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A Study of Cardio-Respiratory Behavior under
High Pressure Environment
—Methodology of body heat loss measurement—

Kuniaki Okonogi*, Akio Hashimoto*, Hiromichi
Oiwa*, Isao Nishi**, Giichi Tomizawa**, and
Kazuhiro Mizutani**

* JMSDF Undersea Medical Center
**Faculty of Science and Technology, Science
University of Tokyo

To determine if there were any relationship
between body heat loss and the phenomena of
body weight loss and hyperbaric diuresis in divers
during hyperbaric helium exposure, quantitative
measurment of convective skin heat loss(Cs) was
studied in seven divers participating in 200 and
300m saturation dive simulations. Body heat bal-
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ance was measured by using instrument consisting
of a mass spectrometer, pneumotachometer, ther-
misters, electric scale and data processors. Cs
was estimated indirectly by using the equation of
thermal balance.

Mean value of Cs was 17.9 kcal * m=2 « hr™! at
200m and 38.2 kcal*m™!'+hr ! at 300m.
Convective heat transfer coefficient(hc) increased
linearly up to the depth of 240m shown by the
equation : hc=1.42P*%in which hc is in kcal*m™2-
hr=' - C-! and P is pressure in ATA. At 300m it
increased beyond what was predicted by the equa-
tion. A net thermal balance was maintained fair-
ly well judging from the heat storage (S) which
ranged 0~12kcal « hr*.

From this result, it can be said that Cs may be
a factor acting as a “cold stress” during- hyperbar-
ic helium exposure even though the room temper-
ature was kept at the subjectively comfortable
range.
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HH, RBBEOBRKHCHELYRECL T

=%,

BE~Y Y ABREFRE T OGBBRCOWVT
i, BEDOPZEDD 0 b, STEMEEIRS DA AR
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B L PHEEROER L OHRBEER (he) T
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DY, BFIEKFOBKEDE =2 v 7 TH
B8 & B IR 2 BIE T T, Cs & SISl
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1. hcokwFH

BESEER L D, Csit:

Cs=M=S)—(Es+Er+Cr+R) (kcal « hr1)
L (1)
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BEL, M. EBRE
S TRt
Es . & H 5 o Z& R
Er | R A & O & B E
Cr ! IR 2> & O K B
R © B ‘
%7,
Cs=hcX (Ts—Ta) (kcal « hr=1) --e-e (2)
{EL, Ts:FHEEER ('C)
Ta!&®REEE (C)
X (2) »b
hc=Cs/ (Ts—Ta) XA

(kcal *m=2«hr'+C™%) --- (3)
BL, A G#REHE ()

ZZT, he®RDBEH-T, £, CsrE
ETHediL, X (1) OFHEOKLKEIBLED
FRICAIZETEA L SICERLICH L VHIE > &
T aERWI,

ZDYAT AR L BDBBFHEDORE 7 » —F 4
-t ER1E, FEATFEROEHBEOEERYR
1 RO,

2. BRBXAEEE

(1) BIE> AT 2D

B4 XBERET O RERE D AIE % breath
by breath TWHE L TH5EEXBFKL, T TILH
HLIW, CoEBRBATEEE LB LAR, 2
VEa— 2 - CTHRBBAFEEYENTEL IO
REE X HAIL T,

VAT ARERTHHEL, KOBY TH 5,
B &5 ¥ 5t Mass-Spectrometer (v = % + =

v, WGSS-100D, BERIEA = v
7 25, N,:0,;He; Ar; H,
O; 0~100%, CO,; 0~10%)

MEF . Pneumotachometer (¥ =& + » v;
WFMU-5000,- Fleish type & — &
—EAHR, 384)

AR 3 CBEEE,; Thermister(£ T ;

PXK —67, — 5 ~50C=*0.1C, 60
sec)

B8 ; Thermister(£ T3 ; PZL
—64, — 5 ~50°C, +0.2C, 7 sec)
B B ®; Thermister (£ T % .
PXN- 46, 35~45'C+0.2°C, 6 sec)

BEEET BB T Iy 2wy —(IBTELR,
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RE> 25 A BIE e RIEER
E_%‘/}ﬁ?r VOz,VCOz hnd EQE(M)
MRt Wt, Tr, Ts - RPER(S)
EHEt
Wt, 2 2, y i : 209738
o tVOVdLVmOI%j BT TR (Es)
WERE RSt - VH,0 I - I 0% i R B 4 (Er)
thEzt | VE, Tresp, Ta, Cp, p] PR P XA (Cr)
7= &
R Ts, Tg, A HHER)
!
2% 1 VO, (- hr!, STPD) ; MKMME | BHRIRECS)

VCO, (+hr?, STPD) ; KEE» 2 HkitE

Wt(kg); &, Tr(C); BERR, Ts(C); FHHMER

VH,O(ml - hr}, STPD); KZESH:ME, PB(mmHg); THEKE
VEQ - hr!, STPD); #5%&, Tresp(C); HXiR

Ta(’C); B#EiR, Cplcal » g '+ C™V); BELE, plg-1"D); BE
TgCK); FHBEHR, A(m); hERER

1 FBFEHEEBOMNEIR—Fvr—+

xRl GRATFEREOHEEE
HEHE " € *

EHE M=4.1XCHO+9.3XFAT CHO=4.51XVCO,—3.18 X VO,
FAT=1.67XV0,—1.67%xXVCO,

frEh S=0.83XWt (0.67XA Tr+0.33xA Ts)

B R B ERR | Es=0.58X (A Wt—0.196X10"2X VCO,+1.429X1073*X VO,
—0.93X10-¢X PBX VH,0)

MR MR ER K | Er=0.413XVH,0

IR MRS | Cr=Cp * p * VE+ (Tresp—Ta)
BHBR% R=0.75XAX0.082x10"® (Ts*—Ta*)
BRI EAK | Cs= (MxS)— (Es+Er+Cr+R)

X PR E R hc=Cs,/ (Ts—Ta)XA

10~100+ 5 %, 60sec) tdk, MR <R 7%, >~ ) =2 v &l oronasal

BEAHREE 5T | 15¢ B3R & Thermister (F T ; mask % A\, BEBER, ¥+ v -HAD3 5%
PXK- 67) FHIL, FEHE D - TERE LT,

HER CBFHES (Fvx—; E1210/081 SE R ik Hardy-Dubois D7 5352, (AR H
EC120, 1 gR&E BalmtBoRXD% AT,

Fo s MBEE 1 RAE (BRF -2 €% (2) YA 7 2 OBERETORERBE

A N-10), 2HRAEB(BAT — 2% OFA - Fv 7V v Ik
* F v ; Model-30) BEF ¥ v A—ALLD, TR HvFY) v
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BRI A

POz |DDC| 0.42~0.43ATA
PTC| 0.30~0.60
PCOz |DDC| 0.005 ATA LI'F
PTC| 0.01

PNz [0.4~1.6 ATA

PHe |balance

BE |27~31 C

BE [60~75 %

v BIER

© [miE] R

& 1 |2 [ 3] 4] ﬂLs T 7178 ] 9 Jw]mnJi]is

IRE

2 200mEaFEKIMBEZR 22—

TRAEST ADEEXE XF, % pattern & 1
% breath by breath THIEL T & 5 I5&RKL %
RTZEDBBETH D, Hx DHEIZFEES0m
ECOFAEAT, YvIY v IIBIREED 1 %I
D, INERRL63.2%3 B A% b BRI T100ms
UFaERTELD,
QHEESW DR EEREE

VYTV 7T BRI SH, BRE L ORE
HABREDERTFTICHIGTESS/NboHED I
DAY T A EKEIER T ARG O
100& L7z, O,, N,, He 3 X 0* H,0 (3100%/10
V&L, CO,ix10%/10V & L TAME L 1=,
® pneumotachometer @ & 44
BREBAER 7 7 — 2 — 2 XBICHRDO A X\
3.8¢ @ Fleish ! pneumotachometer % {# F§ L
7o TDT7 8 —2—ZXKKE»H32ATA OF
NET, BREYY v £~ (2000mD) DOFEIR L
TRERIULUADKEEXRBE LW,
@F -2 BEED T v 7 5 AETFIE

TR AF-—RBMEBIOBEEOEBIXY 7TALEA
ATFRRAREE L, BIBKHEETRERRE O %

BEEMEF R - FADLCHBCEHTREE L
1o R DBIE 7 — £ H3 steady KfEXFHT L 5
Iz breath by breath THELIEE %L 5 FHD
Tl L LT,

3. EEAEEK

(1) 200m fEFI¥E KK

200m BIFIE KD R & & 2 — A% [F 2 1057,
REIE 2 O VEICRTINERNOAKE T, 200m
WER, BESRFOEERTH5140m, 105m, 85
m B L OBERTEORXKIETTERL 72, T
ROBEREIC DVLCWTRAKEXEERE L, fafn
# /K B 13200m T31°C, 140m T30°C, 105m <
29°C, 85m T28CTHIML, EFOBELXMNL,
BB &R AEEC L, R2ITRT3
BORBEBFIHL, +Jv s R 1IROBETE
BRIEEAL 1 RERDRIE R TT o 7o TaR 2 EFEM L 72
200m FIRIEKIC IS¢, BKEBAHZ1EE

WKEBT.S.LK.H.3 2B B AELERL 7,
2 B H T, PRERT, ME#E X 0200m (2 2 &0
BERE TR LCTATV, EF RS S 1
B DR TIRHILT - 12,
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#®RE | FHGE | HRCn) | hEe) | BEREE () [KHEG 1)
% AH. 35 173 66.9 1.81 1.070
% K.H. 44 176 73.3 1.91 1.073
% T.S. 34 165 76.0 1.85 1.052
* SK. 38 162 63.0 1.69 1.062
* M.O. 24 172 62.0 1.75 1.067
* A H. 36 173 66.0 1.80 1.064
* M.T. 35 170 66.0 1.78 1.080
Ye200m BRI K *300m BIFIVE K
(m) ‘ . ‘
00 S
POz |DDC| 0.42~0.43ATA
PTC| 0.30~0.60
PCOz |[DDC| 0.005 ATA LT
PTC| 0.01
PN: |0.4~1.6 ATA
PHe |balance
a0k 0.5m /4 BE (2532 T
WE |60~75 %
RE
finE
IZOF 108F BRI .
o A
100+
1.0m/%
10T, 2.0 m/%
gg 1 J2]3]4a]5s57]6] 7|8|9I}oh1|m|mll4|m]w
| ®E R E

3 300mEaFEKIBER T2 -

(2)  300m EFNVEK

300mMETFIE KRED 2 & 2 2 — V& E 3 1TRT,
300m DWEA 4 BRICHELILARM, £ A®&516
HEDAY 2 a— AT, ZDOEREROA
EXMERMOAKET, 300m #HER, HERSD
ZIERETH 5240m, 200m, 135m, 80m, * XL O*
BELTHEOKRKETFT DO VEITHREL - HIFIZE K
L7, MIEROBERE OV, KKERE
B& L, FMEAKEZ300m Ti232°C, 240m T

31°C, 200m TiX30°C, 135m TiX29°C, 80m Tik
28CCHIEIL, EFOBIEXINZ, 200m K& LR
RRICEB KRB ME LR DBERC L, i, o
FERT, ME# 3 X 08300m T, 2 B DHERE
LTIV, BEFIZ1BDATREI T, B
BREIR2ECRTHEFEAKE 44 TS K.EM.O.
Z1EH, AHEMT.Z2EBAIEXERL
720 FDfthD 2 200m EERE & FREICFT - 72,
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®3  200mEaFnEKEHBRMERER

(kcal * hr™V)

WEE | RE@) BERECC) BEERE (%) M+S=E+R+Cr+Cs hc*

T.S. O Air 26.7 55 107+32=31+64+ 1+43 2.9
K.H. O Air 22.5 50 115+11=19+74+ 1+32 1.9
A H. O Air 25.0 68 102+ 4=43+51+ 1+11 0.8
K.H. 85 28.0 54 124+ 8=19+23+ 4+86 (13.6)
A H. 105 29.6 68 104+ 4=44+17+ 5+42 8.1
K.H. 140 30.8 59 137— 6=53+20+ 5+53 9.6
T.S. 200 29.6 55 97+ 2=19+15+ 9+56 12.7
K.H. 200 30.5 64 84— 2=32+16+ 4+30 7.1
AH. 200 31.2 69 81+ 4=53+13+ 5+14 (4.6)

@ R

% 3 °200m BRI KRED 1 REEED SR D
GEIBREE L ARTEREL RTETH D,
FeEEEX Y RDIhe DES R L, 200m D
FEEAKIC I\ T Cs, Cr D#EMER, E, RDOR
PERIET R EFRBE I, hc BETOIEBD
ENHZBNRDD, REOCBEIMCHE > THEML,
L& L CHRBBTFEREIRESGYEKE
23 & T A RECHIE L RS R, BB (S)
BHHTLEDOHMBRIINEL, A5vrbkhE
G S N

300m DEHFHOREBHELYRL TR T, K
4 3IRE L BBBEOBIREY 7 7 7 IR LI O
TH5b, Cs, Cr oEIEN, E, ROBAERAH
BE X5, he MEEOEIMCEE - THEMTBE
BT B - 72 B 12 300m 12 8\ T, (A FE# R D Cs
DEDBEENSEL D, he b REREERL
o

total D BB K DRFLIE S B2 5 R T200m
AERELERCBEAELREO VR TS -
Yoo

% %®

BEE~NVYABETOLA -0 “cold
stress” #ETHE L OMABRIL, —RIC,

*kcal *m 2+ hr!-C™!

Cs=hc(Ts—Ta) TRINTV 5, BE~Y ¥ &
BRFRIE T O he DEZRD 2 HEITBEGH W
HRAZLNTE LN FAERK « KL T
HEFE KT ComRDB DI 2 % he DfE
BWERB LR TV,

Nishi 5137 4 V) v REEDT, AKEES
D he kD, EAOHE, he=10Vo(V : K
HE (m-s™)) & LT, BEEER I D he 23K
ATRENDZZ LD, FAEOYHES b
i, KEREZESIERT 5 hcltd LBEREY
RDBHZENTEBZ ERRLI,

hc=k (p/u) °%° (u+Cp/k) % ({HL, k@ B
GEER (kcal *m ' +h'«CY), p: BWE (kg
m™2), u . KR kgem-h1), Cp: H#

(kcal * kg™ - 'C~1))

ZOBREAVIUE, ENREOLEE 2 B &,
SHE Pb (mmHg) 123135 he (he.b) %, heb=
hc (Pb/760) °%5 & 72 %,

%7z, US Navy X hc k2T,
hc=0.13-k+L "t [gegL3: (Ts—Ta)+ (i
p7Y) 2oy s Cpe k1] 038L L7219,

BV, L HEK (m), g . EHMEE (cm -
sec™®), B BRGAE CK-)

ZORRIZ, BET O he DEIEICE, BEOHE
BB KA D RFTFERERHIN®R S h T
o TLE-T, EEFNERCZLL, G
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x4 300mMEIFNEKEBIBROAERR
(kcal * hr'1)
R |RE (m) BERE(C) RERE (%) M*+S=E+R=+Cr+Cs hc*
S.K. O Air 25.6 66 76+10=28+50+ 1+ 7 0.5
M.O. O Air 25.6 66 77+11=33+49+ 1+ 5 0.5
A.H. O Air 25.4 47 86+ 9=22+45+ 1+27 2.3
M.T. O Air 23.7 53 76+16=15+60+ 1+16 1.0
M.O. 80 30.4 68 65+ 1=35+10+ 3-+18 5.1
M.T. 80 29.5 74 76+12=11+20+ 2-+55 9.1
A.H. 135 30.2 70 72+ 0=15+15+ 7+35 6.9
M.O. 200 30.1 71 63+ 5=19+11+ 7+31 8.1
S.K. 240 31.5 66 63+ 1=17+ 9+10+28 9.6
A H. 240 30.7 58 72+ 2=24+ 8+ 6+36 12.7
SK. 300 31'.5 66 79+ 3=17+ 6+ 3+56 26.0
AH. 300 31.3 73 124—21=10+ 4+ 6+83 (35.1)
M.T. 300 30.6 68 85+ 5=11+ 8+ 8+63 21.6

257

,,,,,,/,

0 100 2

HE (m)

4 ERBINTIFBERORNE

*kcal *m™2 - hr !+« C™!

Kz kit 5 EBEHPFEOFT Cs xR TR
ATEDICIEND D,

4 E # 4 S E W F 1, ¥ T Raymond
LN X o TG S h, £EERNLAEE L TR
fligft\u 5, {HL, Raymond 5D HETIE, K
BEOHE BT RYFELH LD, &
ETORZENEL S, BESKE LR T U,
¥, SREXRAMICHETE LVEoREN
Hb, ACHETBRALLERTE, HETST
— 2 BB bhieh -1,

Z T, Baid, BERE T “cold stress” &
LTDCs%, GEHORVHESHE, HE
Thermister ¥ L OB EBE R CHEL &
Pneumotachometer % 7 — 2 LB 2 B 12 ZaA
ARF LY AT 2k HCTERIICRD L 5 &
L7z,

2D Cs 2BR®T he DEWL, BIFEKDEE
KERETH D, ZOEXRLEERT 5 EFEK
THIE 5 fih o TR HIFEEE O fRAT M 12 L
7¢ “cold stress” FRELE Lic\y,

& EBEIE L he DfEIRDWT, BE & OBk
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i3, BE 0 md 5240m % TIKOW T, he=
1.42P%3(r=0.95, P<0.01) (AL, P ¥
73 (ATA)) &7 b, 460 Raymond HD#HE I
TR AR L, BFE300m O he 13, HEO®HE
L7cfl &, #91.8f%DfE% R L, 300m DfE%
ANT-BE & 0BF%RKIZ, he=1.21P*(r=0.92,
P<0.01) tieote,

300m 123 1F % he DEIR2LTiE, 300m 25
KEECREINBFER S 2D 0,, CO,DEE I
FAEL e B 2 &b, BESWETOBEDRRA
EWEZATHEL TR Y, ZOBENRBRT
5 EbELLID,

Flohc DERELSENR b H5E B he
RERBMEOMRCHEIND Z EhLRBREBIC L
S TRELELRRL, FLIMEECIRELE
BINDLDTHDEELD, Thdx, HET
LZHFIIEAZDOWER I UCKRIEE O BIEE
DRLETHD, L LEAZLRERICRD DI
REMT, TLRROKEEEMBC LLRET
BB, ¥, 2V I7HAOKMBAIEEIKHENEL,
FRAB—FEL T W &b, B4ty 4 —
Aig<, FEHEL G, Lok, B4 EKME
EX—FThHsEEEL T3,

FxDZDHEILEL S Cs DETIIMEHTER
DB HEE THREICRD 57D, iofEoExE
PEEBT L, thdz, @84 0REY EMICERMR
TEULERD D,

4 ElD 200m K 0300m D EEBFEREN» S /BT,
total DEBFEE LT v ANEI T 5 23, TEE
DEIMZORT, Cs R ERMBEL - TV B T &
1%, “cold stress” & L T, AN EFEMIC S
NOHEBEZF T B EEILRD,

SHIDVRAT ARFRALT, ANEKhOF
— 2 ZEHR LS, FEREC TS, ERER he OfE
ZREL, BE, BEEEERIOFHEEER»S
BRI KFD “cold stress (Cs) ” &k, flio
HEFREAE & OBIRIC OV TR ED I,
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