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Circulatory functions during immersion
and breath-hold dives in humans
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Lin YC. Circulatory functions during immersion and breath-hold dives in humans. Undersea Biomed
Res 1984; 11(2):123-138.—An unusual circulatory state exists in humans immersed in water at or
near 35°C. This circulatory state is characterized by a persistent and elevated stroke index (SI) but
heart rate (HR) changes little; hence an increased cardiac index (CI) results. In comparison of
measurements in air and immersion in water up to the neck level that are based on the weighted
averages of 45 subjects from 8 studies, Sl increased by 29%, Cl increased by 24%, and HR decreased
by 6%. Evidence is presented to support the finding that the increase in stroke volume is a result
of enhanced preload of the heart, and that alterations in afterload and contractility play an unim-
portant role in affecting cardiac performance during immersion in thermoneutral water up to the
!evel of the neck. The circulatory state represents hyperperfusion, since there is no concurrent rise
In m;labolic demand or heat stress. To what extent this preexisting circulatory state affects the
cardiovascular responses to breath-hold (BH) diving is in most part unknown. However, the BH
bradycardiac responses are more potent in a natural setting than in the laboratory where the breath
hold is performed with only face immersion in water. In contrast, in the natural setting, the divers
perform BH dives while they are immersed up to the neck in cold water (much lower than 35°C)
and are exercising. It is desirable in future studies to compare systematically other aspects of

circulatory responses to BH dives while immersed in water and while exercising.
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frefi?:l.: ;]otrl;:mer?io“.iﬂ therm(?neutral water is a convenient m(?del in simulating the gravi.ty-
Methangrec t""’s“gallons Of.ﬂllld volume reg%llations (1-3), respiratory cl.langes (4-8), carc!lac
waterimmersﬁgors' an.d Ca"d'?"é}scular functions (6, 9-14). Togcthef' wntp bed rest studl‘es,
an immEdime]n p;owdes a significant data base to account for physiological chan.ges dur}ng
Uplicates gy cy ﬂdt'e.r Space travel (15, 16). Although neither bed- rest nor wa_ter 1mmersnog

- rvesaq llseﬁ?ln ‘“9“ ll}al exa.ctly matches the condition of welghtlesgam.:ss in space, eac
- Marigy e Pal’tu‘ll stmtflauon of the condition of weightlessness. Smu_lnnty ;md dissim-
N these simulations and weightlessness in space have been discussed (17, 18).

€re are gjon: .
Bnificant differences that warrant proposal of an alternate model (19, 20). Never-
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tWo decades hag
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Mman mammals (24) should

hyperfusion. A circulatory condntlg:
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3), is a unique physiological state deserving
sideration of eXisting literature op circulatio
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1 i €I Sion

9
reviewed separately (24, 26-

STROKE VOLUME AND CARDIAC OUTPUT

It is known ty cardiac outpyt (Q) rises in hy
Neutra] water, Though the n

jon in therm¢-
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Fig. 1. Effects of head-out immersion in thermoneutral water on stroke index, cardiac index, and heart
rate in human. Data for paired observ

ations in air (25°C-28°C) and in water (33°C-35"C) are shown ml
Table 1. Heart rate, represented in figure as isopleths, changed little during water immersion from contro
value in air.

rate in water either is not chan

ged or is lower than that observed in air (Table 1, Fig. 2; se¢
also Table 5). However, HR p

lays an important role in deciding the magnitude of Q during
immersion when water temperature falls below 34°C.
Itis clear from this survey that water immersion elevates SV, while HR moderates increase
in Q or negates it, depending

v : - increases
On water temperature. The mechanism by which SV incres
during immersion s discussed next.

MECHANISMS RESPONSIBLE FOR INCREASED STROKE VOLUME IN WATER

Stroke volume is influenced by the ventricular condition just prior to the onset of conlm‘?“"l“‘
the force against which the cardiac muscle must contract during the ejection phase of systo c\:
and the inotropic state of the myocardium. This discussion addresses the changes that 0ccu
to these three major determi

. er
Inants of SV during immersion in water—namely, prelead. aft
load, and contracrility.
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e Sl Tz.;_; 1p«:lrc:‘:magc: of change from their respactive
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Preload

Within physiological limi - i
byide exfe :( oflif:;illl”::; ;l::ril(:;ég(;h- :lmld \'t:?IOCIl)’ of m,\'m‘“nrdfulcommctionam regulated
B e b ; '_] b. prior (o the on.scl_ui contraction. The length of
e ma elIs ‘m uenced by factors 'uﬂr.‘i:lm-g ventricular filling. Among
e are , venous tone, intrapleural pressure. intrapericardial pressure. atrial con-
total blood volume and central blood volume (CBV), and central venous pressure

(CVP i i i i
) sc)(_) Comple.te discussion of all influencing factors on the preload of the heart (37) is beyond
pe of this review. Two of these, however, warrant attention: both CBY and CVP nis¢

during water immersion.
: During immersion up {
11??—'500 ml by Hong et al. (7

s is allotted to the cardiac €

d 1o be about
al. (9% v of
diastolic

ere conscrvmivel_v estimate
{ 700 ml bY Arborelius €t
tly, left ventricular end
(LVEDP). rises. Diredt
3 rdial fiber length and thus preload)
u? humans during water immersion are still 1 imation of heart size by using
biplane roentgenometric technique: Lange et al. 40 reported an INCre { 180 ml over the
value obtained in air in 10 youné m . 70.6 kg during immers C waer up o
the neck in an upright posture- Risch et al. 4D estimated. also by mt‘msﬂm‘smphlc mtj“‘f‘*‘-
that the heart enlarged by 247 ml in H averaging 73 kg. These values are similar
- iy of the increased CBV 0

k1 6 male su
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75 ml (700/4) in 10 subjects (9). In addition. there are §C\'cml st_ud:ce%u;q;m-mg

the heart, the 175 m » capillary blood volume and the consequent increase 1r'1 liffusing

e s d ];s ex-chanee (6. 36, 42. 43). There is reason 1o believe that in these

ity i ve g i ; :

e ]mp'molhefinlrapulmonan' vasculatures and the heart are also m‘creasc‘g du:;n-g
5 . _ -

— VOIU!}T{I?S; et al. (44) disclosed that chestward translocation of blood is rapid and is

i rsion. Risc : ; ; aon ¢

e Ily complete within 6 heart beats of immersion to thfa neck Id S

wr\[/u? . f intrathoracic vascular compliance change little under a y .
alues o ompll '

according to Gauer and Henry (1). This is important, since

AP =(AV)C

where A V is the volume change associated will: the cI}angc lzc:;g1ln:l;:(ljcpr3:sdurcc I(;A”f:
across the wall of a hollow structure on which nc-mc(. h.l;lgr(.cm']im.consmn,l o st
compliance. Pressure changes reflect volume changes Oll‘|‘):’ |‘] r g .n '.“ RS b
Evidence indicates that veins, large or small, behave passive y db- 0 .{,'.[.' e e
do not exceed 10% of normal (45). Thus, as blood is displace |.n 4
((:Zu\l;g ::zcl:l;fn;\:dore importantly. it remains elevated unlil‘ lhc' mock ‘hyp.crvolcmla ;s:’::r(;ri(‘::li(::
Table 2 summarizes the magnitude of CVP changes dlll"lng immersion m‘thcrm((]).r::5 et
The average (weighted by number of subjects uscq in each study) ‘01 S, SEl.l :m o
indicates that CVP increases from — 1.4 mmHg in air to 15.2 mmHg in w ‘.l[(l.l._' nerse o
16.6 mmHg. Echt et al. (46) reported also the csophaghca! prc':s‘surc'. Wh'l(‘."l mdc ———
—0.4 mmHg before immersion to 3.4 mmHg during immersion. ihus_m [.hl? s(ljuI lyg mn.ng .
pressure of the heart during diastole was estimated to be 38 mmH[:: In :u'r (mI. - R
water (Table 2). Therefore it can be concluded that the \./cmrlculur diastolic fil I{lg ]f’m‘mcrgion,
and the preload of the heart is increased during immersion. Dccrcan:d HR dl.ll’l'ng lmcr ﬁ;cwr
which though small is the case in most studies (Table I; see also Table 5), I‘S d:;'(i'on e
enhancing preload by lengthening the filling time. The fzworubl-c preload (.'c‘m “|) Citlers
immersion should result in increased SV, which was indeed found in all cases (Table 1).

TABLE 2 S
EFFECT OF IMMERSION IN THERMONEUTRAL WATER ON CENTRAL VENOUS PRES!
T Wwe | *
ESOPHAGEAL PRESSURE, AND RANSMYOCARDIAL PRESSUR?

—

NO. CVP, mmHg pﬂr mm]-lg —mﬂn%{f;
of Air Water Air Water ~ Air  Wa
Reference subjects _
Arborelius et al 10 -2 16.0
1972 1.8
Echt et al 5 3.4 15.2 ~0.4 3.4 3.8
1974a
Koubenec et a] 8 -1.7 16.3
1978
Risch et al 6 -2 16.3
1978a
Risch et al 8 ~2.7 15.0
1978b TNy
Al
CVP, central venous pressure: P,

: ssure.
. es» €sophageal pressure: TMP, transmyocardial pre
Jects are males; values are means of number of subjects in each study.


































