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Circulatory functions during immersion
and breath-hold dives in humans

'Y. C. LIN

Deparmicn! ofPliysiology, Uriiwrsity of Hawaii, Jolin A. Burns School of Medicine. Honolulu, HI 96822

Lin YC. Circulatory functions during immersion and breath-hold dives in humans. Undersea Biomed
Res i984; ll(2):l23ðl38.ðAn unusual circulatory state exists in humans immersed in water at or
near 35ÁC. This circulatory state is characterized by a persistent and elevated stroke index (S1) but
heart rate (HR) changes little; hence an increased cardiac index (Cl) results. ln comparison of
measurements in air and immersion in water up to the neck level that are based on the weighted
averages of45 subjects from 8 studies, Sl increased by 29%, Cl increased by 24%, and HR decreased
by 6%. Evidence is presented to support the ýnding that the increase in stroke volume is a result
of enhanced preload of the heart, and that alterations in afterload and eontractility play an unim-
portant role in affecting cardiac performance during immersion in thermoneutral water up to the
level ofthe neck. The circulatory state represents hyperperfusion, since there is no concurrent rise
in metabolic 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
bló-ldycardiac responses are more potent in a natural setting than in the laboratory where the breath
hold is perfomied with only face immersion in water. In contrast, in the natural setting, the divers
Pþform BH dives while they are immersed up to the neck in cold water (much lower than 35ÁC)
afld are exercising. It is desirable in future studies to compare systematically other aspects of
Á"ÁñlalÁTY responses to BH dives while immersed in water and while exercising.

water immersion heart rate
human preload '
circulatory state afterload
cardiac output eontractility
stroke volume breath-hold diving

H . - . . .freeeid Áñi Immersion in thermoneutral water is a convenient model in simulating the gravit -
5 ate fo ó - - . vch F Investigations of þuid volume regulations (lð3) respiratory Âhal18Á$ (4-3)è Á*"d'aÁ
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era_ñÁ'eÁÂPl0rs, and cardiovascular functions (6 9-14). Together with bed rest stu '
I - .mmÁr5'Á" Provide

ó y ñRef Space travel (I5 l6) Although neither bed rest nor water lmmýfsl
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theless, circulatory responses to water immersion are so prominent and persistent that inter
in this model has not faded, though experience in space þights during the last two decades ýst
tumed up no major sgrprises of the; Eirculatory system. Furthermore, lessons learned
water immersion and iving researc ave been proved valuable, not 1 ó
of space þights but also in practical and clinical applications (21-23). onó) In the managemem

Head-out immersion in thermoneutral water produces a variety of prominent chapó, .
cardiovascular, respiratory, and renal functions. In addition, thermal stresses are ine\:i:5blii
when water temperature deviates, even minutely, from neutral conditions. Thermal óa le
aside, simplistic views have it that submerged tissues encounter l) hydrostatic com S rigs
that reduces the venous capacitance in the lower extremities as well as displaces abiiiressiun
contents chestward; 2) an ambient with density resembling human tissues includi tiyiinml
which thus effectively renders them weightless; and 3) a negative transthoraci ng codó
about 14.7 mmHg that also promotes cephalad redistribution of blood Combó C ópressure of
conditions results in redistribution of the circulating blood volume tow d iqmmon ohhese
Blood volume in intiathoracic vasculature, including the heart i ar t e upper bodyó
The distended circulatory organs in the thoracic chamber areók:f>:ýiziSi:)S$ sq:-(3,n:úqu;_g?e'
mechanorece tors that, v' - ' 3 e C óacthough total shod volum®argtsagigitifigibg,t::'tEOl'lT1 the hypothalamus of hy_Pervolemia.

to alter respiratory mechanks; and 3) to enhanzze vent ó}cTT8C(i'ii_ on the pulmonary air space and
expressions of water immersion are diuresis restri ricu ar iastolic ýlling. Thus thefunctional
strlolge output of the heart (1, 3, 22)_ ô C We ventilation, and sustained increase in

is review is re ó -
resting humans_ Th;t?Ä::wt:;:r;:l?g2_rI3Ãlf:S$Pottses to immersion in thermoneutral water in
provide an overview of immersion-induced "EV s survey on nonhuman mammals (24) shotild
Fhat did not conform to the concept of t w ole-body hyperfusion. A circulatory condition

tn heat dissipatofy or metabolic re rrau oregulation, i.e., hyperemia without concurrent rise
further attention. Consideration of 215:"meiits (25), ls a óinique physiological Smñ: deserving
Prompted these reviews. Other as mg ltemtlire on circulation changes during immersion
29)_ pects of water immersion are reviewed separately (24. 26-

STROKE VOLUME AND CARDIAC OUTPUT
It is kno . _

neutral wail: tat cardlac outimt (Q) rises in humans during head-out immersion in thermo-
become availabl Ough the nÁtóÁ" was conceived early on (30-33). convincing evidence has
(28ÁC) and heade Oniy receñuY- Arborelius et al. (9) compared male subjecis sittintl iñ ñifthan that in air -gut immersion in 35=C wmen Theó, repomd that in water is 33% greater

162% (6) of their reftfe 1ó-apons ñSled in Table 1 indicate in water ranged from 33% (34)
ch - . _ _c1veva1uesina' _w ó . ÁC_ht!Ã\l'imimiglied either msignitieamly (17, 31 31; when water temperature falls b_elo\\\3:i_0n. Mmough
on th sion effects on Q are not emi;el . or decreased (10, 34) during tmmeisiu 0dispme
watele responses of stroke volume Sty igfeed upon among investigators, them; m 7?} in

_ . _ v . * 4 ~m at 1. .... .:.:ÁÃ:;;2Ä "rt Qè
Was inc - ' _ mo i es t e mngnitu eConelationb teased in all studies (Table l). \ .W

ch ñtween stroke ind ó tith Rhñ
hangñ shown in Fig. 2 O e ex (SI) and cardiac index (CI) is shown in F19-_\_~ ó ,q.@_ and

iaii closed Symbms depict mist 3/Salmbol-S signify mmñ ñmes Ábmiñed in. air (2? stillliiiss below air values as a result fut-is m Wmñ (3'lÁC-3S.5ÁC). In Fig. 2. Q ÁfR'ññ'i t item
Á R redu ó ' ó $\ .ction of about 25% despite elevatioI\ "ó
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Fig.1. EHects ofhead-out immersion in thermoneutral water on stroke index. cardiac index. and hen:
late in human. Data for paired observations in air (25ÁC-28ÁC) and in water (33ÁC-35 C) are $hÁñ" ó
Table l. Heart rate, represent d ' ý ' 'e in gure as isopleths, changed little during water immersion from control
value m air.

rate in water either is not changed or is lower than that observed in air (Table l. Fig. 2: see
also Table 5). However, HR l 'p ays an important role in deciding the magnitude of Q during
immersion when water temperature falls b l

e ow 34ÁC.It is clear from this surve th ' 'y at water immersion elevates SV, while HR moderates incne!\$Â
m Q or negates it, depending on wate t

r emperature. The mechanism by which SV increasesduring immersion is discussed next.

MECHANISMS RESPONStau: roa uvcaexsao STROKE VOLUME IN WATER

Stroke volume is inþuenced by the vent ó
ncular conditionjust Prior to the onset ofconll'=\ó5ñÁnó31Â fÁlóÂÂ against which the cardiac muscle must contract during the ejection phase of S)ô5óÁlÁó

and 111Á i"Á1fÁPiÂ Stale Of lhý myocardium. This discussion addresses the clians<!$ óhm ñcur
to these three major determinants of SV during immersion in water-ðnaniely, prcIvml- óImp
load, and comraciiliry.
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Preload

Within physiological limits. the strength and velocity ofniyocnrdizil contraction are RóÄUl'.\l(ó\l
by the extent of muscle being stretched just prior to the onset uiócontr.iction. The length of
the muscle ýber at end diastole is inþuenced by fnctors tiileeting ventricular ýlling. Among
them are ýlling time, venous tone. intrapleural pressure. intmpericardizil pressure. Z\lþL1lC0ll-
llibulion, total blood volume and central blood volume (CBV). and central venousó pressure
(CV?) Complete discussion of all influencing l=\Âl0Y$ 0" ""1 P"?|Á-ód Ámñó hem 6 ' ) óS bfW.ñd

. _ y 5

the SCOpe of this 1-Â_-viÂw_ Two of thewó hgwcvcp warrant attention. both CB\ and C\ P nse
during water immersion_ . , v ' '1 ' \ l bc

During immersion up to the neck. CBV increases were consen atmll ó5ól'.ntñ:ód,:]0 (n)_a,_,.:m.
300-500 ml by Hong et al. (7) and Rahn (38), and about 100 ml eómóHii_;__wm
this is allotted to the cardiac chambers Uô 39). consequeml)ó IL \tóln\'ióDPl ri"e< DIRTñ!. _- Ió ressure .'1 t- -ó-- "

vomme (LvEDv)' as we" as left venmcu!ar end dmsho ñ':1l'Si'llýbúl'lC[lEllHl.llLllllllS Pf;ól0;.lÃllttteasurements of LVEDV and LVEDP (indicators Omñ O?ó _<;im.ñ;on pió heart size by its-int:
1" humans during water immersion are still lackint_!- Bl" "ó anóinCmm_ of ó$0 ml om. nu.

biplane memgenomýu-ic technique. Lange 6'! aL'li)4:3nkri:Idiili:iiie immersion in SST wziieriiló llóValue obtained in air in 10 Y0l1þE_mÁñ ñ'Áógh:;1S e<l'im;wd_ 8,5}, by menigenogþtphll-ó "ñt"ófófi'_
óhe neck in an "P1óiShl PÁ5mre- Rlsch at a1ó ( _ i .e|-aging 73 kg. These values tire Sllþlltll
that the heart l b "'4" I in 6 male sublecls 3ó " / it óncreiiseti CB\ô I0en arged y _ I I11 hod ifñ.,, allow it oft ÂóI -- | I different ms! è
lÁ Alób0reliusós result by an entire )
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the heart, the 175 ml (700/4) in l0 subjects (9). In addition. there are scvcralóstóudies indicating
increased PUlm0nal'l' caPillar:~' blood volume andqthe consequent increase in C0 ditTusini:
capacity and improved gas exchange (6. 36. 42. 4.0- There is reason to bche\c that in these

studies volumes in other intrapulmonary vasculatures and the heart are also increased duniig
immersion. Risch ct al. (44) disclosed that chesiward translocation of blood is rapid and is
virtually complete within 6 heart beats ofimmersion to the neck level. _ .

Values of intrathoracic vascular compliance change little under a variety of conditions.
according to Gaucr and HCþl')' (l). This is important. since

AP = (A V)/C

where A V is the volume change associated with the change in trniismural pressure (A P)
across the wall of a hollow stnicture on which the mecliiiiioreceptors reside, and C is the
compliance. Pressure changes reþect volume changes only if C remains constant or nearly so.
Evidence indicates that veins, large or small. behave passively its long as changes in lllll'Zl\'ÃlS-
cular volume do not exceed l0% of normal (45). Titus. its blood is displaced into the thorax.
CVP rises. More importantly. it remains elevated until the mock hypervolcmia is corrected.
Table 2 summarizes the magnitude of CVP changes during immersion in thermoneutral water.
The average (weighted by number of subjects used in each study) of 5 studies cited here
indicates that CVP increases from ð 1.4 mmHg in air to l5.2 mmHg in water. an incrÂþ$Â Of
l6.6 mmHg. Echt ct al. (46) reported also the esophagheal pressure. which increased from
-0.4 mml-lg before immersion to 3.4 mml-lg during immersion. Thus in this study transmittal
pressure of the hean during diastole was estimated to be 3.8 mmHg in air and ll.8 mmHS l"
water (Table 2). Therefore it can be concluded that the ventricular diastolic ýlling is facilitated
and the preload of the heart is increased during immersion. Decreased HR during immersion.
which though small is the case in most studies (Table I: see also Table 5). is another factor
enhancing preload by lengthening the ýlling time. The favorable preload condition during
immersion should result in increased SV, which was indeed found in all cases (Table I). Unless

TABLE 2Errizcr or IMMERSION IN Titi2iuviot~iizu'i'it/ti. WA'lólÃlt ON ClÃN'lóllAl. VENOUS Piuassuiua.
ESOPHAGEAL PRESSURE, AND 'lóit/it~isMYocAiti>i/ti. PRESSUR!ô

No. CVP, mmHg P", mml~lg TMP. mmýþ.
of . 0 . w i rReference subjects Air Water Air Water All 3 c

Arborelius et al 10 _. 21972 l6.0
Echt et al 5 3_3 ll-3

1974a 3.4 l5.Z --0 4 3 4

Koubenec et al 3 _
1918 I '7 ñ'3

Risch ct al 5 _
1978a 2 16-3

Risch et al 3 _
l978b 2'7 15-0

g

CVP, central venous pressure- P csg All sub-
- ' =è Phþgeal Pressure TMP transmyocardial PfÁ$5"rÁ'Jects are male - C . . ' 's, values are means of number of SUb_|6ClS in each study.
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CIRCULATORY FUNCTIONS DURING IMMERSION 129

mstic bradycardia intervenes, augmentation ofQ should be observed during head-out immer-

' n- - . . .5'0 . nt total blood volume, changes in central blood volume can be initiated byconsta
with inc or more of the following factors:altenþg - - . . _ _1 Capacitance of the peripheral vasculature by vasomotions, which requires the par[|Â|-

omic nervous system. Vasomotion in veins produces greater capacitance changespationofauton ' _ .1 .d V t. . d .
than that 0CCl1ITlng in the arteria si e. asocons riction re uces the capacitance and vasodi-
lation increases it. ' ' '

Ca agity of gravity-dependent vasculatures, affected by altering body posture, gravita-2. P , .
tional oiientation, or partial compression of the body.

nsthoracic pressure, the difference between alveolar pressure and the pressure sur-3. Tra _
rounding the thorax. A negative-pressure difference, such as the case during immersion,

central blood pooling, and a positive pressure difference opposes it.enhances
In Table 3 only the primary initiative factors are considered. Obviously if peripheral vaso-

ecially venoconstriction) occurs, it follows that the capacity ofgravity-depen-constriction (esp
dent vasculature also is reduced. But the initiation factor in this instance is the vasomotion.
Exposure to hyperbaric environment is a special condition that warrants comment. In a helium-ó ' Unless
ox en environment the thermoneutral zone is narrow and is higher than breathing air.Y8
the ambient temperature is raised to 30ÁC-31ÁC, the subject feels cold and lS vasoconstricted.. . . . . h
Some de ee of negative-pressure breathing exists in hyperbaric environments due to the ighET
density of breathing gas. The subject encounters elevated airway resistance. It is, therefore,
not surprising to observe diuresis in hyperbaric environment similar to that ofwater immersion

' ' ' ' ' ' ' 230 l in 2(47). Breath holding is another condition that also induces increase in CBV, about m
min of breath holding, attributable to the diminishing lung volume with glottis closed (48). In
5ÁmÁ respiratory problems where inspiratory efforts are elevated, the patients encounter
negþ[IVCIl'3.l1SIh0l'8.ClC pressure; central blood volume rises for this reason.

BY Inspecting Table 3, it is easily seen that water immersion involves all three of these
factors. First, peripheral blood þow reduces to near minimum when water temperature is at

or bÁ1ÁW 35ÁC (49), a result of active vasoconstriction. Second, hydrostatic compression plusdgfliminished difference in density between tissue and its surround eliminate gravity depen ency
bl the lower body- And ýnally, negative transthoracic pressure of about 14.7 mmHg promotes

ood pÁÁ11"8 in the thoracic vasculatures including the heart. Other procedures involve only
on . . . . . - -B or two of the three initiation factors (Table 3). It is, therefore, not surprising that among

pmiedflms Promoting central blood pooling, immersion is most effective. Increase in CBV
dllnn .3 Immersion exceeds that of assuming the supine position alone (41).

1
n suppò Áf!1'1Â enhanced preload of the heart during immersion, the existing literamrsspr ' .

anogldc sumuenl data indicating increased CBV, CVP, transmural pressure of the heart, andb theHall.
incre8secirifdro{ lenglhened ýlling time. As the following two sections will show that _y
incrm P c Áad alone through the Frank-Starling mechanism. it is adequate to explaln óheed stroke volume (SV) during immersion in 33ÁC-35ÁC water.

*"=þm<i
For car .d

ÁÁ"lfa ñfa 'ñPSÁ1Â- óhe afterload is the force against which the myocardiac ýbers muSlCI d .
vÁI"ficu|a,l-mag e"eÁ"Á"- The total force opposing ventricular contraction is the Pl'Ád"Áó Áf me

' - b th ressurePýnd an ressum and the internal surface area of the ventricle (50). However. 0 P d _ina _
ms emsn::añóÁ ÁÁñ"""Áþ$ly throughout systole. lt is therefore difýcult to assess afterlo: Iuse . n. ; Ió. F _

ó or rÁa5Á"5 Of accessibility and practicality, alternative ciiteria are




















