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Relationship between Oxygen Uptake and Cardiac Output on Maximal
Treadmill Exercise in Marathoners by Improved Impedance Cardiography

Doo Hee Kang, Soo Kwan Hwang, Dong Soo Yeon, Seon Hee Yuh and Deok Won Kim*

Department of Physiology, Depariment of Medical Engineering® Y onsei University College of Medicine

Maximal cardiac output and oxygen uptake (\'/Ozmax) were measured during treadmill exercise for
seven top-class marathoners and nine non-athletes using impedance cardiograph developed by one of
the authors (DW Kim). Results of this study are summarized as belows.

1) New shoes with sponge and silicon rubber attached to the soles were developed to reduce motion
artifact during treadmill exercise. Ensemble everaging techneque with the developed shoes was also
used to improve the measurement of stroke volume using impedance cardiography.

2) Maximal cardiac output of the athletes, 14,98 L/min, was significantly higher than that of the
non-athletes, 13 46 L/min. As maximal heart rate of the marathoners is lower than that of non-athletes,
stroke volume of the former is significantly larger than that of the latter. )

3) VOZmax of the marathoners, 59,38 ml/kg/min, was higher than that of the non-athletes, 40,22
ml/kg/min. At the anaerobic threshold. \'/O2 of the former was 62.3% of VOme and this was
significantly higher than that of the non-athletes, 57,2%, This results indicates that the marathoners
have higher aerobic capacity than the non-athletes. )

4) The marathoners showed larger V02 than the non-athletes at the same cardiac output, indicating
that a-v O, of the former is higher than that of the latter.’

5) Maximal systolic pressure of the marathoners was higher than that of the non-athletes, and so was
maximal rate-pressure products.

These results indicate that heart oxygen consumption rate (hVOz) of the marathoner is higher than
that of the non-athletes is mainly due to higher stroke volume. And higher oxygen consumption of the
marathoners is due to higher stroke volume. And higher oxygen consumption of the marathoners is due
to their larger a-v O,. The marathoners show both higher threshold and VOZmax. Especially, measure-
ment of cardiac output during treadmill exercise by improved impedance cardiography is expected to
contribute in study of cardiac function of athletes.

Key Words: Iﬁpedance cardiog'rai:zhy, Maximum oxygen uptake, Cardiac output, Stroke volume,
Anaerobic threshold
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Table 1. Physical characteristics of the subjects

Age Height  Weight SV co VO, No.of
(yrs) (cm) (kg) (min—!) (ml) (L/min) (ml/kg/min) subjects
22 42 173 .42 68,08 72.92 55.88 4 45 5,51
Control +0 42 +1.51 +2.35 +2.92 +2.57 +0.09 +0.18 9
23 .43 173.29 61.43 64,42+ 64 .42* 4,55 6, 73%*
Marathoner +1.25  +£1.91 +2.51 +2.53 +3.41 +0.12 +0.32 7
Values are means and standard errors.
Significantly different from the control: *p<0.05, **p<0.01.

HR: Heart rate, SV: Stroke volume, CO: Cardiac output
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Fig. 1. Typical waveforms of ECG and dz/dt by im-
pedance cardiography.
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Fig. 2. Correlation of heart rate with cardiac output in
the subjects.

Table 2. Maximal cardiac output (heart rate X stroke volume) during maximal exercise in the subjects

Heart rate (min—?) Stroke volume (ml) Cardiac output (L/min) No. of
Rest Max Rest Max Rest Max subjects
Control 72,92 195,08 55.88 73 .41 4.45 13,46 9
+2.92 +1.49 +2.57 +2.01 +0.09 +0.36
Marathoner 64 42* 186 14** 67 62* 82 59** 4 .55 14 98** 7
+2.53 +1.16 +3.41 +1.79 +0.12 +0.25

Values are means and standard errors.
Significantly different from the control: *p<0.05, **p<0.0I.

Table 3. Maximal oxygen uptake (VOZmax) and ventilation (VEmax) during maximal exercise in the subjects

VO, ml/kg/min) VE (L/min) No.of
Rest Max Rest Max subjects
Control 5.51+0.18 40.22+1.17 12.1740.73 89.42+3 .94 9
AN *H *
Marathoner 6.73+0.32 59.38+0,97 11.43+0.73 103.29+3 .54 7

Values are means and standard errors.

Significantly different from the control: *p<0,05, **p<0.01.
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Fig. 3. Anaerobic threshold (AT) and the minute venti-
lation (Vi) during incremental exercise to the
maximum.

Table 4. Regression equation and correlation coeffi-
cients between VO, and cardiac output (CO)
in the subjects

Control Marathoner
CO=4.78+0.215V0, CO=4,53+0.180VO,
r=0,898 r=0,945
HR=89.3+2.41VO, HR=75.0+1.87VO,
r=0,885 r=0,908
SV=56.7+0.399V0, SV=65.0+0,302VO,
r=0,535 r=0.664

#2449 A 2 3 1990—
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0.535 o]t}
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Fig. 4. Correlation of oxygen uptake (VOZ) with cardiac

output in the subjects.

Table 5. Rate-pressure products (RPP)* on maximal exercise in subjects mmHg.bpm X 10-3

SBP RPP No.of
Rest Max Rest Max subjects
Control 126 5+1.53 168i£i5'02 8.65+0.74 32.80+0.99 9
* *
Marathoner 126 9+4 .15 215.3+8.91 6.68+0 46 40,05+1.60 7

RPP=Heart rate (HR)X Systolic blood pressure (SBP).

Values are means and standard errors.

Significantly different from the control: *p< 0,05,

**p<0.01.
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3, ZAYD Usob Zdge, TAgDee] 3
7t o1& 0,9 A AL Fotsle] E529 O,
ol-&o] 2A F7Hgz FAl BAE A} F52 AL
ool o FE A A} AL o] AL o] F
o]} A| ¥t} (Hudlicka, 1982; Saltin et al, 1977),

Musch % (1987)9] ¥ 30)] &]3}le] =|+3 F=ai-&
B Age Hdl 54 W 2 AR ERFol
%o <og °]%°]‘“E‘ —‘g‘a—-! °] E'] FLoBE %o'\j_'oﬂ
0,9] o] &e] F=h 3tglon, 7|7 Fa4]
ol = mitochondria®] 49} =Z7|7} Z7}=|3 succi-
nate dehydrogenase (SDH) % malic dehydrogenase
(MDH)$} 7 Atsta s o] &4 =7t F71= o
aerobic A7} Zd8}A] "} (Holloszy 1975), o}
et FEFole F5FO 2l Aaty o) g2

Z753 AgHoz el o] 8L zlAisln
2 Aol A= o] o+ glycogend FFol L

A ZFEL o] &3 4 Uk mhetER 2L AL
SollA f2e] 912 F2 glycogend] 17l gl
B2 o] 3¢ 77 T4 glycogen ol o 7b5

Sm 7158 YA 4 ' Aol
H) $5A) AMESe 0LYE 2 obgA] 4Ly
o} Sl H 5 Z718ke) w18, VOmext 5L/min Fx

A247 A 2 Z 1990—

24 obgAle) 0.25L/min ¥} 2 209} Z7}
ahel ol a4 av O,7h ol 1L 40mi A
Q) w18 ) LEAoIE av O,7F 160mLz. 44}
A5 Z71517] wl Fol] ol £54) AlubZako] 5u)
Ax F7tEolx o] av 0,9 F7t2 A== Ao
t} (Astrand & Rodahl, 1986), o]ul] -$-%-oll Bohr
effectol] 2]3] Hb2] Al4s]z]ZFAe] 208 ol%
H22 v O} Bobslel o e At ol4
4 9l= Zoloh =3} A A= AubEeke] 15% A
E7b 742l $E Ao) 5410 A2
80-85% 7} Z-5-oll 2 3}7] wiFol B} 2o
4% Y4 9E Aol

2 Aol A vtetEA49} v Ad4-2] VO, 9} A%
oo} Aarg vlms) ww (Fig. 4), o}ehE 4ol
Z2E V0,9 ¥57% 5l AtEake] o 2
£ o]z gle}, ole AFT av O,7) wlAd4
o 255 4 5 Aok FuletE Aee
< *.J‘i}%%ke_i B2 0,8 o]&% F glo] B84
7] (Andrew et al, 1966; Hanson et al,
1968) 0. & %H A=t} Ekblom % (1968)8) o F-of 4]
E 165 38l %o 444 1.0—2.0L £v|s]& &57}
oA AlvtEakd FaidEc 11-15L AHx @
< & 2oled, oL F3og ]ld a-v 0,7t
o F74 Azold, A 54 ALEHE 24.2
LE ZF&id 22 4L¥ o} F715}5 o},

Rowell5- (1966)2 252 4o o}_;_ 9l ALk
3§58 A BAT ARG AR Aoz 35
o, Heh £54 o|% ol VOumus} o7} »M
Q) el spolsh WA WA AL
o, £579 VOumex7} 8] 2EZol v4) 62, 5"/‘4-
o £3h2 o, A U3 WHEFE VOpne, 9} vhil
A2 60% A5 o F2 #E Bk =¥ o7
o ol A ALY Fomg Hof A3 W&t
o] Aol vk Hof| APtE e 2po|ql Aole,

Ao Aba 4wl (WO)E Autde} 4£37]
& qle] Fal RPP (rate-pressure products)ol] 2]l
I o2 Z2A = (Gobel et al, 1978), $%-Fof A
ubaee} #qte] Frfstm g, webx RPP7L 75
o], A& VO, 9| F7b7} vebdet, 717 58
il %o—sﬂl /Q‘i}-rﬂ dlo] AA3] Frlstmz
5 £ 7% $54%e RPP7L o o
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— 7} 3] 9] 491 : Treadmill o} ¢%

Ab 2 w) 2 2he) A —
< & vebdc} (Clausen 1976), £ ol Fo| 4% o}
2HE A9l oA A RPP: 6,.68% 10~ mmHg -
bpm 2 2 v]A4-2] 8.65X10-* mmHg - bpmol] 1]
S Rl de AL B 4+ Sek ok A% L

T2 53 AAEE HEA0] FolEe] o] He
AR & o] &3lHAME o gHe d& & & 3SS
Mo},

o) FEAlelle F3lol o8] Ao At &
apol7t gl Al "k vlAgo vid o &7
wjoll ) RPP& A7) o] o}, & d743
A & uletE A 49 FHco) RPPE 40,05X% 1073
mmHg + bpm2 4 #]A142] 32 80X 10-3 mmHg -
bpm 5o} $rel3h) B2 g Mol: gk Ak &
FA] $TA49 Palo] 215 3mmHg2 A vlAl
9] 168.2mmHg Bt} tf & 7L ulg 4£&7] —8—
Hol v B3 Al s5Yo] o] Fol U3 hEH
o] ¥ 27] w0l

o] A& Akt 4u|F (hVO,) Q] RPP= #4+F
W ol whet AAs, o] AFULFIL
Atz eko]l oF 5%%E 2| 3tc} (Jansson & Sylven
1981), Al-& kAR olx PF Ab4L 9] extractiono]
-9 o}, QlAR] FAZ9 A]—/—O]%—O] A4
2] 20%0l A A eked vl8) A& F3 70-80%
£ o] &3lm R, AlZ9 Al4 extractiong T2 -Zo
H3) 3-4uliv} o 22 B T3 Qoh FA el
Ae F5F o B AR E ol &3] AEA o
F#ol o F7ksA] driete a-v O, & F7HA7AA
At o] & FIHIA 4 Yo, AATAE gt
Al o]u] A2 a-v 0,7} E7]wlFoll ¢-5F
o B2 AL E A2l T3] AsiAE AAAEY
5ol F7te o=t &k weld FEFFol
RPPY| Frle vtz JA5 €573 5718 97l
gt & Aol wletE 49 RPPE Ao &5

Al 6.08) F7betla, wlAg-& 3,84 S A
2 Rof, Hd +FA= AL A+Y R %
TEATFY A2l ERrFgel o S E 4+
o}

Anaerobic threshold (AT)= 25X 3517} Z7}3}
of whe} L rte] FAksd)Alo] 24 lactate E% 7}
F%3= aerobicy} anaerobice] H7|Ag wdld,
olw] Br]gk (Ve) ¥ & CO,= F=35}3, HCO,-

POl

o

4] Impedance 4] 271 54 o] ALl o @ =le}E A4

o AlnEas

ol pHE F73lA] %ok (Wasserman et al, 1973),

o] AT o]Ale] $-F o} A4 =)™ lactate 2 0 2 o}

3 o] o] £5E ALY 4 ¢l Hluz olelEs

e AAY FE5ANM = AT o]3t9] &5 Z aerobic
+

Aol % $50] ol Roldol £5E A5 4
S Aol
VOma7t £€ 7 %ol $558, 53 274
< 873k 476l o £ 7158 W Aol A
o}, VOumam7t RolE AT} £& ASolE 37
2] 7]&-¢] | £& Z o]} (Neumann 1983), w}z}4]

zLﬂa} 715-% 4441 717] A= VOomaxd] 23
= o] v 23 Aolch
2ol F lactate T EZ FE
% & glent, ot Aol LEL FE A
Qe z, $E5ol ASHos Y BB T 4
e AHol ghoh webd 55l 8] st
& olgthel ATE 3430 319 vigddes &
AT 4+ 9 2 ozl £E3o) AW 270
7} 53 Aot (Nalmark et al, 1964; Orr et al,
1980). ©] & <« ventilation threshold g}1.% &}vi,
o] lactate 24 %3 AT9} Aldto] -9~ o v
2 (y=0.95) (Reinhard et al, 1979) o] & o] &3}
Aol Aeidhet,

2 ATOINE o] Vek ol g3le] ATE 34
743 (Fig. 3), =lebE A49) ATE 37 mi/kg/min
2 w44 23 mi/kg/mino] vla) S5 B
3, o] AT VOpmeoll i W25 slebE A4
€ 62.3% 24 v|A4¢] 57.2% Hr} o] £330 o
o, vlelE A47} o} H-& aerobic capacity S 7+
23988 ¢ 4 3 & hbE A4k VO, 37
ml/kg/min %7} % 7] = lactate ——-7]—3}0] aero-
bic Ae} ol £5-& A& 4 glewl Wi, ulA
AT7} VO, 23 mi/kg/min |22, o] o|4ke]
7Z}= 2= aerobic Aleol4] £5-& A& 4
R Aolth,

Farrell 5 (1979)& s}2}& 449 ATE VOmex
2] 70-80%¢°1 oz wtsll, ®lAl4E 50-60%A
Eebn SheA, chebE 4ol 37183 ATE 43
o] wj¢ Z£E& (y=098) xB13slgi, Davisk
(1979)-2 95 %2 % ventilation threshold7} 49% <}
A 57%742) Z7FE AT, VOume = 25% Z7}5S
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—d &2 s3] A
<& 2uskgir}, o)) wlksll Skinner % Mclennan
(1980)'\%‘ L7]7\J.' ’%‘E\_% T — Uﬂ VoZmax }‘ 17}0}’7]

Wl Lol ATAIS] VO, & £A T % VOt 214
3} 2 o] 7} gleka B sk 9}

Costill @ Fox (1969)c1 &]3}w] A|A|A el =la}l&
A VO,naxd 80-90% % 71 2 10kmE 9}
Z3lo]el s & F lactatert 33-46 mg% A = ulol &
AEA 45 Bmslglo ol& ATs o} V

Ozmaxl A9 717HE 58 & 4 28 Uehin
ek,

o] 8k Zro] Ag-Foll A AT7} 2 AL 2A4R
A gto] huben,
7 3to)w] (Farrell et al, ]979; Wasserman et al,
1981), o]= #A7|7} £ & E8]4] mitochondriag]
2719k 47t SEle] o ge ATPS 3¢ € +
A, ZAHo] whekslo] o A|chAbr} Bubsla
=HE AA A5y AFer 2o} (Hickson,
1981; Farrell, 1979; Holloszy, 1973), o] & ol3] &
TFollAE 559 lactate A 713‘0] o Fomg
lactate] 2 & A2 4 & Ao} (Do-

novan & Brooks, 1983),

|

A 2
7} HEF wp2tE A4 793 v)EE A4 99
2 Aoz 2 2o o3 slutgl impedance Al
A71E W& o] &3to] treadmill Aol A Hol] £
AtEFE S45ed, VOmaste] #AS 77
A3 o3 2 ARE A9,

1) Impedance A A7) £ 9] 7| Aol gJo] A tread-
mill -§-5-30l] motion artifact & 7}4£A]717] 94}
253 " Aoll spongee} silicon 175 HAH5le] F
AQ‘ —%_7” °]‘M—1—y 2
average o 24 314G Mot H &3] FAE 5 9l
ek

2) vhebE A4 5 w4 oAk 186, 14
+1.16 2 195.08+1 493l0]Qx, &l d3uta
k2 82.594+1.79 % 73.41+2 01 ml o]} ov],
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o]t ‘
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D AH249 A 2 3 1990—
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9] 62.3%, ®lAF7}57.2%0°)1A Tk,
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okxp7kel BAL chebEA LS A Y=4.55+
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X (y=0.898)0]9}

5) 2|} rate-pressure product (RPP) & u}z}E A
T B u|Adaee 247 40.05+1,60 %) 32 80+0,
99 10-3 mmHg + bpmo] 2]
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