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ORIGINAL RESEARCH

Cardiovascular Deconditioning Occurs During
a 7-Day Saturation Dive at 31 ATA

Y. C. LIN, Ph.D., K. SHIRAKI, t\t.D., Ph.D.. ti. T.-\Kl't‘(‘ttt. RS,
and M. Moiuu. MD.

Li.-u YC, Siiiiuiri K, TAKIIUOII H, Moiiiu M. Cardiovascular dram-
ditioning occurs during a 7-day saturation dire at 3| AT/\. Aviat
Space Environ Med 1995; 66166-60.

CJ!diO\'d‘.(Ul-11 dc<ondiuoning(CD) has been n1ioi1cdioocrur \\lllili\
24--iii h of r.-iqxisure to 4, I I, or 3t ATA environment and iollmuni;
dc-cruripression to sea level pressure. The C I) was indiratnl liy or-
thostalic intolerance, exaggerated caitliovamilar ll‘\|)llf\\l‘\ to .i |).\\\l\'t'
tilt, an (-lr-vatr-d resting heart rate and a rulured \tiol.e uiluine pmtiliw.
in this dive, one oi the New Seatopia M-|it*\_ we u\t1l .i t\t)I\~\)lt(lIil\‘
criterion, the (Ji(ltOVi1s(UlJi inde\ oi deconditioiiing l('tl); iiiiiigii MW,
loiinson Pl Ir. Aviat Space Environ Med W81; S-lzltttltl, to i-v.i|u.iIe Cl)
in 3 male sulijc-(ts. The CID .~um\ the (liangi-\ in heart rate and l)l(lt)(l
pressure in response to Ot'1l\()§lJll( slit-\\. An elt-vau~il Clt) li\dl( ate» (Ii).
We used .1 passive 70" head up tilt a\ the oitlimtatic \lIl'\\. lhe Cli)
was measured beiore and after a liout oi underxvau-0 ext-r1'l\-e at pii-dive,
during the early, mid, and late e\p0$ut(' oi the 7-d it ATA, and atti-i
the (live. The CID and circulatory responses to till were similar ix-(ore
and aiter the exercise. The CID increased lp -I 0.05) lioni Ilie prcdivr
value oi 20 1- 1.0 to 25 1 0.9 on the Ind day, to 25 :.- 0.8 on the 4th
day at 31 ATA, indicating the pi(*€~(~l'\fL' oi CD at llie early and mid
periods oi liyperbaric exposure. However, CID was indiiierrrit llii :
(Hi) irom the piedive on the 7th day at Jl AIA, the imrt-.is4-d CID
corresponded to decreases in plasma volume during the early and mid
periods oi 31 ATA t'xprr>ure. However, CID rose to 2‘! : 2 ip <1 0.09)
postdive in agrr-einent with other indicators oi CD, but the |il.i\ma vol-
ume was nurmalr We concluded that lI)'])('ll.)Jilf (ltU|l'\l$ is one in-iyor
iactor in the development oi the acute phase oi Iiyperliaric Cl), and the
prolonged relative lfl3(1IVilY may account ior the late |ll\J\(' oi hyper-
baric CD. Daily exercises at a rrioderate intensity were not t-iiertive in
intervening the development oi liypr-rbaiic CD.

ARDIOVASCULAR deconditioning (CD) has been
Cobserved during a 7-d saturation dive at 3| ATA in
a previous study (1). The CD was demonstrated by the
occurrence of syncopal episodes and by exainiiiing circu-
latory responses to a passive head-up tilt. The acute
phase oi CD at hyperbaria cannot be attributed to a pro-
longed inactivity, because CD was observed within 24-
48 ii of the pressure exposure. However, a prolonged (3
weeks) relatively low activity could not be ruled out as
a causative factor, because CD persisted postdive.
Among the indicators of CD, the cardiovascular index
of deconditioning (CID) oi Bungo and Johnson (4) is the
simplest one to determine, and requires no syncope as
the end point. Other indicators that suggest the presence
of CD after a saturation dive include an elevated resting
heart rate, a reduced work capacity, and a reduced stroke
volume (1,l4).

Since the first demonstration of CD by Arita and asso-
ciates ll), others have reported CD during and following
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a h\'P'~‘fbaric L‘\P(\$tiI1‘. Mateev and (\\ll\‘~\t§\\\‘-\‘ U3) \\l\-
served an elevated rwtini; heart rate and a I\\l\tt\\l tit-
ness score alter dives oi 48-50 h at -I or ll _.-\'l‘.-\. lliey
concluded that "tlie ability (ii the c.t_t\lit\t\‘.\})tI'\\l\\t)‘ .\)‘§-
teni to readapt to iuiriiioli.it'ic coiiditions is lttttdt‘i\\l and
delayed," llnllliatts (ti) reported ittt‘r\‘.\§i\l ttu‘iilt‘tti\' iil
postiliveva;;ti\'.i$-1| .~_vncope.~" in dives at the tiei'iii.\n Un-
derwater Simulator. lii the present dive, iiiidei'\vatvr t‘\-
ercise at 31 AT.-\ was an es.~eiiti.il coinponeiit oi the New
Seatopia pmjt-¢i, li provided an opportunity to i‘\iiiti|1n
lt)’pv:fl\i‘ll'iC-ilttltlt‘\'\l Cl) and to e\.iiiiiiie wliether .i innit-
erate uiiderwater exercise could niodiiv the di-velopiiii-iit
oi CD. An ex."iiniii.ition oi the eiiect oi iiiider\v.itei"mei-
cise on the ortliostatic tolerance is important tor div|\-
sea divers, liecaiise ii ortliostatic intolerance t)\\‘tltt\'tl
alter an underwater exercise in hyperliaria, iiilditliiml
cautions must be taken to prevent accidents in nrtiul
open sea excursions at depth.

METHODS
Facility mu! Di:-iiig Pmfiic

The experiment, a part oi the New Seato|il;i l'i"u|ut
(i932-l9‘ll). was carried out in the liypi-rli.iric l\'lllltllJ'
lion chainher at the japan Marine Science illttl 'l'ediiiol-
ogy Center (IAMEFITEC), \'olui.~iiik.i, ].ip_m -|-ht. niaiii pur-

IP"-“"9 ‘ll llll‘ l\k‘\\' St‘-\ll\|\i-I dive >erie.-‘ was to |,repaiti'll'i

ill“! ciirry ‘ml “l‘\'"-flea lockout oi tll\r't'l'7i at 304) iii dt'l"l'lit ft. ore, tll\tlt‘I'\\i\lt‘I' exercise was aii t°h'Nt'llll;il l't)|I1PU'
Ml“ M um l'mi'-‘\3l- This dive (Nov. 2i)-Dec. ll. lwlsl
fflltfilfitvd oi 3 d oi predive, 7 d oi Iii /\'|‘/t tiiiiiliillllm‘
I2 d ‘ll ‘lL'c‘"“l"'\‘35l0I\. Mid a 2-d posidive period lllk

From ttiel t i I ‘ ii ABums Sdw0I)\;i);~" Wet‘ 0 I'liyiiinto;,y, Uiiivrnity Ill lllwlil ll V‘
. *"“"""~- "wt 1 , iii we l.i t.‘ in wm\"""

m‘y“niogy' Schmfl "f M“-“('l'\4‘. 6:i:fl'\ii oi (,(l.‘il"tiIlitri\1lllV, D";roiunr-ntalliealtl,K'tait ~ ,. l lei’m(_mRoa_Mch ‘ ln yu~hu1]3PJlIlK<!>K)iilUl,i‘li\d'vililI\t'lk"'2_
'“"'“- l-‘Pin Mar1‘nt'Srir1\rt' and Tniiiviiifl Wtfli_:£Rmub.i;pan (ii. nit-mils and M hltiltlli. 1,

. "um!-<'"Pt was rr~ceiv(-rl im review lll Auyuit l‘/ii ll "
refs’: ‘md "“§l"ll"<~l for publication in Uflriiirl l‘!'I-I y,rcss Il"Pl"ti’\l requi-in to I) y it'll "‘-fr u(.'iir ,I.' ,I' i-WIN’ 7'
§§,{')°'?f,i;“,[‘,;“d‘T“f °' "iii-\wk>gy. UfliVt1!l:,;'(ii"llJ\lV(;l‘i Iolin /i W"

. '°"¢- "vwtutu. Ht ‘M822,
dfiifpy/T 6' c°FY'l8hl CI by Aerospace Medical A.“-ociatinn. AW"

4"i4ii011. Space, and [mg . , I9-'5ronmcritai Medicine - Vol. 66. Nit 7 ‘ My
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Fig. 1. Diving profile and ambient PO; of a New Seatopia dive, which
was carried out between November 20 and December 11, 1985, at the
lapan Marine Science and Technology Center (JAMSTEC), Yokosuka,
lapan. Dots indicate where tilt tests were conducted.

\

1). The temperature and relative humidity inside the
chamber were maintained at 26 i 0.5°C, and 60 i 10%
during the pre- and postdive periods. At 31 ATA, the
tlilliaijiber gas was composed of 0.4 ATA O2, 0.79 ATA

1, ess than 0.0004 ATA CO2, and the balance, helium.
Ch b t tur d h 'd' ' ' d318;I10E£C€;1;}38Ig?6%It’i.eE:1pectli1:I;jy_1ty were maintaine at

Subjects: Three male divers, between the ages 21 and
34years, served as subjects. The anthropometric charac-
l91'iStics were similar for the three subjects. The ranges
°fb0dy weight, height, chest circumference, and body
Surface area were 63.0-67.5 kg, 166.5—167.8 cm, 89-93
El, and 1.73-1.77 m2, respectively. All divers entered

E Chamber at 1000 h on dive day 1 (Fig- 1)-
The subjects were professional saturation divers. They

were trained in hyperbaric operations and pr0C€dl11'e5-
The)’ also received training for the experimental proto-
M51 were informed of possible risks, and signed a con-
Se“! form a d tr t ‘H1 th anese Government.
]'TM5TEC'snHu(ii)iIeinal§xji:1rhnenet:a]ti1<£)n Review Board re-
VIFWPCI and approved all procedures. The subjects C0111d
wluldraw from this t’ of the study. However, im'
mediate re por Ion im ossible afterth moval from the chamber was p

irillml day of compression. _
congtlntxnble and orthostatic test protocol: The tilt tacplp wit}:
Q5 Cted of aluminum (180 cm long, 53 Cm W1 e “(ll
behjgzn Wide foot-board and was clesignefl to filCt111‘;;“1l:e‘:_
and‘ I\_two rows of bunk beds in the iving _
asked‘) tilt between 0° (supine) and 70°. The sublect “$5
and In? lie supine quietly for 10 min am 18
mm flsurements were made during HQ lblood res_
Sum j>re-tilt period). Heart rate (HR), flrlerla _ dp t 5_
min .ABl’), and cardiac output (CO) were obtaine ah
tiltmjmewflls during pre—tilt period. The tabje vi/E19‘5-5“
posit. lo 70° within 3 s and maintained in tieuie. riocp
the gal for 15 min (tilt period). During the ltinjiévalsj
andc and ABP were measured at 2.5 min um that
the S O i1t5-min intervals. Care was taken I0 1115 _u_

ubletts were completely relaxed during the ll -

Alli!‘ 1905'°".s - - - . v 1. 66, No. 7 - july .Pflrc, mid Enmronnmiinl Mvdlcmc 0

Measurements: An Omron sphygmomanometer (Model
HEM-50, Tateishi-Denki, Kyoto, Iapan) with digital dis-
play was used for the determination of systolic (sABP)
and diastolic (dABP) arterial blood pressures and HR.
These values were transcribed manually from the digital
display. Mean arterial blood pressure (mABP) was calcu-
lated as one-third of pulse pressure plus the dABP: We
estimated cardiac output (CO) by using an impedance
cardiograph (AI-601G, Nihonl<ohden, Tokyo, Iapan) with
the standard four—band electrodes arrangement. Although
there is disagreement on using impedance cardiography
for CO in absolute terms, this method provides reliable
measurement of CO changes in postural stresses (20). The
impedance cardiograph was located outside the chamber
and the impedance measurement was obtained by way of
through-hull connections. The impedance was measured
during a brief apnea (less than 5 s) at the functional resid-
ual capacity. We followed I<ubicel<’s formula (9) for the
calculation of stroke volume (SV). We multiplied SV by
HR to obtain CO, and divided mABP by CO to obtain the
total peripheral resistance (TPR). The index of cardiovas-
cular deconditioning (CID) was calculated according to
Bungo and Johnson (4), as follows:

CID = AI-IR — ASABP + AdABP

where AI-IR, AsABP, and AdABP are the differences in
HR, sABP, and dABP, respectively, between pre—tilt and
tilt values.

Experimental design: Each subject was tested twice (be-
fore and after exercise) at predive on 2 separate days, 6
times (3 before exercise and 3 after exercise) in 3 test
days at 31 ATA (subject A on days 2, 5, and 7; subject B
on days 3, 4, and 6; and subject C on days 2, 4, and 6),
and twice (before and after exercise) postdive on 2 sepa-
rate days. The 3 test days at 31 ATA represented the
early (days 2 and 3), 31 ATA (I); the mid (days 4 and 5)
31 ATA (II); and the late (days 6 and 7), 31 ATA (III),
Tilt at 31 ATA was carried out before and after a bout of
moderate exercise (2-3 met exercise) underwater whjgh
lasted for 21-28 min during a total immersion of 42-53
min. The post-exercise tilt was conducted after removin
the wet suit and breathing apparatus, and after ¢Onfi1-HE
mg the return of respiratory and cardiac parameters to
the pre-exercise level. For other studies in this dive
blood was Withdrawn from the antecubital vein once
predive, three times at 31 ATA (day 2, 5' and 7) and
once postdive. Details of blood chemistry and hormonal
analysis appeared elsewhere (15)_

The relative Chzmge i“ Plasma volume was estimated
bYl“5i“8 V31\tB@a\_1m0n_t's equation (21). The hematocrit..‘i.‘Z{l‘Z.‘.;‘.“*“ 1" by mm

Statisticsr For paired comparisons betwHt, I ' ‘ een_ pre-tilt andi _vg uesé were averaged over the last 5 min of pre-tilt
perio an over the entire 15 n ' £11; - - .
nal comparisons were made wilh dnelftifiasrdf-5tLl<l€)\§/l1t\ul‘h_
repeated measures followed by Student-Neuman-K Cir
tests for multiple comparison against the d‘ eu S
Values before and after underwater exeiiligewe control-
pared by using paired t-tests. we rejected thwerelcom-
potliesis at p < 0.05. e nu 1 by"
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tit-t-ontiittoning; Iii ATA ti), (ll), and (ill) rcfier to early, mid, rind laic pcrlotlii iii Iii AT/\, rt-itpt-ctivvly; l'¢‘Pl'l‘P*(-"ii" P - ll-ii
iiy palrt-ti f~lt'i\if\.

RESU LTS
Rrsiiiig cririliovnsciilur juirriiiiuicrs: We observed no sig-

nificant differences in in/\lil’, SV, CO, and TI’R in pre-
iili ihrouglioui the dive, cxccpi for a higher I-IR (p <
0.01) and a lower SV (p /. ().05) after the dive (Table I).

ijffvci of vxvrciiiv mi circulatory f(‘Sji0ii5£'t-i iii iiii: Compari-
son of circulatory responses to the till lust before and
afiur exercise showed no significant differences through-
out the diva: periods, except during the late 3'1 ATA pc-
riod WiiL'i'(.' a greater systolic hypotcnsion (p <. 0.tl5) but
a lesser‘ diastolic hypotcnsion (p < 0.05) occurred during
ptiieicxtrrcisu tilts (Table ii). Since data obtained before
and after this exercise were similar with iiicsc two excep-
tions, we pooled the prc- and postcxcrcisc data for fur-
iht.-r comparisons (Table i).

Fig. 2 shows temporary responses of HR, s/tlii’, and
d/till’ during the 70" tilt throughout the course of the
dive. The d/Xlll’ changed insignificantly from the control
values during the tilt, whilc s/\l3l’ decreased and HR
increased. This trend remained regardless whether the

'i'Alii,ii ll. lZi’l’i3Ci‘ Of’ UNDilRWA'i'iZR IZXERCISE ON CIRCUI./\'l'ORY Cl

tilt test was conducted before or after
exercise (Table l). Table I summarr/.us
dard errors of supine and tilt values
periods. The rusting HR rose (p 4.. 0.t
< 0.05) postdive compared to the pru
prcdivc poslexercise values for CO, 'l"PR - -
able due to technical problems. l-lowuvcr, the zivailnbl
data (/\lii’ and HR) during this period
cisc related differences in response to i

Crirdiovnsciilrir imlox of di.'coiuli'ii'oiii'iig:
served no syncopal episodes with the
CD was shown to exist during the early
ii! 3! _/\'|'/\. and after the dive, bccaus
significantly at ATA (l), ATA (ll), and PO
io the predive values (Table I).

He _- mmniocrii and jilnsiiiri volume: The he
creased (p < 0.05) at days 2 and 5 at 31
hemoconccntration. Urine output incrc-as _ mi

(15). Since I110
blood $9" \/Olume had not changed duri
"‘° "misc predive value of 1.03 L - d"‘
we estimated that the plasma volume
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Fig. 2. Circulatory responses to a
70° head-up tilt. Values are mean re-
sponses 1 SE for 6 tilt tests in 3 sub-
jects. Tilt-induced changes are signifi-
cantly different from supine values at
p < 0.05 for all measurements except
TPR. The upper panel depicts predive
and postdive responses. The lower
panel shows early, mid, and late peri-
ods of 31 ATA exposure which were
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were no temporal differences in re-
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erage values for pre-tilt and during the - "ME I
tilt are presented in Table ill. """‘

and 103% (P < 0.05) during these periods (Table III).
Compared to the predive values, there W35 “° dlffereme
in hematocrit values and estimated plasma volume ¢h¢1"8@5at late 31 ATA period (day 7) and postdive-
DISCUSSION

The present study showed an increase in CID atteggll);
and mid eriods of 31 ATA exposllfe 1" agrfiemenP . .
a Previous study (1). In addition, the F:-’i5_t'"'8Tll'1I(l;eV‘;‘:elevated and sv lowered following the We
suits st;-on 1 suggest the existence of CD UPOR ¢XP°5u'°
l° hYP@rbagri>cl: environment. In an in-house report, £02,
halls (6) listed incidence of postdive va8°\'*15“ SY“ P

TABLE Ill. CHANCES IN HEMATOCRIB Tl}/\5M/\
g VOLUME ourtmc EXPOSURE T - g

C P ' d5 Hcm1tocrit (%) APV (%)_ eno ‘
Pied’ 45.0 : 3.0
at /tlrv/i (day 2) 47.3 : 2.9‘ j £1
gtar/\<a.1>' 4) f -4:0 E 213

dn 7) ' '; I ‘ _
l‘nstdive( 1y 44.5 1-_ 3.3 3.1 1 4 9

S‘
v'l"l‘=are * SI‘ APV is hcrct.-nt cl\-111$" l" l’1'“"‘“ vnhnm frommeans .; 1-
PrMi"° Value.
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postdive circulatory instability, and vagovasal presyn-
cope during i.v. puncture at the German Underwater
Simulator (GUSI) dive series I, III, VI, and IX. Results of
a recent study by Mateev et al. (12) also support the
occurrence of CD following a short exposure to hyper-
baric conditions.

Classic indicators of CD following a period of inactivity
include an elevation of resting I-IR, a decreased SV, re-
duced plasma volume, lowered left ventricular diastolic
volume, an orthostatic intolerance, and a reduced exercise
capacity (I6). Although syncope and shortened time to
syncope in a passive tilt are positive indications and have
been used to define the existence of CD, other indicators
of CD may also be used. Among the extensive list of
potential indicators reviewed (10), the CID of Bungo and
Johnson (4) appears suitable. The reason is that the stabil-
ity of mABP during a tilt depends on the mobilization of
cardiac and vascular actions to prevent syncope. A large
change in these parameters reduces functional reserve and
induces instability in the cardiovascular system. There-
fore, indices that include antihypotentive factors, such as
tachycardia and vasoconstriction (elevated dABP and re-
duced clecrease in sABl’) could be used. Among them,
CID is useful and simple to obtain.

The rapidity by which the CD occurs upon exposure
to a ltyperbaric environment rules out the prolonged in-
activity as the cause (1,l2). I-lypovolemia observed in the
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present experiment may be a major cause for the CD.
This notion is strengtliened by a concurrent increase in
CID with plasma volume decreases at the early and mid
periods at 31 ATA but not at the late stage of 31 ATA
where plasma volume changed insignificantly (Table Ill).
The liypovolemia can be attributed to a diuresis in the
present experiment published elseivliere (I5), and other
reports (7,S,l3,l8,l‘)). The close relationship between the
increased CID and liypovolemia was also observed in
previous dives to 3l ATA (I,l'~)).

Although there is little doubt that Iiypovolemia contri-
butes to ortliostatic intolerance (2), some other factor(s)
nnist also be involved, because CID increased postdive
when plasma volume had returned to the predive level.
This hypothesis is supported by the observations that
volume-to-volume replacement achieves only partial
correction of orthostatic intolerance in ground-based
weightlessness simulations (3,5). In addition to the re-
duced plasma voliime. at liyperbaric environment a re-
duced cardiovascular responsiveness due to decreased
sympathetic activity may have played a role (I). On the
other hand, CD may follow a prolonged confinement (3
weeks in the present study) and reduced physical activi-
ties. The inactivity-induced CD is clear, which occurs
following bed rest and microgravity exposure, but the
mechanism responsible for is not yet understood (I6).
The Iiyperbaric CD warrants further investigation.

Plasma volume depletion upon hyperbaric exposure
shares a common mechanism with other conditions that
cause central hypervolemia and diuresis (I0). CD occurs
after a space sojourn, head-out water immersion (6 h
in tliemioneutral water), and prolonged bed rest, where
central hypervolemia and diuresis also prevail.

Circulatory responses to the 70° tilt in the present ex-
periment differed from that of 90° tilt used in our previ-
ous study (I). Vasoconstriction (judged from TPR, and
changes in dABI’) was smaller in the 70°-tilt compared
to the 90°-tilt, however changes in I-IR, SV, and CO were
similar in both studies. Metalon and Farlii (I I) have dem-
onstrated the indifference in cardiovascular responses to
a tilt between 60° and 90°. The smaller vasoconstrictor
reflex during tilt in the present study corresponded to
the unchanged dABl’ as opposed to an increase in our
previous dive (90° tilt). We have no apparent explanation
for the difference at present.

In summary, the results of the present study showed
an elevation of CID, indicating CD, at the early phase of
hyperbaric exposure and a persisted CD after the dive,
confirming the existence of a liyperbaric-iiiduced CD.
Mechanisms underlying CD are not well understood.
I Iowever, the acute liyperbaric CD upon liyperbaric ex-
j~:~\ttrt‘ involves hypovolemia, and the reduced physical
ti lI‘- itv over a prolonged period may account for the CD
that we observed postdive.
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