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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):l23—l38.—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 (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 finding 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
bl‘-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
Pflform BH dives while they are immersed up to the neck in cold water (much lower than 35°C)
afld are exercising. It is desirable in future studies to compare systematically other aspects of
°"°“lal°TY 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 °“i Immersion in thermoneutral water is a convenient model in simulating the gravit -
5 ate fo ‘ - - . vch F Investigations of fluid volume regulations (l—3) respiratory ¢hal18°$ (4-3)» °*"d'a°
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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 flights during the last two decades fist
tumed up no major sgrprises of the; Eirculatory system. Furthermore, lessons learned
water immersion and iving researc ave been proved valuable, not 1 ‘
of space flights but also in practical and clinical applications (21-23). on‘) In the managemem

Head-out immersion in thermoneutral water produces a variety of prominent chap‘, .
cardiovascular, respiratory, and renal functions. In addition, thermal stresses are ine\:i:5blii
when water temperature deviates, even minutely, from neutral conditions. Thermal ‘a 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 cod‘
about 14.7 mmHg that also promotes cephalad redistribution of blood Comb‘ C ‘pressure 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 body‘
The distended circulatory organs in the thoracic chamber are‘k:f>:fiiziSi:)S$ sq:-(3,n:€qu;_g?e'
mechanorece tors that, v' - ' 3 e C ‘acthough total shod voluméargtsagigitifigibg,t::'tEOl'lT1 the hypothalamus of hy_Pervolemia.

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

is review is re ‘ -
resting humans_ Th;t?§::wt:;:r;:l?g2_rI3£lf: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 ‘inique physiological Sm“: deserving
Prompted these reviews. Other as mg ltemtlire on circulation changes during immersion29)_ 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 n°t‘°" was conceived early on (30-33). convincing evidence has
(28°C) and heade Oniy rece“uY- Arborelius et al. (9) compared male subjecis sittintl i“ “ifthan that in air -gut immersion in 35=C wmen The‘, repomd that in water is 33% greater

162% (6) of their reftfe 1‘-apons “Sled in Table 1 indicate in water ranged from 33% (34)
ch - . _ _c1veva1uesina' _w ‘ . °C_ht!£\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. .... .:.:°£:;;2§ "rt Q»Was inc - ' _ mo i es t e mngnitu eConelationb teased in all studies (Table l). \ .W
ch “tween stroke ind ‘ tith Rh“
hang“ shown in Fig. 2 O e ex (SI) and cardiac index (CI) is shown in F19-_\_~ ‘ ,q.@_ and

iaii closed Symbms depict mist 3/Salmbol-S signify mm“ “mes °bmi“ed in. air (2? stillliiiss below air values as a result fut-is m Wm“ (3'l°C-3S.5°C). In Fig. 2. Q °fR'““'i t item
° R redu ‘ ' ‘ $\ .ction of about 25% despite elevatioI\ "‘
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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 (25°C-28°C) and in water (33°C-35 C) are $h°“" ‘
Table l. Heart rate, represent d ' fi ' '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 le ow 34°C.It is clear from this surve th ' 'y at water immersion elevates SV, while HR moderates incne!\$¢
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 influenced by the vent ‘
ncular conditionjust Prior to the onset ofconll'=\‘5“°n‘31¢ f°l‘¢¢ against which the cardiac muscle must contract during the ejection phase of S)’5‘°l°‘

and 111° i"°1f°Pi¢ Stale Of lhfi myocardium. This discussion addresses the clians<!$ ‘hm “cur
to these three major determinants of SV during immersion in water-—naniely, prcIvml- ‘Imp
load, and comraciiliry.
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1712- 2- Effects of head-out immersion on cardiac index iCli. stmkc \\‘IiL1!'nt i5\'i_ am g,._-M mt mm
¢XP1’¢S$¢d as percentage of change from their respective air controls. Rent1§e'S data t.‘-4). nlzieh are nots — l2€‘E in Cl. — 25?? in HR. and + I7-"c in S\'.shown in Table I. are represented here :1.

Preload

Within physiological limits. the strength and velocity ofniyocnrdizil contraction are R‘§Ul'.\l(‘\l
by the extent of muscle being stretched just prior to the onset ui‘contr.iction. The length of
the muscle fiber at end diastole is influenced by fnctors tiileeting ventricular filling. Among
them are filling time, venous tone. intrapleural pressure. intmpericardizil pressure. Z\lflL1lC0ll-
llibulion, total blood volume and central blood volume (CBV). and central venous‘ pressure
(CV?) Complete discussion of all influencing l=\¢l0Y$ 0" ""1 P"?|°-‘d °m“‘ hem 6 ' ) ‘S bfW.“d

. _ y 5

the SCOpe of this 1-¢_-vi¢w_ Two of thew‘ 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 ‘5‘l'.nt“:‘d,:]0 (n)_a,_,.:m.
300-500 ml by Hong et al. (7) and Rahn (38), and about 100 ml e‘m‘Hii_;__wm
this is allotted to the cardiac chambers U’ 39). consequeml)‘ IL \t‘ln\'i‘DPl ri"e< DIRT“!. _- I‘ ressure .'1 t- -‘-- "

vomme (LvEDv)' as we" as left venmcu!ar end dmsho “':1l'Si'llfib€l'lC[lEllHl.llLllllllS Pf;‘l0;.l£llttteasurements of LVEDV and LVEDP (indicators Om“ O?‘ _<;im.“;on pi‘ heart size by its-int:
1" humans during water immersion are still lackint_!- Bl" "‘ an‘inCmm_ of ‘$0 ml om. nu.

biplane memgenomfiu-ic technique. Lange 6'! aL'li)4:3nkri:Idiili:iiie immersion in SST wziieriil‘ ll‘Value obtained in air in 10 Y0l1flE_m°“ “'°‘gh:;1S e<l'im;wd_ 8,5}, by menigenogfltphll-‘ "“t"‘f‘fi'_
‘he neck in an "P1‘iShl P°5mre- Rlsch at a1‘ ( _ i .e|-aging 73 kg. These values tire Sllfllltll
that the heart l b "'4" I in 6 male sublecls 3‘ " / it ‘ncreiiseti CB\’ I0en arged y _ I I11 hod if“.,, allow it oft ¢‘I -- | I different ms! »
l° Al‘b0relius‘s result by an entire )
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the heart, the 175 ml (700/4) in l0 subjects (9). In addition. there are scvcral‘st‘udies 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 HCfll')' (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 reflect 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\'£lS-
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 — 1.4 mmHg in air to l5.2 mmHg in water. an incr¢fl$¢ 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 filling 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 filling 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'l‘l£lt ON Cl£N'l‘llAl. VENOUS Piuassuiua.
ESOPHAGEAL PRESSURE, AND 'l‘it/it~isMYocAiti>i/ti. PRESSUR!’

No. CVP, mmHg P", mml~lg TMP. mmfifl.
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 “'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-
- ' =» Phflgeal Pressure TMP transmyocardial Pf°$5"r°'Jects are male - C . . ' 's, values are means of number of SUb_|6ClS in each study.

J
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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:altenflg - - . . _ _1 Capacitance of the peripheral vasculature by vasomotions, which requires the par[|¢|-

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-‘ ' Unless
ox en environment the thermoneutral zone is narrow and is higher than breathing air.Y8
the ambient temperature is raised to 30°C-31°C, 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
5°m° respiratory problems where inspiratory efforts are elevated, the patients encounter
negfl[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 flow reduces to near minimum when water temperature is at
or b°1°W 35°C (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 finally, negative transthoracic pressure of about 14.7 mmHg promotes

ood p°°11"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 supp” °f!1'1¢ 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 filling time. As the following two sections will show that _y
incrm P c °ad alone through the Frank-Starling mechanism. it is adequate to explaln ‘heed stroke volume (SV) during immersion in 33°C-35°C water.

*"=flm<i
For car .d

°°"lfa “fa '“PS°1¢- ‘he afterload is the force against which the myocardiac fibers muSlCI d .
v°I"ficu|a,l-mag e"e°"°"- The total force opposing ventricular contraction is the Pl'°d"°‘ °f me

' - b th ressurePfind an ressum and the internal surface area of the ventricle (50). However. 0 P d _ina _
ms emsn::a“‘° °°“"""°fl$ly throughout systole. lt is therefore difficult to assess afterlo: Iuse . n. ; I‘. F _

‘ or r°a5°"5 Of accessibility and practicality, alternative ciiteria are
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. ' hstode endondt ' ' -pfaCIlC3I terms, if one a p e ermination of arterial preggure 3|. . _ one, ac d"Tami and Levy (50) systolicrather than diastolic pressure offers - cor mg to
a value that is clo' fth load im osed on th h . ~ . sest t° acol-re¢t evaluation o e P e cart Other factors being equal in d- - . D . or er for SVto incl-C353, the afterload must fall. During immersion, systolic or in '_ can arterial pressure has

been reported to increase (9, 51, 52); to decrease (l7, 53), or. have no change (31)_ These
change; are small in comparison to t_at of cardiac output. Estimation fr T

. om able 4 showedthan by wmghled average, the systolic pressure increased from 116.4 to 120.5, the diastgljc
pl-¢§$lll'C from 70.9 to 72.4, and the mean pressure from 89 1 to 92.9 mm}-I _ CI d 1 _ ' 8 onsequent to
this small rise in b oo pressure in re ation to cardiac output, the calculated total periphgral
resistance falls (9, l7, 31). It is therefore reasonable to assume that afterload ch '_ _ _ _ _ anges little
during immersion and plays no significant role in influencing cardiac performance.

Contractility

Contractile state of the myocardium is another determinant of SV. When preload and
afterload are held constant, SV is a function of the contractile state. Elevation of contractility
causes more forceful contraction; hence the left ventricle ends in a smaller end-systolic volume
than it otherwise would, and, as a consequence, a larger SV results. But, is the contractility
of the myocardium increased during immersion? There is as yet no direct assessment of
myocardiac contractility in humans during water immersion. Alteration ofsympathetic activity
is an effective means of modifying the contractile state of the heart. Direct assessment of
sympathetic activity in humans is difficult, to say the least. However, one could indirectly
infer the state of sympathetic activity from measurements of plasma level or urinary excretion

TABLE 4
ARTERIAL BLOOD PRESSURE Response DURING HEAD-OUT IMMERSION

IN THERMONEUTRAL WATER

Arterial Blood Pressure, mmHg
Total Peripheral

Resistance,

R°f°P<=n¢e n SP DP ABP SP DP AB? A" Wm’
Arboreiius l0 114 71 so 12s 79 9s 2'/.s 24-4

elal. 1972
Balm. 1937 4 99 61 75 101 62 77 36-8 33's
calmpbell et al, 13 90 10°969
Craig and 89l 18 72Dvorak’ 1966 to 126 81 9s
Hood ct al 33 30.3 23-4

l.(.(i‘;i;§'-‘°¢¢‘“l- 89116 63 as I24 70 9°
Y.

anfae index. fmm. ; Cl. <5 ' .DP, diastolic pressure; ABP, arterial blood pxfislufs are means of ll sub_ie¢l$~
l'¢_SlSl3.nCB in mmHg per unit of cardiac ll1d¢x

_ 
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nl‘ ertteeltnlumlnnn. ltevlewn ht‘ plhshth eplttepltrltte tit) and noreplnephrirte (NB) levels, and
||r|nm‘y ext:|'etlnh ht’ ll mhl Nit lhdlente that clmhpes are irmhmitleaht when comparing condi.
‘|m,,, up twtm; M~n|t~t| hr hlr and lltttttetnltrlt to the r|eekAle_t'el't:'i4. 55). it anything, urinary
c,“.M|,,,, 9|’ Np, n|t|n_~at"rt tlv|t|etmet| dttrlthz ltrttttemltrtt t55-5/). In the extent that the level of
Nit, tn ptmmm hr ht mine |'cllet:|n svtnpttlltelle aetlvlty. and that sympathetic aetit/rty causes
rtlterhtlnn ht rnynermllnl mmttnetlllt y. tlterte re.=1tt|ts sttggest that myocardial eontractility is most
llkqly ttmtlt('|‘t_'.tl or |!Vt‘.ll tlcplcenctl tltnlnrt ltmnersltm in warm water. Prom the foregoing
rtlnetmltrrt lt in stltztgenttttl that eontractility plays no role in the augmentation of SV during
ltmttcndurt.

In mttnnntry. considering llte tllltltll‘ lhetnrs that lnlhtence cardiac performance, the enhanced
prclomt mmtltlmr l’rmn ecplmlnd retllstrllmtlmt oi‘ circulating blood appears solely responsible
fur the l|tt,'|'ett~etl strulte nntput dttt-lite Immersion. 'i'he afterload and inotropie state ofthe heart
elmugc mlrtlnmlly. It’ anything. they change in the direction of opposing the increase of SV
dttrlnrr lrnrnernhm. i'lteret'ure they are not responsible for altered cardiac performance during
lmmerrlhm in tltermmteutral water‘.

II|€All'l' I€A'|'l~Z

Heart rate tlllt) la either nnclranged or decreased during immersion in thermoneutral water
an compared to rate while resting in air (‘|’nbIe 5). The immersion bradycardia moderates the
increase (iii 2) ' ~ 'tr. ur even mtllllles the increase in Q in the face of elevated SV (34). The data

'|'A|ll,l5 5Mn/tn llrranr ltmr: ittmrmtrtrr |)ll|t|N(l llrmu-ou"r Immrrrtsrou m TIIIZRMONEUTRAL Wmerz
i 1 ' I

Mean Heart Rate. beats/mitt
W Reference n Temp. of Water, “C in Air In W81"

Arlmretius etal. |() i W H if 7| . iW72 35 73
Ilnzett, hm 4 6|
"stain ct al. I97!» 5 gj 2 53
Cltlllflbcll Q1 “I.

tam 34 72
C l lfitgtéttjrtt Dvoralt, ltl 35 (,3 63

Parhl l I, ;w7;iIIt ltttrifsmrt (, 35 76 70

llnml ct al, l')(,tt 5 66
Keutlng t 1 I 33 73mm e nm I vnm |z 35 80 30

Kouh | - 1 |
nnitmc M " .15 14 7-‘

Mhtsthlu ct nl, WM

ltlnch rt nl, ltrlm, 64 he
tutu» ct Ml, mm “" (ts
"“"""'—~'—1-r-.-~.,t_~...,___h_______“_ - . —-‘V m...,.-, _ _*__hum‘ Mr mun" ‘J " .,.t__,*_---...»....__..____ _ _ _ _ _ _

or _ . ' WMu“ i" ml" ‘""lY, All rmhjectn me males.
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, 1 -; n-. t_<t-it ~ho\\ ed that alter l9 mtn t‘. " -Kcam~_5;¢ .mti l \ t _ ' ‘ V ‘ 0 tmmemon liRtslnu1-_;-“hm ‘mu
l‘""' -. -‘ ..1 d HR d -

raturc lath hilt‘ ‘ - - 9 ‘"‘ "\¢\ Y2*1I¢-'1111- “hen '-tater temrcratute exceeds !5"'"Cfl"i‘° ,. . - ncludes studies 1' -" . '
(F8 ti. The rt‘@"n1 ‘Ur ii-ll - h. emu“mi Tmmmmm h'“‘“"‘ -*3“? and 3$'f. " ti . erner no‘ c "tn or _ '-_,. » . , '
We shfltlld “Wed HR up t.= ‘<1 11- i l :“‘ xi) km“ ‘hm J-‘C condttmns. Put' *' f’ "t. - - é Q , . v -this ts the L,,t__ ti- e c e\p...mtrort tor [hrs [r;_;jg ;m.“\.“ H aim“ hsimply. » ” ' - . -» Ht; ».tt

‘imam t. s ;;;¢ ctrmplex and are hiphltr buffer:-d.l ' "Hw1m¢r¢§pon.e ' _ . V tvrstntcresttngto note that see-(mt
. {Mum ;,;| togclitct to determine the HR dunng immersion. Other factors being:

mam“ “K |-iging atrial f.‘.'C$$UfC should trtgger a tachycardia] YT.\fIt;\['|_\g mmugh mt Ham
hid‘: rd“ ;59.{,| y, But concurrent elevation of arterial pressure. by the increasing S\' and
Q awn“; the tachycardia vtavthe haroreceptor mechanism (:ut;m¢0u5 v.m\titatmn. hp
mmfqfinglht subjects at 25"C atr to 3$'C v--atcr. is opposed by the h)1~¢n¢m§<\n.y,_,,\,,¢¢q,m,
mcchmism also. When the thermal condition is such that p-enpheml \'.1s0con\tn¢tmn 5., |mm,¢
W31“ temperature below 35"C. for example) the hatttrellex-tndttced bradttcztrdia should he
modgrated by tachycardia induced by the Ilainhtitlgc tellcx. it ts rtawnahic to predict that ti
my ghzngt at all occurs in the HR during immenion. it will he minor due to these antztgnnnttc
actions. Clear-cut hmdycardia results only when intense peripheral \';tu.vcnn\tti¢tion occttn
during the stimulus of severe cold t 34).

lil'ZM(')l)YNAMIC STAT!-IS AND BR!-ZATN-llOl.D l)l\'l-ZS

A breath-hold (BH) dive in open water ix ncccwtrily preceded by imrncnion up to the neck.
And. most likely, the divers spend most nflheir time in Ibis condition. As hat been utmmnrilcd.

HO" Keotinge 8 Evan's I960

.5lO0_
§ _ 0 Air

0 Water

Rate,
<0 O

IpI / 1 I I

Heart at0l
\ ‘.00;

\ I~ - - -0
k .‘ a¢:’ I

§ L i -' "' " '1 1‘
- '- ‘- -0-.’ '01:"

an

70_

“ LL L 1 ti 1 LJJJ5 —L—L¥|iOt l,J tlist t t tzgt tut tzgt t::i3Ol L 35 40

V i - _ Water Temperature, C
F12 :4 c - ='. - . H . tc to 33°(_. l tgurc

:_'l,rPi°lte¢ u,§;nKmt°_.'°5P0nses to immersion in water when temP¢"*l"f° "a":‘g:;1“:;npc,a,u,¢, [mitt-d
. 4" mljflrity “:23” and Evans‘ data (58). the means of 7-l2 sumfizlccd bow/an 33.‘; and 35.-c_

Y es summarized in Table 5. where water tempera
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an unusual circulatory condition exists during head-out immersion. Furthermore, the diver
requires a metabolic rate above resting condition, either staying afloat in place, replacing
thermal loss to the water, or recovering from diving activity. On the other hand much of the
cardiopulmonary changes during BH dives are generalized from studies conducted in the
laboratory where, in most cases, the face is the only part that makes contact with water, or
not even that. In general, breath hold induces various degrees of bradycardia, peripheral
vasoconstriction, hypertension, and variable cardiac output (23). Whether the two distinct pre-
BH circulatory, respiratory, and metabolic states influence the responses during breath how
has not been systematically examined.

As alluded to previously, pre-BH physiological state in open water involves changes in the
circulatory, respiratory, and metabolic systems. Each of these could potentially affect cardio-
vascular responses to breath hold. Various aspects of physiological stresses that confront
humans as working BH divers are summarized by Rahn and Yokoyama (62) for the earlier
studies. In the natural settings it is necessary to measure simpler quantities or measurements
under severe limitations (63, 64). It is not surprising that in most cases, for cardiovascular
responses, only ECG and/or HR are available. In the laboratory a friendlier environment and
the availability of instrumentation encourage more sophisticated quantification of physiological
variables. But investigators see fit to simulate the natural condition only in part: for example,
breath hold only, either in air or with face immersed (for review see Ref. 33), exercise and
breath hold (65-69), immersion and breath hold (51, 70-72) and, only rarely, the combination
of swimming and breath hold (73). For this reason we still do not have a clear-cut picture of
what influences the pre-BH cardiopulmonary and metabolic states (comparing resting in air
and in water) have on the circulatory responses to breath hold. What we do have points to the
direction that bradycardial response in natural settings (immersion in water below thermoneu-
tral temperature, and exercising) is exaggerated (63, 64). Previous review reveals that exercising
subjects, in laboratory conditions, exhibit greater BH bradycardial response than at rest bY 3
greater fractional reduction from the pre-BH heart rate (23). Stromme et al. (73) had ‘heir
subjects swim in pool water at 25°C and recorded in one subject a cardiac interval of 6.8_$
(equivalent to 8.8 beats/min), a reduction of 90% from the pre-BH heart rate. ObviouslY “"5
marine mammallike response did not persist for long. In other studies where subjects Perfmmed
exercise and breath hold, greater bradycardial responses were also observed than breath hflld
at resting condition (65-67, 69). d

Breath-hold bradycardial responses differ insignificantly between breath hold on land an
in immersion without elevating metabolic rate (51, 70, 72). In Harding’s Stud)’ the“: “mg;
BH bradycardia in air and in stepwise immersion up to the xiphistemal level, but bradycar ed
was observed in immersion up to the neck. During breath hold their subjects may have egg?“
in Valsalva maneuver, which can negate or even reverse the bradycardial FBSPQIISCS (7"l’)elo\',,

Since in a natural setting subjects engage in muscular activity and immersion in \vatt:condi-
35°C, it is not difficult to imagine that sympathoadrenal activity is elevated under sue further
li°I\$ (75. 76)- Whether sensitivity of the baroreceptors is thus enhanced deserve: hold be
inquiry. It is also desirable that other variables of cardiovascular refiponses to brefll ihlly that
Syslflflfllically studied, either in a natural setting or in a simulated condition, esp¢¢ *
comparing BH responses under various pre-BH physiological states.

SUMMARY
I Ian:.- ~ilator) 5 _

Current literature provides abundant data demonstrating that an unusual t-l\Y‘:\dc,.;;cd I‘?. ‘ ,
exists in humans immersed in water at or near 35°C. This circulatory 5"“ ‘S C
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c0IhPfurther _ ‘ a l old between the two distinct pre-BH

hysioiogical states (i.e., on land and in water) may yield useful inf 'P ormation that furthers the
derstanding of stresses confronting humans as BH divers.un

3 . _627 r and renal effects of head-out water immersion in man. Circ Res
' Epstein M'

. . . - - ' derstandin_- 4 eme _ ea -out water immersion in man: implications for an un. . Ages‘ _ Ostasis. Ph ‘
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and elevated stroke volume with heart
apersistent I d distribution ofblood increzafeihcaiet (ihalnlfles hula from the prelmmep. condition. Cepha 3 re . . n "1 °°d "°'“me» wlhfll venoussion um and bean volume dunng diastole, and ‘generally a favorable preload prevails. Thu
me whole body is under 3 hyperperfusfid state withput a concurrent rise in metabolic require-

a condition not conforming to t e concept o autoregulation. Current data Suggest thatT‘en;:l_brady¢ardial response lS exaggerated during immersion It l
i e . . a so suggests that system

among of other circulatory variables between breath hold on la d '
n and in water requattention Comparison of results during bre th h
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N0 NA_3|_AA.D 00070. This paper has been designated University of Hawaii UNI-SEAGRANT-JC-84-22.—Manuscr i
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Lin YC. Fonctions circulatoires durant l’immersion et les plongées en apnée chez l‘homme. Under-
sea Biomed Res I984; ll(2):l23-138 —Un état circul ' '- atoire inhabituel existe chez les hum_ains
immergés dans l‘eau a ou pres de 35°C. C ' ' 'et état circulatoire est caractérisé par une élévation
soutenue de l‘indice systolique (SI) mais avec peu de changement dans la fréquence cardiaque (FC)ct done une augmentation résultante de l’indice d'car iaque (CI). Dans la comparaison des mesuresdans l’air et lors de l‘immersion dans l‘eau jusqu‘au cou, lesquelles sont basées sur les moyennes
pondérées de 45 sujets dans 8 études, SI au me t dg n a e 29% et Cl de 24%, tandis que FC diminua de6%. L'évidence est présentée ourp appuyer la découverte que l‘augmentation du volume systolique
est le résultat d‘un accroissement dans la préchar e ca d'g r iaque, et que les modifications dans lasurcharge et la contractilité exercent un r'l 'o e peu important sur la performance cardiaque durantfinunersion jusqu’au cou d ’ ' ' 'ans de l eau thermoneutre. L état circulatoire représente une surperfu-
sion puisqu’il n‘y a pas d’élévation concomita t dn e ans la demande métabolique ou le stress ther-mique. .lusqu’a quel point cet état circulatoire pré-existant affecte les réponses cardiovaculaires
reliées a la plongée en apnée (PA) demeure principalement inconnu. Cependant les réponses
bradycardiques a la PA sont plus puissantes dans un milieu naturel que dans un laboratoire ou
|'aPnée est exécutée l ' ' ’avec e visage immergé dans l eau seulement. Au contraire, dans le milieunaturel, les plongeurs exécutent des plongées en apnée lorsqu’ils sont immergésjusqu'au cou dans
dc l‘eau froide (a des températures beaucoup plus basses que 35°C) et au cours de l‘exercice. Il
Serait souliaitable dans des études futures de comparer systématiquement d‘autres aspects des
Féponses circulatoires aux l é " 'p ong es en apnée lorsqu immergé dans l eau et durant l’exercice.

immersion dans l’eau fl'éqU¢h¢¢ ¢*1Fdiaq"°
hu 'main pré-charge
état circulatoire Surcharge
débit 'cardiaque contractilité
volume systolique P100856 ¢h aP"é°

REFERENCES
1- Gauer QH He

imemafio nr_y JP. Neurohormonal . ley AW. edscontrol of plasma volume. In. Guyton AC_, COW
2 I§9lZ6i:l45-lIgi).rewew of Physiology. Cardiovascular Phi/SIOIQBY 11- Bammorei Umversny Park Pm' 8 ein

39-519 M' Cflrdiovascula

volume h I Rem] effects of h d
Ysiol R I978; 582529-581press °"l E. Gurtner G ev

b 8 APPlPhysiol1966;21:251-258.
Underfi;g9' Ihfluenceof int h ' '

' -trapping during submfifgencelomed Res I9 . rat oracic blood pooling on pulmonary air
75. 2.l33-I40.

ss,

1976

g of
_ _ - . . b ‘on and negative-s. Dfihliire brealhin ‘J . Torri G, Rahn H. Respiratory mechanics during su mersi



B6 Y. C. LIN

Farhi LE. Linnarsson D. Cardiopulmonary readjustments dunng graded immersion in water at 35’(_‘
Respir Physiol I977: 30:35-50. _ _ _ _ _ _
Hong SK. Cerretelli P, Cruz JC, Rahn H. Mechanics of respiration dunng submersion in water. J
Appl Physiol I969; 27:535-538. _ _
Lollgen H. von Nielding G, Krekeler H. Smidl U. K0_PP¢|'h3$¢" K- Fm“ 55- _R'5$P"?1l°T1"l!?I5 exchange
and lung perfusion in man dunng and after head-out immersion. Undersea Biomed Res I976: 3:49-5(,_
Arborclius M Jr, Balldin UI, Lilja B, Lundgren CEG. Hemodynarntc changes in man during lmmgrgion
with head above water. Aerosp Med I9/2: 43:592-598._ _ _
Matsuda M, Hong SK, Nakayama H, et al. Physiological responses to immersion at 3| ATAISEA.
DRAGON IV). In: Bachrach AJ, Matzen MM. eds. Underwater Physiology \~_Il. Proceedings of
the seventh symposium on underwater physiology. Bethesda: Undersea Medical Society I93];
283-296.
Gaveline DE, Bamard CS. Physiologic effects of a hypodynamic environment: short-temi studies.
Aerosp Med 1961;32:726-736. _ _ _
Pcstove ID, Gcratewohl SJ. Weightlessness. In: Calvin M. Gazenko OG. eds. Ecological and phys-
iological basis of space biology and medicine. Foundation of space biology and medicine. Washington
DC: NASA (SP-374) I975; 2:305-354.
Stegemann J, Von Framing HD, Schiefeling M. The effect ofa six hour immersion in thcrmoindiffcrcnt
water on circulatory control and work capacity in trained and untrained subjects. Pllligers Arch I969:
3l2:l29-I38.
Wunder CC, Duling B, Bengele H. Methods of simulating wcightlcssness. In: McC:il|y M. ed. Hypo-
dynamics and hypogravics. The physiology of inactivity and wciglitlcssncss. New York: Academic
Press, l968:7l-I08.
Berry CA. Medical legacy of Apollo. Aerosp Med I974: 45: I0-16-I057.
Gauer OH. Selected features of reflex volume control and their possible bearing on pliysi0|°8I¢a|
changes in the weightless condition. In: Gazenko OG, Bjurstcdt H, eds. Proceedings 4th International
Symposium on Man in Space. Moscow: Nauka, l974:l76—I9l. _
Hood WB, Murray RH, Urschel CW, Bowers JA. Goldman JK. Circulatory effects of waterimmcrsion
upon human subjects. Aerosp Med I968; 39:579-584.
Pace N. Weightlessness: a matter of gravity. N Engl J Med I977; 297:32-37.
Kakurin LI, Lobachik VI, Mikhailov M. Senkevich YA. Antiorihosiaiic hypokincsia as a method of
weightlessness simulation. Aviat Space Environ Med I976; 47:l083-I086. _
Nixon JV, Murray RG. Bryant C, et al. Early cardiovascular adaptation to simulated zero gravll)’--I
Appl Physiol: Respir Environ Exercise Physiol 1979;46:541-548.
Epstein M. Water immersion. The Sciences I979; Nov. I2-I5. _
Hong SK. The physiology of breath-hold diving. In: Strauss RH, ed. Diving medicine. New Y0fk-
Gnine & Stratton, l976:269-286. ,
Lin YC. Breath-hold diving in terrestrial mammals. In: Teijung RL, ed. Exercise and sport science!
reviews. Philadelphia: Franklin Press, I982; l0:270-307.
Krasney JE. Cardiovascular and renal resonses to head-out water immersion in canine model. Under-
sea Biomed Res I984; ll:l69-I83. _ 1
Guyton AC, Cowley AW Jr, Young DB, Coleman TG, Hall JE, DeCluc JW. Integration and contra‘
of circulatory function. In: Guyton AC, Cowley AW Jr. eds. Cardiovascular physiO|08Y "- B"“'m°m'
University Park Press, l976:34l—385. _ _ U den“
Epstein M. Water immersion and the kidney: implications for volume regulation in man. h
Biomed Res I984; ll:ll3-I21. _ I9-34;
Lundgren CEG. Respiratory functions during simulated wet dives. Undersea Biomed R"
Il:l39-I47.
Nadel ER. Energy exchange in water. Undersea Biomed Res I984; ll:l49-I58. U den“
Park YS. Pfltdergast D, Rennie DW. Decrease in body insulation with exercise in cool water. h
Biomed Res I984; ll:l59-I68. h diumsg,
Bazett HC, Thurlow S, Crowell C, Stewart W. Studies on the effects of baths on man: II-I 70_430_
caused by warm baths, together with some observations on urinary tides. Am J PhY5'°I U24‘ '

gr!
Bazett ac, Scott JC, Maxfield ME, Blithe MD. Effect of baths and different i¢mi>¢rfl""° °" ‘mg
exchange and on the circulation. Am] Physiol I937; ll9:93-I I0. , alum“; in
Gullwitzer-Meier KL. Uber die Beziechungen zwischen Gasweehsel und Herzminutev
Badem verschiedenen Wannegrades. Balneologe I937: 4:58-63. d mflgfl, Klin
Kroetz C, Wachter R. Uber das Minutevolumen des Herzens in verschiedenen B8 5
Wochschr I933; I2:l5l7-I520. _ t ham mi; and
Rennie DW, DiPrampero P, Cerretelli P. Effects of water immersion on cardiac cult"-I - I
stroke volume of man at rest and during exercise. Med Sport l97l: 24:223-223- fwmcrimmgrsivn
Bggin R, Epstein M, Sackner MA, Levinson R, Dougherty R, Duncan D. Effects91;6_ 402293499.
to the neck on pulmonary circulation and tissue volume in man. J Appl PhY$'°| I '

4



CIRCULATORY FUNCTIONS DURING IMMERSION 137

d| w|)_ Magcl JR. Lesme§ GR. Pechar GS. Metabolic and cardiovascular adjustment to k
m$l';\rrm,i| wqlcr at ‘I8, l5.Sttiitl 3315.: Qflpllgllyrlol. l976; 40:85-90. _ wor
Bmlmiviilil J3, Ross J Ji. oiinen blic k . cc ianisms governing contraction of the whole heart. In:
B|-;\i|n\VlliLi l;. Ross J Jr. Sonnen ic EH, eds. Mechanisms of contraction of the normal and failing
heart. lloston: Little. Brown, l976:92-I29.
Rahn H. The pliysiological stresses of Ama. ln: Rahn H. Yokoyama T, eds. Physiology of breath-
hoid diving and the Ania ol Japan. \_Nashington DC: NAS_-NRC'(Publ No. I341), l965:l l3-137.
Sjtistrand T. Volume and distribution of blood and their significance in regulating the circulation.
Physiol Rev I953: 33:202-228.
Lange L, Lange S. Echt M, Gauer OH. Heart volume in relation to body posture and imm ' '

ersion in athgrmfl-nCUlI'21i bath. A rocntgenometric study. Plliigers Arch I974; 352:2l9-226.
Ri5¢h WD. Koubenec HJ. Beckmann U, Lange S, Gauer OH. Th ffe e ect of graded immersion onheart volume. central venous pressure, pulmonary blood distribution, and heart rate in man. Pflfigers
Arch 1978; 374:|l5—l I8.
Burki NK. Effects of immersion in water and changes in intrathoracic blood volume on lung function
in man. Clin Sci Mol Med l976; 5l :303—3ll.
Guyait AR. Newman F, Cinkotai FF. Palmer J1, Thomson ML. Pulmonary diffusing capacity in man
during immersion in water. J Appl Physiol 1965; 202878-881
Risch WD, Koubenec JH, Gauer OH, Lange S. Time course ofcardiac distension with rapid immersion
in a thermo-neutral bath. Pfliigers Arch I978; 374: l l9— I20.
Shepherd IT. Role of the veins in the circulation. Circulation I966; 33:484-491
Echt M. L L G ' 'ange , auer OH. Changes in peripheral venous tone and central transmural venous
pressure during immersion in a thermoneutral bath. Pfiiigers Arch 1974; 352:2] I-217.
Hong SK. Body fluid balance during saturation dive. International Symposium on Man in the Sea,
Bethesda: Undersea Medical Society l975:lV-127-IV-I40.
Hong SK, Lin YC, Lally DA, et al. Alveolar gas exchanges and cardiovascular functions during breathh Id. I. . .0 ing viith air. J Appl Physiol l97l; 302540-547
Barcroft H, Edholm OG. The effect of temperature on blood flow and deep temperature in the human
forearm. J Physiol I943; l02:5—20
Tarazi RC, Levy MN. Cardiac responses to increased afterload. State-of-the-art review. Hypertension
1982; 4(Suppl ll):Il-8—II-l8. _ _ _ _
Campbell LB. Gooden BA, Horowitz JD. Cardiovascular responses to partial and total immersion in
man. J Physiol I969; 202:239-250. _ _ _ _ _ _ .
Koubenec JH, Risch WD, Gauer OH. Effective compliance of the circulation in the upright sitting
posture. Pfliigers Arch 1978; 3742121-I24. _ _
Craig AB, Dvorak M. Thermal regulation during water immersion. J_Appl Physiol 1966; 2 l: l577_-I585.
Epstein M. Johnson G, DeNunzio AG. Effects of water immersion on plasma catecholamines in
flfirmal humans. J Appl Physiol: Respir Environ Exercise Physiol 1983; 54:244-248. _
Goodall McC, McCally M, Graveline DE. Urinary adrenaline and noradrenaline response to simulated
welfihtless st 1 . A J Ph " l 1964;206:431-436. ,_ .
Deroanne R,Ei;_,u|in%, JUCi,1f1i1%S J, Tsalos D, Cession-Fossion A, Lecomte J . Influence del immersion
horizontale dan l'eau a 38°C sur l‘elimination urinaire des catecholamines. C R Soc Biol I979; 1732660-
663. ’
Juchmes J. Van Liefferinge N Lecomte J . Influence de l’immersion horizontale sur l‘elimination
“""=1ir¢ d - " ’ ' l 1977; l7l:l309-1313. . .
K°a‘i"8¢ ifilgiigafigifiiafilrifge$e§p§gi:o?yoand cardiovascular response to immersion in cold and warm
Water. _| [5 - ' . . _
Bainbnggfi Fig) I;Ilil)iIli‘€olCl96(g,V46'8l.:iS Stiililiin upon the rate of the heart. J Physiol I915; 50:65-84.
H°'WilZ LD Bishop \l/1Sel(':Iffe‘eiK<))f acute ii/olume loading on heart rate in the conscious dog. Circ R681972; some’. ' ‘ . .
Vfilner SF, Bgeztltcher DH Heyndrick GR McRitchie RJ. Reduced baroreflex with volum¢l08d"1S"1
§§§f°‘}‘;"= dos. Circ Res l975' 37=23r>-242't n I Y 'NRC (P °k°Yama T. Physiology of bffiflllll-itO|d diving and the Ania ofJapan. Washington DC: NAS-. bi. l34l) I965lrvi |u . ' . .' _ - . .Scl""§ul;t-kllrtidycardiu in liiimnn divers J ADP| Physiol I963. 13-439-49‘-
heail ti" r | F. llainmel ll'l'. LeMessiiriei' H, HCml\lll'1gS€ll E. Q3173)’ w- Cl"¢“|a‘°ry adjusmcm in“'°'>- J A lPt ‘ 2- = 4-190. .

ililiclgdiviiig bnidycnrdia“ in ¢.\‘C|‘ClSlflS "1""- *’\°"‘ Ph5"‘°l Scandstrand} " . , __ . _ . .- . ipi fol 1969;15:220-224.ii.0Wamic _t c ,' i cu .‘ . .
“Lin YC . JNfi,l:)';::|i(3i;fi;:?Q]li)giC‘\i and conventional breath-hold bieaking points.

ApMph3"*i“|19';-1:37:29!-296. g ' '



View publication stats

l38 Y. c. LIN
59. Oldridge NB. Heigenhauser GJF. Sutton JR. Jones NL. Resting and L‘.\Cl‘ClSC lieiiri rate w'i| .

and facial immersion in female swimmers. J Appl Physiol: Respir liiiviiion 1-Ixeieise l’h\-ti‘ ‘|dpnc“
45=s1s-379. -"“‘ '97":

70. Folinsbee L. Cardiovascular response to apneic immersion in cool and warm watei-. _| app; W .1974'. 36.226-232. ' ‘>'~‘""
7|. Harding PE. Roman D. Whelan RF. Diving bradycardia in man. J Physiol I965; |:t|;.tm_4(,9
72. Paulev P. Cardiac rhythm during breath-holding and water immersion in niiin. Actii l’hy<,i(i| q.was; 73:139-150. ‘ “‘"“'
73. Stromme SB. Kercm D. Elsncr R. Diving biadycardia during rest and exercise and its rcliitioniphysical fitness. J Appl Physiol I970; 28:6l4-62l. “
74. Song SH. Lee WK. Chung YA. Hong SK. Mechanisms of apncic lmidycartliii in iniin. J Appl |1||y,;0|

I969; 27:323-327. '
75. Galbo H. Houston ME, Christensen NJ. et al. The efl'cet of wtitcr lCmpCI‘llllll'C on liornioiinl response

to prolonged swimming. Acta Physiol Scand I979; l05:326-337. ' '
76. Wcihl AC. Langworth HC. Manalaysay AR. Layton RP. Metabolic responses of resting niiin immcrscil

in 25.5°C and 33°C water. Aviat Space Environ Med I981: 52:88-91.

https://www.researchgate.net/publication/16811727

