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Cardiovascular deconditioning (CD) has been repornted to occur within
24-48 h of exposure to 4, 11, or 31 ATA environment and following
decompression 10 sea level pressure. The CD was indicated by or.
thostatic intolerance, exaggerated cardiovascular responses 1o 3 passive
tilt, an elevated resting heart rate and a reduced strohe volume postdive,
In this dive, one of the New Seatopia senies, we used a non-syncope
criterion, the cardiovascular index of deconditioning (C10); Bungo MW,
Johnson PJ Ir. Aviat Space Enviton Med 1983; 54:1001), 1o evalpate CD
in 3 male subjects. The CID sums the changes in heart rate and blood
pressure in response 1o orthostatic stress, An elevated CID indicates CD.
We used a passive 70° head up tlt as the onhostatic stress. The CID
was measured before and after a bout of underwater exercise at predive,
during the carly, mid, and late exposure of the 7-d 31 ATA, and aftes
the dive. The CID and circulatory responses to tilt wete similar before
and after the exercise. The CID increased (p < 0.05) from the predive
value of 20 = 1.6 10 25 = 0.9 on the 2nd day, 1o 25 = 0.8 on the 4th
day at 31 ATA, indicating the presence of CD at the early and mid
periods of hyperbatic exposure. However, CID was indifferent (18 =
0.6) from the predive on the 7th day at 31 ATA. The increased CID
corresponded 1o decreases in plasma volume during the carly and mid
periods of 31 ATA exposure. However, CID rose 10 29 2 2 (p < 0.05)
postdive in agreement with other indicators of CD, but the plasma vol.-
ume was normal, We concluded that hyperbanc diuresis is one major
factor in the development of the acute phase of hyperbaric CD, and the
prolonged relative inactivity may account for the late phase of hyper.
baric CD. Daily exercises at a moderate intensity were not effective in
intervening the development of hyperbaric CD.

ARDIOVASCULAR deconditioning (CD) has been
observed during a 7-d saturation dive at 31 ATA in
a previous study (1). The CD was demonstrated by the
occurrence of syncopal episodes and by examining circu-
latory responses to a passive head-up tilt. The acute
phase of CD at hyperbaria cannot be attributed to a pro-
longed inactivity, because CD was observed within 24~
48 h 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) of 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 restin
heart rate, a reduced work capacity, and a reduced stroke
volume (1,14).
Since the first demonstration of CD by Arita and asso-
ciates (1), others have reported CD during and following
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a hyperbaric exposure. Mateev and colleagues (12) ob.
served an clevated resting heart rate and a m_lumi fit-
ness score after dives of J8=-50 h at 1 or 11 ATA. They
concluded that “the ability of the L“d‘l‘diuf\‘.\‘}?il\\lnr.\' SVS-
tem to readapt to normobaric mm.hlmns is l\}l\tl_cn\i and
delaved.” Holthaus (6) reported increased ll“lx‘ldt‘lh\‘ of
}mslllivu vagovasal syncopes in dives at the German Une
derwater Simulator. In the present dive, underwater ey
ercise at 31 ATA was an essential component of the New
Scatopia project. It pnwidul an upﬁmrtunil_\' o continn
hy]x-rh.tric-imlm‘nl CDand to examine whether a mad
erate underwater exercise could modify the development
of CD. An examination of the effect of underwater exer-
cise on the orthostatic tolerance is important for deep:
sea divers, because if orthostatic intolerance occurmal
after an underwater exercise in hyperbaria, additionl
cautions must be taken to prevent accidents in actwl
open sea excursions at depth.

METHODS
Facility and Diving Profile

The experiment, a part of the New Scatopia Projed
(1982-1991), was carried out in the hyperbaric simuly
tion chamber at the Japan Marine Science and Technol
ogy Center JAMSTEC), Yokosuka, Japan. The maln pur
pose of the New Seatopia dive series was (o prepare for
and carry out openssea lockout of divers at 300 m depth
Therefore, underwater exercise was an essential compe
nent of the Project. This dive (Noy, 20-Dec. 11, 1989
consisted of 3 d of predive, 7 d of 31 ATA saturation
12d of decompression, and a 2-d postdive perlod (Fig
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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

Japan Marine Science and Technology Center JAMSTEC), Yokosuka,
Japan. Dots indicate where tilt tests were conducted.

1). The temperature and relative humidity inside the
chamber were maintained at 26 = 0.5°C, and 60 + 10%
during the pre- and postdive periods. At 31 ATA, the
chamber gas was composed of 0.4 ATA O,, 0.79 ATA
N,, less than 0.0004 ATA CO,, and the balance, helium.
Chamber temperature and humidity were maintained at
31 05°C and 60%, respectively.

Subjects: Three male divers, between the ages 21 and
M years, served as subjects. The anthropometric charac-
teristics were similar for the three subjects. The ranges
of body weight, height, chest circumference, and body
surface area were 63.0-67.5 kg, 166.5-167.8 cm, 89-93
an, and 1.73-1.77 m?, respectively. All divers entered
the chamber at 1000 h on dive day 1 (Fig- D-

The subjects were professional saturation divers. They
Were trained in hyperbaric operations and procedures.

ey also received training for the experimental proto-
wls, were informed of possible risks, and signed a con-
SNt form and contract with the Japanese Government.

MSTEC’s Human Experimentation Review-Board re-
:n?wed and approved all procedures. The subjects could
Vithdraw from this portion of the study. However, 1m-
the ate removal from the chamber was impossible after

T.[‘St day of compression. )

it table and orthostatic test protocol: The tilt table was
" ZShUCted of aluminum (180 cm long, 53 cm x«_nde) w{lth
hﬂ“ wide foot-board and was designed to fit the aisle
andVeen‘ two rows of bunk beds in the living c_hamber
ﬁskeg) tilt between 0° (supine) and 70°. The subject V\{)EI\S
ang to lie supine quietly for 10 min on the tilt ta 18
in Measurements were made during th(; following
sllre((Pfe-tilt period). Heart rate (HR), arterial bhpOCi1 pres
i ; BP), and cardiac output (CO) were obtaine ?h ;
rlhedlmﬁrvals during pre-tilt period. The .lable was 3 51
Posif; o 70° within 3 s and maintained in the .hea ; 5)
the g{’“ for 15 min (tilt period). During lh(-f lll_t Rengls’
ang and ABP were measured at 2.5 min In u:vt(ln('
the CO 4t 5-min intervals. Care was taken to msur'(l‘t .
Subjects were completely relaxed during the till:
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Measurements: An Omron sphygmomanometer (Model
HEM-50, Tateishi-Denki, Kyoto, Japan) 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 (Al-601G, Nihonkohden, Tokyo, Japan) 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 Kubicek’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 = AHR — AsABP + AdABP

where AHR, 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 (ID; and the late (days 6 and 7), 31 ATA (IID).
Tilt at 31 ATA was carried out before and after a bout of
moderate exercise (2—3 met exercise) underwater which
lagted for 21-28 min during a total immersion of 42-53
min. The post-exercise tilt was conducted after removing
@he wet suit and breathing apparatus, and after confirm-
ing 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 oncé
predive, three times at 31 ATA (day 2, 5, and 7), and
once postdive. Details of blood chemistry and hom’mnal
analysis appeared elsewhere (15).

Thg relative change in plasma volume was estimated
bylusmg Vzél1tBeaqmc()int's equation (21). The hematocrit
value was determined in tripli i i
hematocrit method. plicate by MU the ilfro

Statistics: For paired comparisons between i
tilt,‘values were averaged gver the last 5 milg: gef-hl:ezigﬁ
period and over the entire 15 min tilt period. Lonlg)itudi-
nal comparisons were made with one-way ANOVA f
repeated measures followed by Student-Neuman-K ({r
{(lzs]ls forbmfultlple comparison against the predive con:e;ﬂs

alues before and after underwater exercise were com-

pared by using paired t-tests. .
pothesis at p < 0.05. s. We rejected the null hy-
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TABLIL L 8

g DURING A n Ill'./\l’)-l?

N e A S S 8 D ok s o S e p——— = :r” A'I‘A
Measureiments Angle I'redive A1 ATA (D) a1 ATA (D ,. am lm
; - ] o4 g 67 & e
Heart rate, hemin™' 5 59 4 54 2 | 59 4 2 (',{ 4 i 74 4 20
' T 7204 o0 & 2 ?3 : 2 12‘1‘ 4 8949
Gystolic AD, mm 11y 5 1« 3 123 4 2 1z 107 8 x4
T 03 23 104 1 4 107 £ 3 7043 12 9
Diantolle ABE, mm g 5 7140 o0 13 62 2 it 68+ 4
T [0 IR 63 L3 50 3 [’-7 " 5 66 & 4
Mean ABE, mm g 8 A B7 1 62 1 ; oA b8 4
Iy 774 7782 bk 119 5 8 B+ 5
Siroke volume, mi+b! 5 124 £ 9 13354 126 « 11 19 o 104 & 4
T B ot 12 87+ 6 86 2 3 by s
Cardlac output, L min ! 8 652 1 0.24 0,93 & 0.37 7.26 % 047 Sl (.14 751 2 0m
T 552 & 070 5.6 £ (144 6.01 =+ 049 53 3 0.28 651 0%
TPR, mm Hg- 1 ' omin! S 120 + 0.75 127 4 0.61 1.6 £ 0.67 13.3 031 118+ 088
T 12,7 4 113 139 & 106 12,6 £ 045 14.6 x 0.84 12.6 £ 07
cin 204 1.6 26 & (0,94 26 0.8* 18 £ 0.6 20 4 2

e ————— ——————

—

Values are mean & SE for 6 measurements ind
deconditioning; 31 ATA (), (D), and (1D refer to carly,
by palred f-tests,

RESULTS

Resting
nificant differences in mABP, SV, CO, a
tilt through
0.01) and a lower SV (p <
son of circulatory responses o the tilt test
after exercise showed no significant
out the dive periods, excepl during

riod where a greater systolic hypotension (p

a lesser diastolic hypotension (p < 0.05) occurred during
data obtained before
rcise were similar with these two excep-
d postexercise data for fur-

postexercise tilts (Table ID). Since
and after the exe
tions, we pooled the pre- an

subjects. S e suplne

cardiovascular parameters: We observed no sig-
nd TPR in pre-
out the dive, except for a higher HR (p <
0.05) after the dive (Table I).
Effect of exercise on circulatory responses fo tilt: Compari-

differences through-
the late 31 ATA pe-

PR total peripheral resistance; CID = cardiovascular index of

and T = tlg T T
rcnpt‘dlvcly; * represents p < 0,05 comparing S and T

mid, and late perlods at 31 ATA,

4 conducted before or after the underwaler
¢ | summarizes means and stan-
and tilt values for various dive

eriods. The resting HR rose (p < 0.01) but &V fell (p
< 0.05) postdive compared 1o the predive values. The
predive postexercise values for CO, TPR were not avail
able due to technical problems. However, the available
data (ABP and FIR) during this period showed no exer
cise related differences in response to tilt (Table 1.

Cardiovascular index of deconditioning: Although we ob-
served no syncopal cpisodes with the orthoslatic tesh
CD was shown to exist during the carly and mid periods
at 31 ATA, and after the dive, because CID increas
significantly al ATA (1), ATA (I1), and postdive comp?
to the predive values (Table I).

tilt test wa
exercise (Table D). Tabl
dard errors of supinc

before and

< ().05) but

ther comparisons (Table 1. Hematocri ; i il value i
Fig. 2 .-i:how.q temporary responses of HR, sABP, and  creased (pn-f:a(’),,l(l)sl)}’?l”slqv::hz””c' ;I’l gc lhgT‘:\t%(\n lim}gﬁnﬂ
dABP during the 70 till throughout the course of the  hemoconcentration Uri‘n)é tﬂn(_. a b "100% from
dive. The dABP changed insignificantly from the control  the average prcdivé value Oktlpul '"Crﬁ‘?sﬁ(_r,) gincc the re
values during the tilt, while sABP decreased and HR  blood cell volume haZl rl\Lo:)clé)x?gtc.lddur(ing.lhc dive (174

increased. This trend rem

ained regardless whether the

we cstimated that the plasma volume decreasc

TABLE 1l EFFECT OF UNDERWATER EXERCISE ON CIRCULATORY CHANGES DURING A 70° HEAD-UP TILT
HEAD- ls

- —_— ‘
Measurements Work Predive 3 ——"""/’/\; |
. 1 ATA (1) 31 ATA (ID) a1 ATA (ID postdt |
Heat rate, b min B 253 22 + y e d ,
A 35 £ 9 i 2 +3 s 25t |
Systolic ABP, mm Hg B =124£5 1241 0% 1 (7 +3 R
A ~15 23 “18;2 =13+ 6 -7 +3 __ugj
Diastolic ABP, mm Hg B -1 %6 -10 =+ 13 =11%3 ~17 + 3 Y
A ~1411 —t s -85 -15 * o
Mean ABP, mm Hg B —6+5 -l? -:— 'l" -2 %3 jg -:- :_ |§:1
A 827 n ' 10+ - ey § I
Stroke volume, ml«b™! B ~-32 43 __,1“1) ':“ ; -7 % ‘: ':(1, f ? 37:6
A NA s -30 + o el N
Cardiac output, Lemin”' B ~16 + 8 0 x4 .,.30 ‘:: g =26 % 3 "2530
A NA -6+ 12 3I 0 ..3(, *» 4 nlo”
TPR, mm Hy+L '+ min ' B -1 %13 “7 %3 R ~14 25 -1
A NA 0216 22 “ 8 ~23%3 2;,
J— e 21 %2 10 248 nes
e S S 16 + |
Values are mean + SE for 3 measurements in 3 subjects. B = before exe == =L i ?_ﬂ,%—‘“"/;\(ﬂ b
(1), and (1) refer to early, mid, and late perfods at 31 ATA, “‘ﬁl’l'(liv:]‘ ’_‘7""’ and A = afer oxe R nA ‘"‘J Y
Jtents, ¥i NA » ot ‘“’““I-“)l ‘ 5\?150; IPR = total Pcrjphcml rrﬂil-‘;3 wh Aby P M
v, “'l’ﬂ'ﬁt'l\ls P < 0.05 compmi"ﬁ L )
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E 90 PRE-DIVE POOT-ONE  fpetpmtpee g =
1 00 | ; ]
i /—+\¢uéf+—+ A
E 60 {)..___4, .
80 L
130
glzo Systolic i + {
' ¢--§ " ystolle [N\ {, + +,J J[' J’
110 b . -
f 100 \"5—@—4"‘4‘*’ . -
g gol. Meon rwi
— i —H~}
00 ™ : ~4~f b1
'g 70 £w\+‘*—+—'—+—+ | Diosolie # /ﬁ“"é + +’+
2 g0 gt L ; ‘H/H
| | A 1 i | " 1 L i 1 n 1 L 1 —
-8 0 ] [ -0 0 5 1018
TIME,min. TIME, min,
g 90p NATAIN 31ATA(IN) - 3IATA (i)
g 80 [ i |
K e | :
Fig. 2. Circulatory responses to a g 7o i / ' ¢,4;_¢.-¢—4—°
70° head-up tilt. Values are mean re- o - 0——"‘1 [ g
sponses = SE for 6 Lilt tesls in 3 sub- E 5 : L -
jects. Till-induced changes are signifi- 10 Systoiic
cantly different from supine values at g' Jrmake it R "
p < 0.05 for all measurements except 120 - r N
TPR. The upper panel depicts predive  §110 L ‘?/# - KWH
and postdive responses. The lower £ g0 L E
panel shows carly, mid, and late peri- & iy [ oo [ Moon
ods of 31 ATA exposure which were 8 %% #-—_,| —il 4
represented by 31 ATA (1), 31 ATA (), 2 eor R Y, ¥ [ penaie] Nty
and 31 ATA (Il), respectively. There £ 79 s - owstolc ——+ L H_
were no temporal differences in re- § . W I ~y $ L 4._#__(9—9
sponses to tilt throughout the dive. Av- P LX) ARPRE AN SR SR S S}
-t i . o 0 5 0 13 -
erage values for pre-tilt and during the s ikt TIME, min, TIME, min.

tilt are presented in Table IlI.

and 10.3% (p < 0.05) during these periods (Table IID).
Compared to the predive values, there was no difference
in hematocrit values and estimated plasma volume changes

at late 31 ATA period (day 7) and postdive.

DISCUSSION

The present study showed an increase in CID at early
and miIc)i periods ofy31 ATA exposure In agr_eemené with
a previous study (1). In addition, the resting HR was
elevated and SV lowered following the dive. These re-
sults strongly suggest the existence of CD upon cxtp(ﬁgﬂf
to hyperbaric environment. In an in-house report, ¢
haus (6) Jisted incidence of postdive vagovasal syncope,

TABLE I1l. CHANGES IN HEMATOCRIT ANR Tl;{.AsMA
VOLUME DURING EXPOSURE TO 31 )

_—
Periods Hematocrit (%) APV (%)
0.0
Predive 45.0 = 3.0 0
-83 %16
3L ATA (day 2) 473 = 2.9° g
3LAT 4 47.9 + 2.1 :
3l ATA i 7; 46.2 *+ 2.4 -4.0 %23
A (da 2 =2 b
ostdive y 445 + 33 3.1
% e

me from
Values are means * SE. APV is percent change in plasma volui

Predive valye,
< 0.05 compared to predive values.

o) o July 1995
A:'l'alinn, Space, and Environmental Medicine ® Vol. 66, No. 7 + July

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 HR, a decreased SV, re-
duced plasma volume, lowered left ventricular diastolic
volume, an orthostatic intolerance, and a reduced exercise
capacity (16). 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 (clevated dABP and re-
duced decrease in SABP) could be used. Among them,
CID is useful and simple to obtain.

The rapidity by which the CD occurs upon exposure
to a hyperbaric environment rules out the prolonged in-
activity as the cause (1,12). Hypovolemia observed in the
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present experiment may be a major cause for the CD.
This notion is strengthened by a concurrent increase in
CID with plasma volume decreases at the carly and mid
periods at 31 ATA but not at the late stage of 31 ATA
where plasma volume changed insignificantly (Table 11D).
The hypovolemia can be attributed to a diuresis in the
present experiment published elsewhere (15), and other
reports (7,8,13,18,19). The close relationship between the
increased CID and hypovolemia was also observed in
previous dives to 31 ATA (1,19).

Although there is little doubt that hypovolemia contri-
butes to orthostatic intolerance (2), some other factor(s)
must 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 volume, at hyperbaric environment a re-
duced cardiovascular responsiveness due to decreased
sympathetic activity may have played a role (1). 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 (16).
The hyperbaric CD warrants further investigation.

Plasma volume depletion upon hyperbaric exposure
shares a common mechanism with other conditions that
cause central hypervolemia and diuresis (10). CD occurs
after a space sojourn, head-out water immersion (6 h
in thermoneutral 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 (1). Vasoconstriction (judged from TPR, and
changes in dABP) was smaller in the 70°-tilt compared
to the 90°-tilt, however changes in HR, SV, and CO were
similar in both studies. Metalon and Farhi (11) 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 correspon(.icd to
the unchanged dABP as opposed Lo an increase n 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 clevation of CID, indicating CD, at the early phase of
hyperbaric exposure and a persisted CD after the dive,
confirming the existence of a hyperbaric-induced CD.
Mechanisms underlying CD are not well understood.
[lowever, the acute hyperbaric CD upon hyperbaric ex-
posure involves hypovolemia, and the reduced physical
«livily over a prolonged period may account for the CD
that we observed postdive.
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