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THE BASIC CONSIDERATIONS TO THE ACCURATE METHOD
FOR ESTIMATING DAILY PHYSICAL ACTIVITIES

—BASED ON THE IDENTIFICATIONS OF THE RELATIONSHIPS
BETWEEN OXYGEN UPTAKE AND HEART RATE—

By Yoshiyuki Fukuba, Sachio Usui, Toshio Tsuji,
Koichi Iwanaga and Takashige Koba.

SUMMARY

e

To obtain the basic informations for developing the accurate estimation method to Vo,-kinet-
ics from heart rate signal, the dynamic properties of the Vo, and heart rate responses to exercise
was analyzed. The modes of exercise as the input signals were step and random using a bicycle
ergometer(50 rpm constant). The responses of Vo, and heart rate to each exercise stimulus were
measured at 10-s intervals in two healthy males. The work rates of the step exercise were con-
sisted of different seven levels, i. e,, 25,50,75,100,125,150,and 175 W lasting 5 min after preced-
ing 2 min unloaded (0 W) cycling. The work rate of random exercise was varied between 0 and
100 W as a pseudo-random binary sequence that enabled the impulse responses to be calculated by
the cross-correlation techniques. In the frequency range below 0.7 cycle/min, although the sys-
tem of Vo2 was identified the second-order one, it could not be clear which the heart rate response

shold be identified the first-order one with dead time, or the second-order one.
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Table 1 Physical characteristics of subjects.

b age ht wt  Vopmax VT(Voy*
subject
(ml/kg/  {(ml/kg/
Gre)  (em) G min) min)

S 35 169 65.0 46.2 29.5

Y 32 176 68.5 38.8 18.3

* VT : ventilatory threshold
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Fig. 3 Schematic description of parameters in step response.
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Table 2 Parameters estimated in step response.

[HR]
w Te Ta b* Zy a
(watt) (sec) (sec) (bpm)** (bpm) (bpr;le/c)
subject S

25 177 5.1
50  11.2 4.6
7% 16,8 4,7
100 16.3 1.9
125 21.7 2.6
150 19.8 2.0
175 27.2 0.5

19.1(19.1) 57.3 -0.019
22.2(11.1) 56.8 0.002
32.9(11.0) 59.1 0.003
42.8(10.7) 50.9 0.014
42.2( 8.4) 74.3 0.005
56.2( 9.4) 54.8 0.076
70.2(10.0) 57.7 0.077
subject Y

9.7( 9.7 74.3 -0.004
16.1( 8.0) 71.2 0.007
26.4( 8.8) 72.3 —0.000
39.4( 0.8) 66.3 0.002
45.7( 9.1) 81.0 -0.001
50.8( 8.5) 74.6 0.035

25 8.5 7.8
5 21.5 -0.8
7% 34.1 1.4
100 29.7 0.8
125 38.2 -2.7
150 44.0 -7.8

175 69.4 -11.2 67.5( 9.6) 79.8 0.024
[Voﬂ
W Te Ta b* Zy a

(watt)  (sec) (Sec)r (mpm)**"j (mpm) 6‘?%2&

subject S
25  20.3 14.0 219.1(219.1) 396.3 0.029
50  42.1 4.9 500.2(250.1) 462.3 -0.204
75 33.5 4.4 806.6(268.9) 401.8 -0.046
100 42.0 4.0 961.2(240.3) 392.6 -0.009
125  26.1  11.4 1192.4(238.5) 412.1 0.200
150  41.8 4.3 1769.0(294.8) 419.0 0.321
175 42.9 5.0 1982.0(283.1) 398.6 0.205

subject Y
25  40.8 28.2 259.5(259.5) 430.3 -0.133
50 49.7 13.3 516.9(258.4) 428.8 -0.125
75 40.5 5.6 764.0(254.7) 419.0 -0.053
100 39.0 12.7 984.1(246.0) 361.3 0.050
125  45.5 6.0 1265.7(253.1) 402.8 -0.017
150  58.0 5.3 1695.3(282.5) 414.8 0.350
175  38.7 12.2 1833.0(261.9) 420.3 0.408

*  the value in{ ) shows the corrected value cor-
responding to 25 watt
sk =beats/min
sk =ml/min

7, HEEED SD 3 KREh o0, O AFHED

BE&r oW E25H2 L TH D A, breath-by-
breath 3£ CHMIC BT HE, HEERE » £
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Table 3 Work rate condifions of pseudo-random
binary sequence in Experment 2,

conditions of work rate
as a pseudo-random

Pattern subject binary sequence
] 1

P1 Y rest 50 w

P2 Y 0w 50 w

P3 s 0w 50 w

P4 S 0w ww
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Table 4 System parameters estimated
in experiment 2.

—X%Vo, — (2nd-order system)

T (sec) K* (1/min)
P1 38.2 0.614
P2 29.8 0. 437
P3 26.5 0. 460
P4 31.8 0. 679(0. 483)

— HR — (Ist-order system)

T (sec) K*(beats/min)
P1 21.7 17.9
P2 18.4 13.8
P3 20.8 19.9
P4 18.8 21.7(14.5)

* the valuein ( ) shows the corrected value
corresponding to 50 watt
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Fig. 6 Bode diagram obtained from subject Y in Experiment 3,
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Table 5 System parameters estimated in experiment 3,
— Vo, — (2nd-order system) — HR — (system)
External work . 1st- 1st-order 2nd-
0—1(watt) T (sec) K#* (ljmin) order with Ty order
. External work K*
subject S o—1(watt) T Tse0) Te T (heats
0 - 50 19 0.433 min)
0 - 100 23 0.521 subject S
50 ~ 100 24 0. 509 0~ 50 23.5 23.5 5 13.0 26.8
subject Y 0 - 100 340 — — 20,0 22.5
0~ 50 27 0.501 50 — 100 73.5 — — — 32.7
0~ 100 26 0.531 subject Y
50 — 100 25 0. 556 0~ 50 25.7 25.7 5 14.0 15.0
0 - 100 47.4 47.4 5 —- 21.0
50 - 100 39.2 39.2 8 19.0 15.5

* the value shows the corrected value
corresponding to 50 watt
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Tilotc, AMEELERLEFERET, 20AN
E LU ToRUTHMNES . BEE0, 1278
DM-FF e F L fco M-RFIO 0-1 D2F — v &
LT, 0-100W o sl L ke 15 H
9T, 0-50, 0-100, 50-100(W) D 3 & — v D
Biz#= 1 o 2 — x EE) (a8, 50rpm) & 47
ol BITTER2 CARTHS,

5-2) BRIER

BREY 0L&HsE s A- FERYHG6 @
RLI, BPFE T, ATIARZ b ADNKIEHRYT
A P2 A4RXERTERT0.7cycle/min ¥ TORE
WRE BN O G E Liens, Vo, HR oiassik
DHEETT S L, OBREO BB T
VAFAEEZTELEZRCE EXG0 1,
#e3s, Vo, ® 50-100 cc/min DGE (K 11
ARPFED A - FEE BT -26~-20dB v,
HR @ 5 beats/min DL 13#7 14dB v~ #f
WLTwB,

Vo, »#—~ FEETIE, 3o0ARERL bR
BOTEB L% — vERLE, BURERR
b & -40dB/decade DET LR L, HER A2
K, GEO=K/Q+Ts)! OoBLiDI L&V
M atc, FEBBCDOWTERT A — 2% RD
HEREYRERR L, Bbhics 2 —2hbil
RS YEHEL T~ MR i
fob B, 2RBTHIC VAT ANERTET
VB EBFERINLE®T (), Fh, E2
TROOREE GIEFEERS A v, HERER
L, 2RF[E LD VAT AREIRE LIERC
BorLEZLRD, ER1DAT » FIRE L LB
TAHE, M-RAARBELALGEOHD, BEH
HEPCEL D L5 Thot,

HR ©#— PR, AREHFE L 5%
HHHh-, BWERBERC S &, -20dB/decade
TETT5 1RARERRTS 71 VREXR SR
505, fHOBR»LIL, —RFdEHEo»
Wieh DBy, b LR 2KRAD LIS 0 LR
ELTERTELIORELZ bR, £ T, 1
RRCLEBERO Wt 0, Thbb,

G(s)=e T4 K/(1+T+s)
o Te 2w, %z Vo, LRk

2 K%,
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G()=K/(1+T-s)*
DFEC 2T, ThTh 3 2 - X OEELT
sl FERELT (L), 1RACLERK KO
DWW EBEBEAYEE LRI REVES (N7
(b)) &, ¥4 vElo—RKEXEETH L 2K
REBEELLESPECEAMET7 (e DT DH L
iz, AME I HR o> A5 22 LTRHH
FEOWEMENRE L LRBDT, 5813, XIEW
K CHE R AL EREFORESLE
THH5, KD X5 nFBOAF O HP
10BEOGETE ¢, BRSEROBERBRAD
Bb, IVEVERKE CRETS I, M-F
D 1=2=, t OREELZ NS TILERDD
B, FhicfEy, breath-by-breath i ) % W38
#2352 — 2 ORESP, R-R BfE2» 5O LHEH
DREATAIR LT85, SHIL, = v a—xH]
HoHER= L2 -5k, FERO LS elES
AT AEAGT, SLTEN - BREYRETCVE
T EE L Tob,

PTEER 3 THRBRE SO 50-100 W &4 ToER
PHITOR & v 5 BRI BLERNEE 21w v, HR
OBE, F— FERERTLbnb L5, Vo
EHRLT, R4EMTOERIKREV, 2hb
OEFRCE, BLHL, REHOER (K4565)
CAESEERE L~ D VY 7 PRGN IRE O #HE
B, HR #ED 0% OFBRTE X 52EH,
¥ M-BFO0EBHA Ok THBEE -V
SOELR Y AT ADEL, ot O
EHELTCWH EELLRDLY, TOFMILIEL
DT,

A5y FADARERCHTS Vo, HR OfF
B BT AW, ToEERLEA BTk
RTETWD, SHLICBB VAT 2N e B
b, 197140 Wigertz” IR, B4 S #& &
R FoREIShLHEHBEY AT &b LKA,
2RBLE VS THBRLONE, BROEHLD
DEC, WHAWAELERIRT VS, Thbhomh
THEBEAZT AL TWAE L FHIL, FRAR
BT, BREOE R E FREDOB VRO
BHEAROELFHTHD, —7H, DWRCE T
i, W OhOELFHIREIRTOLLHE—Z
REBERRELR TV, SOFRx, jid
Dy 5L ODERPBEELCWHLDR, Th
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FROEBRERS—HK L TwiWZ 2235 5h
%, ABECHME L, Vo, HRO v 25 Affd
FEES =2 A F—-NHBREEFEOMAES, *
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DHHEBRN D =3 A+ — 1428 (Vo) %, X iE
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