. Humans display
weak diving responses. but exhibit no oxygen conservation function. Nevertheless, appli-
cation of diving-induced physiological changes is now finding its way into clinical practice.

Apnoea. face immersion. and head-out water immersion all show promise of clinical
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application. There are several spin-offs from diving research worth noting. Diuresis. en-
hancement of cardiac performance, and redistribution of blood flow, all produced by head-
out water immersion. have been shown to be clinically useful, besides providing physio-
logical data useful to space travel. Results from investigations on apnoea have been shown
to be relevant to the following: treating some forms of cardiac arrhythmias: understanding
drowning, sudden infant death syndrome and sleep apnoea; and confirming hyperventi-
lation as the major cause of drowning.

In comparison to marine mammals, humans are poor divers because of severe phys-
iological constraints which limit their breath-hold time, diving depth, and ability to con-
serve body heat. Although under special circumstances humans can achieve unusually long
breath-hold time and reach exceptional depth with a single breath, the sustainable working
time and depth are only about 1 minute and 5 metres, respectively. Hypothermia inevitably
results in divers working in the ocean. Without thermal protection, the intolerable limit
of 35°C is reached within 30 minutes in winter (10°C) water and within 60 to 90 minutes
in summer. Nevertheless, effective harvest work can be performed by humans in the ocean,
and recreational benefits enhanced when these physiological limitations are respected. An
unusual circulatory state exists during head-out water immersion in that there is a sus-
tained increase of stroke volume. This results in 30% increase in cardiac output when the
subject is resting in thermal neutral water, indicating a substantial overperfusion for the
oxygen requirement. Furthermore, animal experiments showed that the elevated blood
Sflow is preferentially channeled to the liver, fat, and the organs in the splanchnic region.
Moreover, head-out water immersion enhances the ability of kidney to eliminate excess

body fluid.

Breath-hold and scuba diving are generally
termed ‘sports diving’. Breath-hold diving (free
diving, skin diving) is an ancient practice which
offers divers freedom and simplicity. These advan-
tages are offset, however, by the inability of hu-
mans to stay under water for extended periods.
Humans have practised breath-hold diving as a
profession for centuries and it is still practised to-
day, though only in a few places. The advent of
artificial materials rendered shell harvesting along
the northern Australian shores economically un-
competitive, scuba diving displaced old ways of
gathering sponges in the Aegean Sea, and the cul-
tured-pearl eliminated high risk pearl diving in the
Tuamotu archipelago. Undoubtedly, industrialis-
ation, and with it new job opportunities, pollution,
depletion of resources, and general social attitude,
all contribute to the continuing decline of breath-
hold diving as a profession.

In 1965, a symposium held in Tokyo (Rahn &
Yokoyama 1965) called attention to the original
work of Teruoka (1932); the first scientific descrip-
tion of diving equipment, diving pattern, and gas
exchange in professional breath-hold divers in Ja-

pan. Studies on divers in Japan (ama, sea-women,;
katsugi, sea-men) and Korea (hae-nyo, sea-women)
during the last 30 years have contributed signifi-
cantly to our knowledge of the physiology of breath-
hold diving. Combined results of these studies and
laboratory investigations represent our present
understanding of human limits in diving. These
studies form the basis of this review.

Diving with respiratory aids, as in scuba or sur-
face supplied diving, extends the time of submer-
gence, making possible extended underwater ex-
ploration, inspections, installations and repairs.
Scuba also offers the diver complete freedom and
mobility, and thus seems to be an ideal solution to
the shortcomings of breath-hold diving. However,
overextending the dive time and/or depth could be
dangerous when combined with faulty equipment;
ill preparation, poor practice, or lack of common
sense can be deadly. Many excellent sources of ref-
erence for scuba diving.(Erickson 1972; Miller 1979;
Petersen 1984) are available.

Bert’s work (1870) on animals led to much fur-
ther research which concentrated mainly on the
comparative aspects of animals’ ability to with-
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stand lack of oxygen, their ‘diving reflexes’, and the
oxygen-conserving effect of breath-hold diving.
Scholander (1940, 1963) and others (Hong & Rahn
1967) pointed out the drastic physiological changes
that occur during a breath-hold dive. Several re-
views have appeared since then (Elsner & Gooden
1983: Hicky & Lundgren 1984; Hong 1976, 1987,
Lin 1982, 1986, 1987b; Strauss 1970). This review
will firstly focus on the physiological limits of hu-
mans as divers, then briefly review the physiology
of breath-hold diving, and finally discuss its clinical
implications.

With the increasing popularity of recreational
diving, accidents occur more frequently (Craig
1961a,b, 1976). Those associated with scuba diving
are complex, involving problems with equipment,
inert gas narcosis, oxygen toxicity, and, the most
troublesome, decompression sicknesses. Treat-
ments are specific, depending on the nature of the
affliction, and many accidents could be avoided by
good diving practices. Accidents associated with
skin diving, in contrast, are mostly physiological,
and usually involve drowning or near drowning.

1. Limitations of the Human as a Diver
1.1 Diving Time

As mentioned earlier, humans can only stay un-
derwater for a brief time. Professional divers per-
form repetitive dives, to a limit of 60 seconds in
Korea (Hong et al. 1963:; Park et al. 1982). and also
in Japan (Teruoka 1932; Shiraki et al. 1985). In the
laboratory, where breath-hold, exercise. and water
immersion can be separately studied. much longer
breath-hold time is demonstrated.

Theoretically, breath-hold time can be calcu-
lated from oxygen supply-demand relationships
(Klocke & Rahn 19359), as:

Breath-hold with oxygen:

VC (BTPS) P, — 47
BHT = ; X ——
VO. (STPD) 863
Breath-hold with air:
TLC (BTPS) x FAO, P, — 47
BHT = n X —
VO, 863

where BHT represents breath-hold time in min-

Table |. Published breath-hold records

Breath-hold with oxygen

20°05” Frechette Schneider (1930)
1513~ A student Schneider (1930)
14 00" Subject HR Klocke & Rahn (1959)
13748~ Subject MT Klocke & Rahn (1959)
13°00" Subject SH Klocke & Rahn (1959)

Breath-hold with air
430" Subject SKH
4'00" A student

Hong et al. (1970)
Hong et al. (1971)

utes; VC and TLC, the vital capacity and total lung
capacity in millilitres at BTPS (body temperature
and pressure, saturated with water vapour) respec-
tively; VO, the oxygen consumption in ml/min at
STPD; FAO., the fractional alveolar concentration
of oxygen; Py, — 47, the barometric pressure (in torr)
less the water vapour pressure at 37°C; and 863,
the constant for converting a gas volume from
BTPS to STPD. VC instead of TLC is used in the
oxygen breath-hold experiment. The assumption
here is that residual volume limits the shrinkage
of the lung. In air breath-hold, TLC X FAN, is
greater than residual volume, regardless of breath-
hold time. Estimated from the oxygen supply in
the lung alone, a breath-hold time of 4 minutes
with air and 16 minutes with oxygen should be
possible for an average resting man at sea level (vi-
tal capacity, 4.78L; residual volume, 1.19L; and
\.102, 250 mi/min). Breath-hold time should be even
longer if the calculation includes usable oxygen in
the blood, and in fact such times have been dem-
onstrated in subjects breathing air (Hong et al. 1970,
1971) and breathing oxygen (Klocke & Rahn 1959;
Schneider 1930). A student of Schneider’s held his
breath for 15 minutes 13 seconds after a period of
hyperventilation with air. followed by 3 deep
breaths of pure oxygen (Schneider 1930). Mithoe-
fer (1965) noted that under the same conditions
another student at the same university held his
breath for 20.1 minutes (table I).

Although oxygen supply-demand relationships
accurately predict breath-hold breaking points, they
can only be achieved by using all factors known to
prolong breath-hold time, and by overcoming
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Table Il. Alveolar pCO, at physiological breaking point of breath-hold with oxygen, at rest

BHT pACO, paCO,* Note Reference
(sec) (mm Hg) (mm Hg)
80 48.8 Kobayashi & Sasaki (1967)
37 49.3 47.6 Agostoni (1963)
68 48.3 46.9 High Ve Agostoni (1963)
62 484 47.1 80%VC Agostoni (1963)
66 49.3 4717 20%VC Agostoni (1963)
104 48.6 479 Lin et al. (1974)
48.6 Douglas & Haldane (1909)

a Arterial carbon dioxide pressure estimated from pACO, with correction of sampling delays.
Abbreviations: pCO, = carbon dioxide pressure; BHT = breath-hold time; pACO, = alveolar carbon dioxide pressure.

physical and psychological discomfort and noxious
sensations. The most effective means of extending
breath-hold time is hyperventilation before breath-
hold, which lowers alveolar pCO,, and hence de-
lays the feeling of needing to resume breathing.
Severe hyperventilation prior to breath-hold is the
single most dangerous practice in open water, caus-
ing blackout during the ascent phase. Various fac-
tors that affect breath-hold time have been re-
viewed by Mithoefer (1965) and Lin (19874). Note
that these long breath-hold times were achieved in
the laboratory at a resting state and that breath-
hold time is inversely proportional to oxygen con-
sumption (Klocke & Rahn 1959; Lin et al. 1974).
Therefore, such times cannot be achieved in a dive,
which involves increased oxygen consumption.
However, these findings show that humans can
survive without breathing for 15 minutes or longer,
provided oxygen consumption is lowered. In fact,
survivals after 40 minutes’ submergence in cold
water have been reported. This emphasises that ag-
gressive cardiopulmonary resuscitation should be
attempted in drowning victims, especially when
cold water is encountered.

Mechanisms leading to the termination of a
breath-hold are complex. Researchers have iden-
tified 2 breaking points. The conventional breaking
point, or simply the breaking point, is reached when
one feels breath-hold can no longer be continued.
The time taken to reach this point is the breath-
hold time mentioned above. However, by this cri-
terion there are wide inter- and intraindividual

variations in breath-hold times, mainly because of
the involvement of subjective judgement. Breaking
point varies from less than 20 seconds (Schneider
1930) to 270 seconds (Hong et al. 1970) when sub-
jects are told to ‘expire once as deeply as possible,
then inspire fully and hold the breath as long as
possible’, i.e. without hyperventilating. Psycholog-
ical factors are recognised as the major determin-
ants of conventional breaking point (Hill & Flack
1908; Schneider 1930; White 1920), and undoubt-
edly contribute to the wide range of breath-hold
times reported in the literature.

In contrast, another breaking point, the phys-
iological breaking point, is sharply defined by
chemical stimulus alone. At such a time the desire
to breathe returns, but breath-hold can still be con-
tinued by conscious effort. Physiological breaking
point, in contrast to the conventional breaking
point, varies within a narrow range (Lin et al. 1974).
Involuntary ventilatory activities occur when the
physiological breaking point is reached, but vol-
untary inhibition of glottis opening is still possible.
A number of terms have been used to identify this
stage, such as the end of the ‘easy-going phase’ (De-
jours 1965), the ‘desire to breathe’ (Douglas & Hal-
dane 1909), ‘want of oxygen’ (Hill & Flack 1908),
‘diaphragm contraction’ (Agostoni 1963; Kobay-
ashi & Sasaki 1967; Noble et al. 1971), ‘involun-
tary ventilatory activity’ (Lin et al. 1974), or sim-
ply the sensation of ‘air hunger’.

Physiological breaking point is the signal divers
should pay close attention to. Although breath-hold
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can still be continued by conscious effort, drown-
ing may occur during the ascent phase of the dive
as a result of extreme hypoxia. The desire to breathe
occurs at an alveolar pCO, which is remarkably
similar in various breath-hold conditions. The crit-
ical arterial pCO, of the brain stem has been es-
timated to be between 47 and 48 torr (Lin 1987a;
table II), and is reached after 30 to 40 seconds.
Professional breath-hold divers in Japan and Ko-
rea accomplish much useful work in this time. An
earlier survey (Hong et al. 1963) of women divers
who wore simple cotton suits, and 2 new studies
(Park et al. 1983b; Shiraki et al. 1985) of divers in
wetsuits showed that only about half of the diving
time is available for bottom activity for a 5-metre
dive, while only a quarter of the time is available
in a 10-metre dive, with the remainder spent on
ascent and descent (table III).

The diving pattern described above pertains to
a sustained period of repeated dives. Longer dive
times of 90 seconds (Scholander et al. 1962), 118
seconds (Teruoka 1932), and 155 seconds (Cross
1965) in open sea have been reported.

It is clear, then, that humans are severely lim-
ited in their ability to stay underwater. Nonethe-
less, water activities are popular; hence, there is a
need for a proper understanding of the physiology
of diving.

1.2 Diving Depth

Brief diving time is obviously one factor pre-
venting divers from reaching great depth. Profes-

sionals dive most frequently to a depth of less than
10 metres, and even with assistance diving depth
rarely exceeds 20 metres. Tuamotu pearl divers
(men) are the deepest working breath-hold divers
known, regularly reaching depths greater than 30
metres (Cross 1965). They also have a lot of diving
accidents, indicating the increased depth is, in fact,
counterproductive. They are the only breath-hold
divers who experience a decompression sickness
known as taravana (literally ‘went crazy’). By far
its most common symptoms are, according to Cross
(1965), vertigo, nausea, and, less frequently, men-
tal anguish. Paulev (1965) demonstrated in a la-

boratory setting that it is possible to induce de-
compression sickness by repetitive breath-hold
diving when the dive time-depth product exceeds
certain limits.

Just as humans can achieve astonishingly long
breath-hold time under some unusual circumstan-
ces, so can they reach great depths with a single
breath. It was predicted that the depth limit for
humans should be about equal to the total lung
capacity/residual volume ratio (in atmospheres). If
total lung capacity is allowed to compress down to
residual volume during a dive, the depth limit (D,
in metres) should be:

D =P, X (TLC/RV - 1) X 10

where P, is the barometric pressure expressed in

atmospheres, and 10 represents the depth (in
metres) equivalent sea water of | atmosphere.

Table lll. General patterns of diving to 5- and 10-metre depth by wetsuit divers

Dive time Korean women? Japanese men®
5m dive
10m dive 5m dive

Single dive time (sec) 43 (100%) 32 (100%) 39 (100%)
descent time (sec) 19 (44%) 9.3 (29%) 8 (20%)
ascent time (sec) 12 (28%) 8.0 (19%) 8 (20%)
bottom time (sec) 12 (28%) 16.5 (52%) 23 (60%)

Single surface time (sec) 85 46 42

No. of dives/h 281 46.2 444

a Park et al. (1983b).
b Shiraki et al. (1985).
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Depth limit should be in the range of 30 to 40
metres, according to this formula. However, when
Craig (1968) reviewed breath-hold diving depths
up to 1967 he found that the record of 64.8 metres
considerably exceeded this estimate. This is pos-
sible, as was found later, because the residual vol-
ume diminishes (increasing the total lung capacity/
residual volume ratio) during breath-hold dive by
the chestward displacement of blood. Over the
years, depth records have increased, and it now
looks as though the limit may have been nearly
reached. By 1976, Mayol reached 86m or 284ft
(Ricci & Marroni 1976). Later Maiorca made an
87m record, and his latest record is now 91m
(Maiorca, personal communication).

1.3 Hypothermia

Another limitation on human in-water activity
is the fact that hypothermia inevitably follows pro-
longed immersion. The water temperature at which
the human body neither loses nor gains heat is
called ‘thermoneutral temperature’. This_temper-
ature is 35°C, which is substantially higher than
that of ocean water, even in mid-summer. Thermal
drain continues as long as a person is in water.
Hypothermia affects the performance of all organ
systems, and its contribution to drownings is well
known (Keatinge 1969). Insulation is the only pro-
tection against hypothermia, as heat flow is dic-
tated by the thermal gradient and property of the
fluid environment, and the thermal conductivity of
water is 25 times that of air, causing rapid heat loss
along the thermal gradient. 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 (Keatinge 1961; Park
et al. 1984; Rennie et al. 1980; Veicsteinas & Ren-
nie 1982). Cardiac irregularities, impairment of ra-
tional thinking, sensory and motor degradation, loss
of consciousness, and drowning all occur when body
temperature falls below 35°C (Webb 1976). Be-
cause of this, professional breath-hold divers stop
harvesting when body temperature reaches 35°C
(Kang et al. 1965) and allow their bodies to warm
up before resuming. Diving time was increased with

the introduction of the wet suit (Kang et al. 1983;
Park et al. 1983b; Shiraki et al. 1986a). As a result,
the previous practice of breaking up dives into 1-
hour shifts in summer, or much shorter shifts in
winter, has been replaced by 2- to 3-hour shifts,
which are not limited by hypothermia.

Besides increasing the risk of hypothermia, cold
water shortens breath-hold time. Sterba and Lund-
gren (1985) and Hayward et al. (1984) reported a
direct correlation between breath-hold time and
water temperature, and claimed that reduction of
breath-hold time in cold water corresponds closely
to elevated oxygen consumption. Lessons on the
thermal properties of water and their consequences
should therefore be a part of the education of sports
diving.

2. Physiology of Breath-Hold Diving

Breath-hold diving consists of water immersion
up to the neck, breath-hold, submersion, and un-
derwater exercise. It involves only modest pres-
sure, unless carried out to extremes, which none-
theless elicits pronounced physiological changes, as
do all components of a dive.

2.1 Water Immersion

Water immersion to the neck precedes breath-
hold diving, and in fact divers spend most of the
time floating on the surface of the water (table III).
Head-out immersion in thermoneutral water pro-
duces a variety of prominent physiological changes
which become even more complex in cold water.
The physiological effects of water immersion have
been reviewed recently, with regard to respiration
(Lundgren 1984), circulation (Krasney et al. 1984;
Lin 1984), body fluid regulation (Epstein 1976,
1978, 1984), and temperature regulation (Hong
1984; Nadel 1984; Park et al. 1984).

2.1.1 Cardiovascular System

Head-out water immersion causes blood shift
toward the upper body, resulting in an increased
central blood volume which, in turn, causes en-
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gorgement of the vasculatures in the thoracic re-
gion. Central venous pressure rises as a conse-
quence. Various estimates indicate that central
blood volume increases by 300 to 700ml (Arbor-
elius et al. 1972; Hong et al. 1969). Reasons for its
increase include: (a) hydrostatic compression, which
reduces venous capacity in the lower extremities,
as well as displacing abdominal contents chest-
ward; (b) the fact that the density of sea water is
similar to that of human tissues, which effectively
renders the diver weightless (or neutrally buoyant);
and (c) a negative transthoracic pressure of about
14 to 20mm Hg, which also promotes redistribu-
tion of circulating blood toward the upper body.
Part of the increased central blood volume resides
within the heart and associated great vessels. By x-
ray technique the increase in heart volume has been
estimated to range from 180 to 247ml (Lange et al.
1974; Risch et al. 1978).

Dimensional expansion of atria, pulmonary ar-
teries and veins is known to: (a) activate cardiac
mechanoreceptors that, via vagal afferents. inform
the hypothalamus of hypervolaemia where in fact,
the total blood volume remains unchanged; (b) en-
croach on pulmonary air space and alter respira-
tory mechanics; and (c) enhance ventricular dia-
stolic loading. These changes cause functional
changes in the circulatory and respiratory, as well
as the renal systems.

Stroke volume rises, on average, by about 30%
during head-out immersion in or near thermoneu-
tral water (Lin 1984). This increase has been dem-
onstrated by dye-dilution (Arborelius et al. 1972:
Hood et al. 1968). acetylene rebreathing (Bazett
1937 Begin et al. 1976), CO» rebreathing (Farhi &
Linnarsson 1977; McArdle et al. 1976; Rennie et
al. 1971), and impedance cardiography (Matsuda
et al. 1981: Shiraki et al. 1986b). Review of the
literature suggests that altered preload is respon-
sible for the increased stroke volume. and that af-
terload and myocardial contractility play insignif-
icant roles in water-immersion (Lin 1984).

Heart rate changes little during immersion in
thermoneutral water. Review of 13 reports involv-
ing 100 male subjects indicates that it is either un-
changed or decreases only slightly (Lin 1984). Al-

though cold water depresses it (Keatinge & Evans
1960: Knight & Horvath 1987; Rennie et al. 1971),
several opposing factors act together to determine
heart rate during immersion. Other factors being
equal, the rising central blood volume and pressure
should trigger a tachycardial response through the
Bainbridge reflex, but concurrent elevation of ar-
terial pressure, by the increased stroke volume and
cardiac output. acts against an increase in heart rate.
Cold water reduces heart rate, but increased meta-
bolic demands during diving (staying afloat in place,
replacing heat loss, and exercise) cause it to rise.
The predive heart rate in open sea is higher than
the resting value in air (Hong et al. 1967; Irving
1963; Scholander et al. 1962).

Cardiac output increases to a similar extent as
stroke volume in thermoneutral water. However,
when the water temperature falls, so does heart rate,
leading to only a slight increase in cardiac output,
or maybe even a decrease (Lin 1984; Rennie et al.
1971).

As noted above, cardiac output is increased and
redistributed during head-out immersion. The re-
distribution pattern is of particular interest; studies
in the dog have shown a marked increase in blood
flow in the gastrointestinal tract, liver, heart, skin,
and respiratory muscle during head-out immersion
in thermoneutral water (Hajduczoc et al. 1985;
Krasney et al. 1982). Of these changes, the increase
in liver blood flow may prove clinically useful.

2.1.2 Respiratory System

Lung Volume

Immersion up to the neck does not affect tidal
volume or residual volume. but vital capacity is
reduced by about 5 to 10%. mainly because of a
decrease in expiratory reserve volume. Several fac-
tors contribute to decreased lung volume during
immersion; among these. the chestward pooling of
blood and chestward displacement of the dia-
phragm appear most important (Agostoni et al.
1966. Buono 1983: Dahlback 1975: Hong et al.
1969).
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Respiratory Work

The increased central blood volume during im-
mersion engorges and stiffens lung tissues, which
decreases lung compliance; compresses small air-
ways, elevating airway resistance; and increases air
trapping and closing volume. Together, these al-
terations increase the load on respiratory muscles.
Hong et al. (1969) estimated that resting respira-
tory work during head-out immersion was elevated
by 65% over that at rest in air.

Gas Exchange

Head-out water immersion apparently has no
effect on gas exchange at rest or during exercise
(Dressendorfer et al. 1976), as opposing factors
prevent marked changes. One might expect an in-
crease in gas exchange during water immersion be-
cause of the increase in central blood volume and
elimination of blood flow dependence on gravity,
thus promoting homogeneous perfusion of the

Sec & min ——
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Fig. 1. Comparison of bradycardial response of a human volun-
teer (A) and a dog (B) trained to immerse the snout on command
(from Lin 1983a). HR = heart rate; ECG = electrocardiogram;
AoF = aortic blood flow; AoP = aortic pressure.

lungs. Although the same mechanism does not op-
erate for gas distribution within the lungs, a re-
duction in alveolar ventilation to blood flow mal-
distribution was nevertheless noted. This
advantage, however, is offset by increased intra-
pulmonary shunt (Cohn et al. 1967), trapped gas,
closing volume, and lung stiffness (see above).

2.1.3 Renal Function

Extensive reviews have established the diuretic
effect of water immersion (Epstein 1976, 1978;
Gauer & Henry 1976). It suffices to say that con-
sequent to the increased urine output, plasma vol-
ume falls. Secondary effects, such as decrease in
work capacity, orthostatic intolerance and other
disturbances in circulatory function could result.
Dehydration is a potential problem during a pro-
longed stay in water, even at thermoneutral tem-
perature.

2.1.4 Thermal Regulation

Thermoregulation in water has been extensively
reviewed, although the topic is beyond the scope
of this review. However, it should be pointed out
that exercise drastically alters thermoregulation in
water. Body temperature may fall, even when heat
production is increased by 10 to 15 times above
the basal temperature, as in intense swimming, if
water temperature is sufficiently low and insula-
tion is inadequate (Keatinge 1969; Nadel 1984; Park
et al. 1984; Veicsteinas et al. 1982). Thermal reg-
ulation, adaptation, and deadaptation after the in-
troduction of the wetsuit, have been investigated
in Korean divers (Kang et al. 1965, 1983; Park et
al. 1983b; Rennie et al. 1962; Rennie & Hong 1985).

2.2 Breath-Holding (Apnoea)

2.2.1 Circulatory Changes

Slowing of the heart rate and widespread vaso-
constriction stand out as the most pronounced
physiological changes brought on by breath-hold.
‘Diving reflex’ is a term used for describing cir-
culatory changes during the act of breath-holding.
During submersion, profound bradycardia occurs
in diving mammals, causing a marked fall in card-
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iac output, but the intense peripheral vasoconstric-
tion that follows apnoea prevents arterial blood
pressure from falling. The consequence is a pref-
erential delivery pattern of blood flow to the brain
and the heart. Similar responses occur in animals
that are natural divers, as well as in many non-
natural diving terrestrial mammals (Lin 1982), and
are thought to play an important role in conserving
oxygen during a dive. Humans also exhibit diving
bradycardia and vasoconstriction, though in a
somewhat attenuated form (Hong et al. 1971; Lin
1983a; Lin et al. 1983a,b; Song et al. 1969), and
their circulatory responses lack the intensity and
promptness that are required for an effective con-
servation of oxygen during diving (Hong et al. 1971;
Lin et al. 1975). For this reason, humans are con-
sidered poor breath-hold divers.

The phenomenon of diving bradycardia is by
far the most frequently studied of the circulatory
changes, both in the field and in the laboratory.
Bradycardia develops promptly upon breath-hold
in humans, but is slow to reach its lowest point
(Lin et al. 1983a; fig. 1). In comparison, maximal
bradycardia is attained within a few cardiac cycles
following the onset of apnoea in diving mammals
(Elsner 1968), as well as non-diving mammals such
as dogs (Elsner et al. 1966; Lin 1983b; Lin et al.
1983) and rats (Lin 1974; Lin & Baker 1975).

Figure 2 summarises the survey of the breath-
hold induced bradycardia in humans, which may
be very intense in some instances. It is evident that
bradycardia occurs during breath-hold both at rest
and during exercise, although the response is greatly
increased in men exercising while holding their
breath. Those indicated by an ‘a’ are single-subject
records during exercise. The heart rate levels off at
55 beats per minute during a 50-metre underwater
swim (Jung & Stolle 1981). Such activity requires
between 5 and 10 times the resting oxygen con-
sumption. In some cases, the decrease may be as
much as 90% of pre-breath-hold heart rate (As-
mussen & Kristiansson 1968; Irving 1963; Stromme
et al. 1970). Arnold (1985) recently reported sev-
eral equally marked breath-hold bradycardias in
human subjects at rest.

Elevation of vagal tone is responsible for diving
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Fig. 2. Bradycardial response in humans at rest and during ex-
ercise (from Lin 1982).

bradycardia, as was deduced by differential auto-
nomic nervous blockade (Berk & Levy 1977; Fin-
ley et al. 1979; Heistad et al. 1968), while the sym-
pathetic branch of the autonomic nervous system
plays a minor role. More convincing evidence is,
however, derived from animal data, both in diving
(Andersen 1966; Murdaugh et al. 1961; Scholander
1940) as well as non-diving species (Gooden et al.
1974; Lin 1974; Lin et al. 1972, 1983).

Cardiac output changes little during breath-hold
and face immersion, as demonstrated by a variety
of techniques (Hong et al. 1971; Lin 1982; Lin et
al. 1983b). Changes in stroke volume from the pre-
breath-hold values are also insignificant in most
studies, indicating that the enhanced preload of the
heart (low heart rate, high central blood volume
and central venous pressure) is offset by peripheral
vasoconstriction. Myocardial contractility is prob-
ably reduced during apnoea, as was deduced from
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systolic time intervals (Ferrigno et al. 1986; Gross
et al. 1976).

Humans differ from diving mammals and birds
(Blix & Folkow 1983) in that hypertension devel-
ops progressively, in proportion to the duration of
breath-hold. Since there is no evidence of increased
cardiac output during breath-hold in humans (Hong
et al. 1971; Lin 1982; Lin et al. 1983b), hyperten-
sion indicates that vasoconstriction occurs in most
vascular beds. It is known that forearm blood flow
decreases by 7 to 50% from pre-breath-hold level
(for review see Lin 1982). Whether vasoconstric-
tion during breath-hold results in selective patterns
of blood flow, as occurs in diving mammals, is un-
certain. There is evidence that peripheral vasocon-
striction exists during breath-hold in humans,
though not approaching zero flow, as occurs in most
organs of the diving species. Calculations from
available data shows that total peripheral resist-
ance increases range from 26 to 33% (Hong et al.
1971; Lin et al. 1983b; Whayne et al. 1972). In
comparison, 4- to 10-fold increases in total peri-
pheral resistance are reported in diving species (Blix
& Folkow 1983). For this reason, it is doubtful that
humans are able to effectively conserve oxygen
during breath-hold (Hong et al. 1971; Lin et al.
1975).

2.2.2 Pulmonary Gas Exchange

Gas exchange during breath-hold involves tem-
poral changes in alveolar gas concentration and lung
volume, neither of which are easily measured in
natural diving conditions. In earlier studies only
the pre- and post-breath-hold alveolar samples were
available. Measurement of alveolar gas composi-
tion during breath-hold has been made simpler by
a sequential sampling device, which also makes
possible the estimation of dynamic changes in lung
volume during a dive (Lanphier & Rahn 1963a).
By knowing the initial alveolar gas composition and
volume and changes thereafter, one can calculate
the rate of pulmonary gas exchange during breath-
hold.

Breath-Hold at a Constant Ambient Pregsure

Breath-hold in the laboratory involves no change
in ambient pressure. Immediately before breath-
hold, alveolar pO, rises, and alveolar pCO, falls
following a deep inspiration of fresh air. The rate
of oxygen disappearance from the lung is approx-
imately linear for the first 2 minutes of breath-hold
and then diminishes (Hong et al. 1970, 1971; Lan-
phier & Rahn 1963a; Tibes & Stegemann 1969).
Despite this, oxygen continues to be transferred
from the lung into the blood, although the dimin-
ished pO; in the lungs cannot keep arterial blood
fully saturated. Consequently, arterial oxygen con-
tent declines progressively in humans (Hong et al.
1971) as well as in dogs (Lin et al. 1975).

Initially, CO, is transferred rapidly from the
blood into the alveolar space because alveolar pCO,
is low, and it rises quickly to approach or equal
that of the blood. It may continue to rise, exceed-
ing that of the blood, as a result of the concen-
trating effect of the shrinking lung volume, caused
by the continuous transfer of oxygen from the lung
to the blood. The result is diminished movement
of CO; from the blood to the lung, eventually stop-
ping or even beginning to transfer in the reverse
direction (Mithoefer 1959). This peculiar gas ex-
change pattern results in an extremely low alveolar
gas exchange ratio during breath-hold (Craig &
Harley 1968; Hong et al. 1971; Lanphier & Rahn
1963a).

Breath-Hold During a Compression and

Decompression Cycle

In a dive, alveolar pO, rises continuously be-
cause of the compression effect, and thus remains
elevated throughout the descent. Consequently, the
transfer of oxygen from the lung into the blood
proceeds at a normal rate. For the same reason,
CO; is likely to be transferred in the opposite di-
rection from normal gas exchange until well into
the ascending phase of the dive. The maintained
transfer of oxygen and retention of CO, in the blood
during descent and at the bottom lead to low al-
veolar pCO, and pO, at the end of a dive, as the
lung expands during ascent. This paradoxical re-
sult, originally observed by Teruoka (1932), has
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since been confirmed in the field (Hong et al. 1963),
in the hyperbaric chamber (Lanphier & Rahn
1963b) and in the US Navy submarine escape
training tank (Openshaw & Woodroof 1978). It is
during the ascending phase that most accidents oc-
cur as a result of hypoxia.

2.2.3 Underwater Exercise

There is as yet no reliable estimate of the energy
expended by professional divers during their har-
vesting activity. Such estimates would certainly be
made more complicated by diving patterns, equip-
ment, and thermal conditions. Various aspects of
swimming, including energetics, have been re-
viewed recently (Lavoie & Montpetit 1986).

3. Applied Physiology

3.1 Immersion

Water immersion produces an unusual circu-
latory state. which is characterised by sustained in-
crease in stroke volume, and which leads to a vari-
able increase in cardiac output. Cardiac output is
also redistributed preferentially toward the liver,
fat, skin, and splanchnic region. Of particular im-
portance is the discovery of a 5-fold increase in
hepatic arterial blood flow in dogs during vertical
head-out water immersion, prominent diuresis also
occurring. Based on the above observations, the
following applications of head-out water immer-
sion appear feasible:

1. As a ground-based simulation for weightless-
ness. Together with bed rest studies, head-out water
immersion provides a significant data base to ac-
count for physiological changes during and im-
mediately after space travel (Blomqvist 1983:
Greenleaf 1984; Sandler 1976).

2. As a diuretic. It has been shown to reduce
excess body fluid in decompensated cirrhotic
patients (Bichet et al. 1983; Epstein 1978, 1984) in
congestive heart failure and even heart transplant
patients.

3. Head-out water immersion promotes inert gas
elimination by the sustained increase in cardiac
output (Balldin & Lundgren 1972).

4. It shortens decompression time by blood flow
redistribution to skin and fat tissues.

5. It could be used for preferential delivery or
elimination of drugs to or from the liver.

If blood flow to the liver were increased, as oc-
curs during head-out water immersion, the con-
centration of drugs in the general circulation could
be correspondingly reduced in order to achieve the
same rate of delivery to the liver. This is especially
important in the administration of toxic drugs.
Similarly, head-out water immersion, by increasing
hepatic blood flow, could accelerate the eliminat-
ion of toxic substances from the circulation; bar-
biturates or alcohol for example. These possibili-
ties are currently being tested.

3.2 Breath-Hold

3.2.1 Paroxysmal Supraventricular

Tachycardia

Breath-hold induces slowing of the heart via the
elevation of vagus activity. Since the vagus nerve
innervates the supraventricular region of the heart,
increasing vagus activity by breath-hold could be
used to suppress tachycardia of supraventricular
origin.

Previously methods of treating paroxysmal
supraventricular tachycardia involved drugs such
as digitalis, propranolol, or quinidine, electrover-
sion, or increasing vagal tone. Vagal tone can be
increased by vasopressor agents, carotid massage,
the Valsalva manoeuvre, eyeball compression, or
gag reflex; all physiological methods. Breath-hold
turned out to be the simplest and most effective
and specific way of producing increased vagal tone,
as shown by a number of studies. Whayne and Kil-
lip (1967) reported that simulated diving elimi-
nated for several minutes multiple ventricular pre-
mature contractions in one patient. Following this
report, the diving reflex has been shown to elimi-
nate paroxysmal supraventricular tachycardia in
infants (Hamilton et al. 1979; Heistad et al. 1968;
Sperandeo et al. 1983; Whitman et al. 1977), child-
ren (Whitman & Zakeosian 1976) and adults (Hunt
et al. 1975; Mathew 1978, 1981: Pickering & Bol-
ton-Magge 1975; Wildenthal & Atkins 1979; Wil-
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denthal et al. 1975). Breath-hold bradycardia can
be effectively induced by face immersion in cold
water (about 10°C) or breath-hold with a cold towel
applied to the face.

The use of the diving reflex may not be hazard-
free, however. Stimulation of the nerve pathways
mediating the diving reflex may evoke serious or
fatal arrhythmias in patients with pre-existing or-
ganic disorders. Wildenthal and Atkins (1979) cau-
tioned that the first treatment should always be
made under conditions of careful monitoring, with
emergency equipment available.

3.2.2 Near Drowning

The distinctive gas exchange pattern, as sum-
marised above, clarifies the causes of shallow water
accidents. During descent and at the bottom of a
dive, the compression effect keeps pO, high de-
spite decreasing alveolar oxygen concentration, but
during ascent the lung expands and oxygen con-
centration falls markedly. Arterial pO, approaches
that of venous blood on surfacing in a 60-second
dive. In the normal course of events, divers depend
only on hypercapnic stimuli as a signal for surfac-
ing (pO- is high at the bottom). However, an ac-
cident may occur when a person hyperventilates
before diving, as under such conditions oxygen de-
pletion can occur, without the diver’s knowledge,
before the arterial pCO> can build up to a level that
normally signals the desire to resume breathing.
Blackout often occurs without warning during the
ascent phase. Shallow water blackout still occurs at
an alarmingly high rate (approximately 7000 per
year in the US). It continues despite the publica-
tion of detailed scientific findings attributing black-
out to hyperventilation before diving (Craig 1961a;
Hong et al. 1963; Lanphier & Rahn 1963a), and
the publication of repeated warnings (Craig 1976;
Hong 1976; Hong & Rahn 1967). The perils of ex-
cessive hyperventilation should be emphasised in
all swimming and diving programmes.

Although there is no evidence of human ability
to conserve oxygen while diving, it is important to
note that apnoea (a component of diving reflexes)
occurs when a person is accidentally dropped into
water, thus preventing water inhalation. The car-

diovascular response that follows immersion en-
hances the chance of revival, even after what seems
like hopelessly long apnoea. The odds of revival
improve when conditions favour rapid chilling of
the body, such as cold water, a thin-bodied or very
young victim (small body mass). Hypothermia re-
duces metabolic requirements and redistribution
of blood flow, minimising heart and brain damage.
Revival is possible even after 40 minutes’ sub-
mersion (Nemiroff 1977, Siebke et al. 1975). Siebke
et al. (1975) reported the revival of a 5-year-old
Norwegian boy who regained full cerebral function
after having been under ice water for more than
40 minutes. Here again, it must be said that ag-
gressive cardiopulmonary resuscitation (CPR)
should be attempted in drowning incidents, espe-
cially when cold water is involved.

3.2.3 Cardiac Risk

Cardiac arrhythmia often develops in breath-
hold diving, especially in cold water (Hong et al.
1967; Jung & Stolle 1981; Olsen et al. 1962; Sas-
amoto 1965; Scholander et al. 1962). The most
common forms of arrhythmia are those associated
with enhanced cardiac vagal activity, such as a shift
in the normal pacemaker locus and an altered
atrioventricular condition. Occasionally, idioven-
tricular rhythm, premature atrial beats, and pre-
mature ventricular beats are also observed. It is,
therefore, prudent to obtain health clearance before
starting breath-hold diving as exaggerated breath-
hold bradycardia, cardiac arrest and syncope may
develop in persons with underlying cardiac dis-
eases. Wolf (1964) suspected that diving bradycar-
dia may have been related to the sudden death of
an elderly man while he was washing his face.

3.2.4 Integrity of Autonomic Nervous System

Breath-hold or face immersion produces ele-
vated vagal input to the heart and sympathetic ac-
tivity to the peripheral vessels. It is, therefore, a
simple method for assessing the integrity of auto-
nomic nervous system in certain diseases (Bennett
et al. 1976; Gooden et al. 1978).
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3.2.5 Sudden Infant Death Syndrome

The primary cause of sudden infant death syn-
drome remains unresolved. Apnoeic spells during
sleep are a common problem in preterm infants.
Bradycardia occurs promptly upon apnoea, what-
ever the cause may be. Exposure of the face to cold
air and pressure on the eyeballs have been used to
test the chronotropic liability of infants at risk
(Gandevia et al. 1978; Kahn et al. 1983). These
procedures cause trigeminal and vagal-mediated
bradycardia similar to that of the diving response.
Exaggerated cardiac response following provoca-
tion indicates a child at risk of sudden infant death
syndrome.

3.2.6 Upper Airway

Studies of both humans and animals have shown
that mucosal stimulation of the upper airways can
induce apnoea and diving responses. This man-
oeuvre may therefore place some patients at risk.
Such situations may arise during examination of
upper airways (for dentistry, laryngoscopy, bron-
choscopy); irrigation of the nose, sinuses or phar-
ynx; intubation; aspiration of nasal or tracheal se-
cretions; and application of aerosol through upper
airways. Thus, caution should be exercised in car-
rying out these procedures, especially in patients
with underlying cardiac abnormalities.

4. Conclusion

The recreational benefits of human interaction
with the water is well recognised. However, man'’s
enjoyment in water depends on his recognition of
the limitations of the human as a diver. This
knowledge has been gained from the example of
professional breath-hold divers in the field, and
from the study of volunteers in the laboratory.
Avoidance of human tragedy in water relies upon
the understanding of the physiology of diving, es-
pecially that of breath-hold diving.

Studies on gas exchange during breath-hold has
shown that shallow water blackout often occurs
during ascent when a diver hyperventilates exces-
sively just prior to a dive. This should be brought
to the attention of those teaching underwater ac-

tivities. Protracted water immersion should be
avoided since hypothermia inevitably results in
open water. The prominent physiological changes
that occur during immersion and breath-holding
show potential clinical applications. Among these,
the suppression of paroxysmal supraventricular
tachycardia by breath-hold and face immersion ap-
pears to be underutilised at present. Its simplicity
and proven safety warrant a large scale clinical trial.
Head-out water immersion has been shown to be
an important investigative tool as well as being
clinically useful. The induction of diuresis, en-
hancement of cardiac peformance, and increased
perfusion of liver by head-out water immersion de-
serve further investigation, not only into the mech-
anisms of action but also into their specific clinical
applicabilities.
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