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ABSTRACT

Hyperthermia during exercise leads to increases in ventilation independently of
metabolic factors, resulting in hypocapnia and cerebral hypoperfusion. This study
examined the effects of sleep deprivation on body temperature and cardiorespiratory
responses during exercise in the heat. Six male subjects performed a cycle exercise at
50% of peak oxygen uptake in the heat (37C ambient temperature and 50% relative
humidity) until their esophageal temperature (Tes) reached 39C or they could no
longer continue the exercise. Normal sleep (control trial) or ~28 h of wakefulness
(sleep loss trial) preceded the exercise-heat test. Tes, minute ventilation (Vg),
respiratory gases, sweat rate (ventilated capsule method) and skin blood flow (laser-

Doppler), heart rate and arterial blood pressure during the exercise were measured
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continuously. Exercise duration did not differ between trials (P> 0.05). T at rest

tended to be lower in the sleep loss than control trial, and it during exercise and at

the end of exercise did not differ between trials (P > 0.05). Plotting ventilatory and

thermoregulatory responses against Tes showed that Vg at Tes of 38.8°C was higher

in the sleep loss than control trial (P < 0.05), and the sensitivity of Vg to rising Tes

(slope of the Tes Vg relation) tended to be greater in the sleep loss than control trial.

Sleep loss did not affect the Teg thresholds for sweating and cutaneous vasodilation

and the sensitivities of the responses (P > 0.05). These results indicate that during

prolonged exercise in the heat, sleep deprivation can accelerate hyperthermia-induced

hyperventilation during prolonged submaximal exercise in the heat.
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2B OIRF UL ED & 9 Bt 2T 5
OMPEE o7 KWL TIE RV,

Dbz &t KWIGETIE, —#@EORIRAS
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1.2 VOgpeak Test

VOspea 1, 55 I 56 2 Wi LR ES) (S1SE,
Monark, Sweden) % H W TR 72, HWEIZE R
25C, HHRFIREE 50% |23 0E & - BRBE I =
(Fujiika, Japan) TiT->7z. 3 MD 7 + — 3 ¥
77 v 7 (30W, 60rpm) ATV, 1B OKE %
ATt 60W 205 1574512 15W 3 D A fif &
WS EEFRMICEL F CHEB T/
B O <~ &)V [ldEE0IE 60rpm & L, 50rpm BLF
275 L TRBHRME L T 25T
(RM300i, Minato Medical Science, Japan) % H \»
TR AZRE L. BoNTZT— 5 50
i (Ve), BEEEIUE (VOo) B & TR Lk
i (VCO2) % 60 I L TR, #hikR
FH O D E VO, DIEE VOspeu & L72.

1.3 BHTEHAEHFT I b

VOopeax PIE 5 7% { &% 3 HELEZITTH
5, BEATEBAMT A MEEmHLL. ZOT A
FTiE, OWIRD L<I1X @QFBFOMERE & - 72
%, BENIEBEIRE T C—EAM (50% ) ©Hix
BORE) 2 AT o 72, BLERE X FEER 24 IR Wi A 51
LWEE), 7Vva—VBIXOh 7214 v E2GAE
FIORF ORI A 45 2 7z

WriR St (Sleep loss §ef) Tl3, #Ba#E XS &
AL 72 BICEREBISRE L, HiREROEN
ZBWwT, MEREZ &S FICHEY (AM8:30) T
BTL7z (AM 6:30 IZBEEDHIEZHEML72).
DL, FEEZT-oGEIL, WEIZZORN
ZEEEEAL L 72, 24U XY Sleep loss §:1E T,
#) 28 BRI O (Wrilk) IRFEE 2572 (1), —
J5. B HER S (Control 5:14) TIE, HEIZT
TEGE ) ORERZ &), BEEofF (AM 6:30 %
T) I T b %ER= k= L 72 (AM 8:30).

M4t D12, AM 8:30 IZEBR=E % i /24,
BREEM 25°C, HHXHREE 50% (12 3% 58 L 72 BRage i 18
FWIZBWT, Al (Te) WEHOBEN % &
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deslr‘ieveaption Exercise -Heat
Normal i ; est
S|eep or ~AM 1000
daily activities Normal sleep J,Exerase start
: ' AM830
~PM22:00 ~AM6:00 ~PM 22:00 ~AM6:00
< ................ ~28 h wakefulness ................. >

1 Experimental protocol

POHEOVAORSETIHALL. oY
RAEAT-> T, REXFHIL 2. BREER37C,
AR 50%, JAE 0.2 m/s LA SRR E L 7o Bk
FIEEMICEEIL, £33 7 Ny NEBTOE
BIHICU R L2 HEEE TV T X — ¥ — O 112
D, 30 ~40 s OZEIREYRo 72 ZORMIC
I ERERE (OIHTE =% —, BB IRNEH O 2
B, FATEMER O 7Y, B i§ it = H
o7u—7, MEMERO A 7, CEREH O
TR, AT AGHHO~ A7) 23872 10
O NR=ZF 4 2 (ZF) WEEZIT- 721k, B
B#r 1% VOopeak O 50% 58 FE O £ C 1 iz B E B
ERL . EENE, 1) EIAIRORIETH S
AEIRAT39.0CIET 24, 2) BB MR T &
%l B (WEBRE AR F )V SR 60rpm % HEFFC
ERd b)) FTTo7. EBRTH, PHREF
FECHOLAREFM AT 72

1.4 BINTA—2—DRTERZE

Tes (FEEXT ZHWTHEL, 77— 513187
27 =% ua#—3 A7 4 (WE7000, Yokogawa,
Japan) ZM LTIy ¥ a—% —|Z5EEL, 300
RV L 222 AT IV 72, A% (HR)
¥ HR £ = % — (Vantage NV, POLAR) % i\ T
S5HIClE L, 30 MmIC P LMET—%
ELTHwZ, BRIMEE, 7—7 Vo kil k
BB & [ 72 LGl O A& 12 G b, BBl T
(STBP-780, Nippon Colin, Japan) % Ji\»C 1 44
WZHIE L7z, SFIEARILE (MAP) (3 455R ] i

FE+ UBAREC & 0 B L7z BT 25547 13
VOspear 172 & WM 7% ATV, Vi, —
B E (Vr), R (), FFEGRER COg 43
£ (Perco,), VOz, VCOp It UM 28 I % &
Tk 7z FTsETE (SR) 1F, B0 7t
WEIZ K o TUIE L7z, BBERE I TN
(346 cm?) IZFA S, 7T EUHSFIT 2%
RKOUWRE A HEA=IREL L~ — (HMP 45ASPF,
Vaisala, Finland) % fJ\V>Cill%£ L, SR Z & L7z,
R i1 L — 4 — K v 7 F — it (ALF21;
Advance, Tokyo, Japan) % i\, JIFIZBIT 5
B R M s & 1 B IllE L7z, Mg a > 87
7% v A (SVC) 3, KFIMiis = MAP T L
THEIW LA F7-, £BINER)EE (RPE) LI
W %577 1% (Effort of Breathing; 10 scale) % iE®j 5

S E L7z

1.5 F— 2@

SRR B RE D BARE (VE, V1, f,
Perco,) ZMatT 572012, Tes ICH L THK/8T
A—=%—%70y b L7 INSBHTIZIE30s D
P T — 5w vz, RANTHEEC XD BRES
R, FOME % Teg LFITHT 25K SE DK
YOI L LT Vi, Vr, fIEEB) B
%, Z2WIIHIL 455 CERIREIC R 2720,
AR AR AT I EE) 5 7 B Do 7 — 7 % v
7o, F72, RIRFAFRUG (SR B L USVC) % Te
LT Tay ML, EREEGT RT3
YEa—=F—=TNT) XLx T, EEFEH

T v AR—=UEEE Vol. 38



DRHDHNE 72 D X9 7 3OO RIFER A FHH
L7z, SRB LU SVCHMOD T BEIX, 200
FURER (120 20D RIFHER) D385 &
LTk HEPRORKEL RS 200D
EMROEHE % Tes LT % SR BLUSVC ®
EZEDIRIE L LT,

1.6 fHEte

FERZAL T — 213, SefFB L OME R &
& F 5 ZIEE O AT (two-way repeated-
measures ANOVA) % W CEDIRE %17 - 7-.
FRZELT— 513, ZEB LU T LNV EZER
& 9 % two-way repeated-measures ANOVA % H\»
TEOBEZRITo> 72, TWAMICBWT, AE%
TR RDFRD /-84 121%, Bonferroni D% 5
R a2 HWTHEBRRIELRITo 72, Tes LAITHED
#5 (Ve, Vi, f, Perco,) B & ORI (SR,
SVC) FUCORIME & 2t (&) 1260 5 &M

145

M OEDMEIIL, paired t-test Z HV 72, 7 —
ZIE T RCFHME + F#EFAE (SD) TR L7
FTARTOMEIC B THETAE ZKEE 5% i
L L7

2. MRER

2.1 EEEEES S UTHERDE

T Bk AT R 1%, Sleep loss £t T 625+23.8
min, Control 52T 63.3+24.4 min TH Y, Fi
M CTEEALNL P72 (P=036). FERI=
i%, Sleep loss 54T -2.17+0.22%, Control =14
T-222%023% CTH Y, FFEHOEZALNS
o7z,

2.2 T EH0HEHLCERKT
BOT — &

1 CHKHE, ED) 30 47 H B X OSEBNE T

B B HRRS & OWIARBES & RS B

% 1 Cardiorespiratory, metabolic and thermoregulatory responses during baseline, 30 min of exercise and the end of exercise

Baseline 30 min of exercise End of exercise
Tes , C Sleep loss 36.6+ 0.2 379+ 0.9 388+t 04
Control 36.7+ 0.2 379+ 09 388+0.5
HR , beats/min Sleep loss 634+ 8.6 141.1+ 17.7 165.7+ 8.4
Control 68.1+ 9.6 138.3+ 15.0 162.1+ 4.6
MAP , mmHg Sleep loss 90.2+ 95 97.7+ 5.6% 940+ 94
Control 874+ 45 91.8+ 6.1 925+ 6.1
SVC, %baseline Sleep loss 100+ 0 598 + 589 592 + 567
Control 100+ 0 508 = 380 529 + 401
SR, mg/cm?min  Sleep loss 0.14* 0.12 09+ 0.3 1.0£03
Control 0.15+ 0.11 1.0+ 05 1104
Vg , I/min Sleep loss 92+ 04 497+ 59 584+73
Control 9.0+ 0.7 489+ 4.3 549+5.0
V1 ,ml Sleep loss 567 = 49 1454+ 171 1416+ 238
Control 585+ 94.7 1517 = 268 1413+ 275
f, breaths/min Sleep loss 163+ 1.8 349+ 6.8 423+78
Control 158+ 3.0 33479 400+ 7.3
Perco2 ,mmHg Sleep loss 371+ 34 406t 5.7 36.9+t52
Control 377+ 19 39.7+ 36 376*32
VO, , ml/min Sleep loss 263+ 25 1736 + 234 1843+ 315
Control 272+ 41 1715+ 231 1836 + 320
VCO; , ml/min Sleep loss 223+ 20 1629 = 148 1714+ 189 *
Control 219+ 21 1577+ 154 1659 + 223
RER , units Sleep loss 0.85+ 0.05 0.94+ 0.05 094+ 0.07*
Control 0.81+ 0.06 092+ 0.04 0.91+0.05
RPE Sleep loss — 150+ 1.1 182+ 1.8
Control — 145+ 0.8 180+ 1.7
Effort of breathing Sleep loss — 5.7+ 08 7710
Control — 50+ 09 73+ 1.2

Values are means = SD.n = 6. *P < 0.05, sleep loss vs. control. T, esophageal temperature; HR, heart rate; MAP, mean arterial pressure; SVC,
skin vascular conductance; SR, sweat rate; Vg, minute ventilation; Vr, tidal volume; f , respiratory frequency; Percoz, end-tidal carbon dioxide
pressure; VO, oxygen uptake; VCO», carbon dioxide output; RER, respiratory exchange ratio; RPE, ratings of perceived exertion.
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# 2 Core temperature thresholds and sensitivities calculated after plotting the indicated variables against esophageal temperature

Sleep loss Control P value
Threshold, C
Sweat rate 36.5 £ 0.5 365 =04 0.80
Skin vascular conductance 36.7 £ 0.3 366 = 0.2 0.22
Sensitivity
Sweat rate, mg'-cm™?-min! - C 1 08 +03 09 +0.3 0.44
Skin vascular conductance, units- C ! 627 + 612 568 + 455 0.74
Minute ventilation, I-min™!-C ! 74 33 6.3 29 0.15
Tidal volume, ml- T ™! 669 = 1103 -88.6 + 78.2 0.63
Respiratory frequency, breaths-min'-C ! 6.6 = 3.7 70 £43 0.71
End-tidal CO» pressure, Torr-C ! 41 %20 -38 =20 0.67
Values are means =SD.n = 6.
LI D Tes 13 Sleep loss Gt TR ETA 278 L 2. 4 R—FEBEEEFOFRS &L OEEHRE

(P=0.14), EBEEZ & NIEBIE T Ty (P=
057) IZE&MTHEZIIALN D> 72. SVC
BLUSRICEFHMOEIAON o7z, LHF
D VE 12T A SN o 7278, BB T
O Vg |3 Sleep loss G Tl % 7R3 @I d - 72
(P=0.14). VCO, 1Z3EH) 30 47 H B X OSEBp#E T
FICHED L@ zR L (P<006), &
B # T IRED RER 1 Sleep loss 5= TH =2 =1l
ZoR L7z, SEEEIZEEHR O HR & Sleep loss &1
T (P=0.14), #EBE# TIKEO HR X Sleep loss
FECEWVWERIIZH - 72 (P=0.16). EB) 30 55
H @ MAP i Sleep loss 5 CHBEICE M AR L
7278, B TR MAP I2EW I B h o 7z, T
B © RPE 1 Sleep loss 41 T W EHTANIZ & -
7278, GEEIR TEEO RPE 12213 % Ao 72 (P =
0.70).

2.3 Tes ERICHT 2ERICDBEZ M
Tes & WU 35 X OVl il 8 UG DO BRI B 1 %

BMES L ORZ 2R 2IRT. BITFB LUK
J§ M TEIR O Tes BIME ISR CTRWITA SN
o lz R, Tes ERICHT AT B L O

JE MUFE IO B NI A S N Do 72, Tes
AR 5 Ve BN B2k E, Control £
£ D b Sleep loss G TEIVETT & 7R L 72, Tes
EFAZHT B fHIIN, Ve B £ O Pereo, T DK
S CTHBELECITIA LN R o 72,

Kt

Tes 37.0-39.0C O FEFA 12 BT, 04C H D
BELANVAT, Tog ERCHS 2 Ve Vr, f,
Perco, HR, SR B X 1FSVC OZALA M L 7.
Tes L XV ZF N ZF 1 37.2C (Sleep loss: 37.2+
0.0 C vs. Control: 37.2+0.0 C), 376 T (Sleep
loss: 37.6=0.0C vs. Control: 37.6+0.1C), 38.0C
(Sleep loss: 38.0+0.0C vs. Control: 38.0+0.0C),
38.4C (Sleep loss: 38.4=0.1T vs. Control: 38.4 =
0.1C), 38.8C (Sleep loss: 38.8+0.0C vs. Control:
388+00C) & L7z B212Te & Vi VB &

O FOMBEERY. Widelhe b1, Vild Te b
I TR A 12 L, 388T 12 TZ)VE
Sleep loss 5= THEICH M % /R L7z (K 2A).

Sleep loss 512 BWT, Vrid 37.2-37.6CI2B W
THED LFRwEm =L (M2B), —
EEfE %R L7z (B2C). Pereo, (&, Tes 1712
o THRAIET L, ZOZLIZEMERoE:IZ
AHNroTz.

3 1d Tes LTS 2 IR ED KOG 3 & O
BS R L TW5A. [{— T BiI2B1T 5 SR B
LU SVC 124 & T 2 h o 72 (F 3A, B).
HR % 38.4-388C 2B\, Control &1 X 1 &

Sleep loss 5 TR\ MEIANIZH o 72 (B 3C).
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25368 372 376 38 384 388
Esophageal Temperature (C)

2 Esophageal temperature-dependent changes in
minute ventilation (A), tidal volume (B) and respiratory
frequency (C) during sleep loss and control trials.

*P < 0.05, sleep loss vs. control. The numbers adjacent to
the symbols indicate the number of subjects remaining at the
corresponding temperature.

3. % ¥

RIFFE T, # 28 R O R % £ —@Eiko
WA 32 2T Refe 1 E B R ORI 3 & OMFIR A BR
FB I RAT T HBIZOWTIRE L7, EafRE
Sleep loss §fH 2BV, 1) EEBAIREFIZHES
WATTHERS (Tes & Ve & DEYREMOMEX) 13
Control & & 0 b3 2 MM ERL, F72M
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1.4,
—a—Sleep loss

1.2 —o—Control
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36.8 372 376 38 38.4 388
Esophageal Temperature (C)

120

X3 Esophageal temperature-dependent changes in local
sweat rate (A), skin vascular conductance (B) and heart
rate (C) during sleep loss and control trials.

The numbers adjacent to the symbols indicate the number of
subjects remaining at the corresponding temperature.

— Tos B Vg 12 388C I BV CTH EIC B &R
L7z &, 3) 372-37.6C DI — T FRIZB W T,
I-Ig 28 5 — > 9324k L, Vo O & fo s
Ao &, 512, 3) HEEAmR EA IS
R BUG (Tes & SR B X N SVC ORRIZE
T A BMESB & OME &) 1E Control 514 & @&V i3 A
bNGhro/zl b THE. D EoERNPS, B2k
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TTORK T —EBMEBHFICBWT, —#ED
WA LS & - TR L AR OISR ITHE SIS 25 k3
LUREMEDTRIBEE NG,

3.1 BHTEBFOMFN - BIRRICICRIE
THIER DR E

Control Z& @ Vg 1 Tes 5125 L C 51
I L, Tes & VE O RUBEMOME X 12631
min/C Th o7z (FT2). KWfse L MRS
55T TR T R i E) 2 F V72 BT R I B WV
T, 37-40C OREEBAKIREOHF I BT, 1TD
Tes 51285 L C Vg 13 5-10 Umin 840015 % & &
PHEENTEH Y (Nybo & Nielsen, 2001; Hayashi
et al. 2006; Fujii et al. 2008, Tsuji et al. 2012) %34
B AR OE R —HT 5. BRI
BRI RES AT L, MR LEAIZLD
W = 2. — 1 > FEEE) O30 (Tryba and Ramirez
2003) 19, £ rFLawr FolEk (Asmussen
etal. 1965) 17 # i £ 5 12 £k 9 group I and
IV 7 5 @ sk A S 8 (Hertel et al. 1976;
Kumazawa & Mizumura 1967) 18-19 22 & 1) 1
WA ET FAREANDHE N T 4 T RKL, €O
RIBKENEMT HEEZ LN TS, A%k
O Sleep loss M1 BT, Ty LA T2 Vg
DML Control 45t X 0 BN 4 @] % 7~
L (R2), [Al— T BEIZBIT S Vg 1E Teg 388C T
FEICEMEZRLE (B2). INo0fER2E,
— D WIRIZ & o CEHRERIR LA 120k 5 K0T
HESUBAIER T 2 TREMEARIZ S L5 .

INF CTEHREE T ICBIT IR SIS TS
WrIR D2 B2 G L 72 i3 b oo, Hik
BREE T COFRERLAYE B IR 12 B 1T 5 RSS2
HENTWS, Martin (1981) ¥ 1, 20C ol
BT T O 80%VOomax BH b Ly N 3 )V iliEhHE
DINT =< AB LRSI K23 36 K
MOWIR (EEE) OB v e L, Iy EEIcE
% F TOEB AR NI IR & > TR 5

&, EBEIEED VOy B X U VCO, 13 IR o 528
%27, Vg B X URPEZEEICHIKL 7
TEERWMELTYS. E77, VOoma lE—#MED
WPk & > CTZAL L 72V (Martin & Gaddis, 1981)
W 4 LMK T+ 5 (Plyley et al. 1987) 20 = &
BHESNTBY, —HLEARIESR TV
V. ORTFZRIZB VT, EEIHE T O VCO, B X
U 28462 12 1 Sleep loss §F CH B IS E %2 7R
L7z, VO 3 & U8 VCO 3G IS 258 %
ZF A5 TEY (Whipp, 1981) 2, = o
VCO, DI (FREHTEZE DB 75 Sleep loss 41
THROMN VE OB S L Cwizobhd L
. RBECEIZ S 2 OWIRIZAE - EEhiky
@ VCOy BN, i 78 D 6174 4 (Martin 1981;
Martin & Gaddis, 1981) %% & 13 —5a4, 20
FRIZOWTIEAHTH 54, Bbim (B3R5
vs. WIRERBE) RWIREEM OEYV, S5 (2I3EH)
R, EEIFR OBV EDER L TV Eond
Lz, £7z2, SBATHIgE & MAERIC, RPE S
EERTMECH -7 s, RIFETRON
72WHIREE D Vi OBIINZIE, KB E A & DL
P (2 boova~y R) oS
BG- L CWmT D E 2 51 b.

R AR, B EE AR T4 2 2 &2
GERE 2 S NICEBF I BW T B S LTw
%, O AR ORI T 38~ 2 1T
AR LT 57 (Bainetal. 2014) 2, it 2
BT BRI L S B PORIMENIR (% O RS2 1
WA AR 4) M E O T2, AR LA
O ITTHENZ AR ) BIIRIM A COo 7 EAL T ASK &
CBMRT 5 2 EHE 8N T4 (Rasmussen et
al. 2006; Hayashi et al. 2011) 247 K#f3eiz B
T, GREBAUR AR A D BT RS IR IR 12
X5 THA L7275 Pgrco, DI F 12 4 fhH <
WIRA LN o2 Z s, WIRAIFR A L
7B RIM A COy 3 EARTT & Z AL B3 4 ik i
TR TFICRITTHERII LA LRV LT
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NAH. L L, W72 24 T @B oo o I e e
IZED LD e RITTONIE I N E THE S
NTBLITARATH Y, H4HRO S5 7% DI L
HTH5b.

3.2 BHTEHEBOKFERMHRICICRIZT
WTAR D 22

PEEB AR A O 56T 35 & OV R Il i UG 1,
WIS L 2 BT T hd ol (R1,2BL0D
X3). ZOREFIE, 30 KEHOBIR (FEE)
12 & o TR T (28C) T b B ks |2
BT 2 5T 5 & B2 M SUS 2T L7z & v
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