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3 by modif};ing the braking mechanism. L. o o
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Abstract

Pha¥ I of this study entailed a verification-of the relationship belween oxygon‘
consumption and both concentric and eccentric workrate on the bicycle ergo‘mett‘r
constructed for the whole - body human calorimeter. This series of gxercise
expenments, carried out without ca]onmetry‘ included a range of pu.lnlmg speeds
and brakeforces, but also "idling", i.e. pedaling only, against the “frictional
resistance of the ergometer tmnsmlsslon and passively *being pedaled® hy the
electric motor of the' - eccentric °exercise ergometer.. It Slso includéd
experimefitation with the brake on the flywheel, . by subsmuung the von Ddblen
brake ori the monarch ergometer by a known weight suspended from the brake
belt. Onl‘y one subject was employed for the total of 38 experiments. .
. .. ¥ *

Phase 11 was carried out on six ‘subjecty,- who performed ,n'.LoLal\.\or 70 .
experiments with concentric and eccentric exercise at a range of pedaling speeds

and brakeforces in the calorimeter. All experjments were - carried out at b
" calorimeter temperature of 32.36 + 0.06°C and a dew point temperature of less .~

than 6°C. .Each experiment lasted abqut 50 minutes, or un\]ll the various

monitored ‘variables, sensible and insensible heat exchange, heart rate and body
core temperalure (tympanic-or esophageal) showed a steady stateas ]udged by \
visual mspenuon Immediately prior to this state metabolic heat producuon Wis
determined in duplicate from the measurement of oxygen -consumption and
respiratory quotient. Near the end of the‘expnriment the subject reported his 5

perceived exertion on the Borg scale.

o

y

Phase I, which was intended to familiarise O.lhe author with the various methods,
did not reveal .anything that wag not yet known from the current literature. The
net hanical effici of exercising on the calori ter was 18.6%

for concentric work and -100.4% for eccentric work. There was little to be gained

L ..

In Phase I theeergy balance was.analysed by adding nlgchrnicaliy all heat
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gains nﬂd'ﬁegt losses during the apparent caloric and. thermal steady state.

Suprisingly, tl.lere‘ was usually a small positive heat storage which was'mos

related to the concentric or eccentri¢ workrate applied, and to a lessér extent to

"the metabolic heat productipn.

Conclusions
1. With direct ca]orimétry SSne can detect rates of heat storage which -
cannot be detecbed by thermometry at the convenuonal body sites. -
v = After 50 minutes of continuous exercise,’ emher concentric or eccentric,
there was a small amount of hent stoi‘age. which was associated with
the v—lorkrate (0.5 W storage per applled workrate in wans), but not
} wﬂ.h membolm heat. producuon The average heat swrnge was smnll nt
. .33 watts for all experiments. A,heat storage rate of 33 watts converts,
in a 70 kg subj'ect, to a bri‘se i‘n average body temper‘ature of '0.008
: “’C/min‘ 'I“his may well go ‘undetected by observing the eardrum and

mean skin if_the storage takes-place in-peripheral body

regions such as the exercising muscle. .
2. It is not possible to (\mnntitnte internal work thermodynamically as the
- > -
energy required to overcome these forces must ultimately be derived
from acrobic metabolism and thus would show up as heat.

X . g
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X ~ Chapter 1 ’
Overview
1.1. Theory

1.1.1. Heat Balance Equation
. P .
Man, p&iucés heat as a result of complex biochemical reactions whereby energy
is made available to metabolically active tissue. The overall metabolic hent

production, M can be calculated from an individual's oxygen consumption. This .

d i i Talationcl

relies on the stoi T ip between the combusted energy

source, the oxygen required for the process aﬂ& t‘h‘e carbon dioxide pmdu’ccd, The

. consumption of 1 litck of oxygen liberates :'xn):v"w'hcre from 10.33 to 20.24 kJ of

heat, depending on the energy source utilized (Carpenter, 1939). In keeping, with

T the basic laws of thermodynamics, during any period of s;lstainet.l activity, Mi)

" should equal the total heat lost by the individual ;;lus or minus the work i{nposc«l.

For this to 'be true, body heat sforage (S) must equal zero. During Lhe’ initial

stages of exercise, the rate of heat dissipation does not match the rate of heat

production and this—leads to heat stur;;ge and a subsequent rise jm hody

temperatures (Nielsen, 1938). When they hu\(e‘lrisen enough to elicit, heat

to b¥ipg heat loss into balancé with heat

production, the rate of heat storage becomes zero and the temperatures reach a

M # s "
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platean Radiative, conductive and convective heat loss (Sensible . Heat

Exchange,SHE) and evaporative heat loss (Insensible Heat Exchange IHE) are

the two major modes of heat transfer between man and his environment.

Devigtions in body temperatures whether due to exercise or varying
>

environmental temperatures lead to modifications in SHE and IHE to allow for

effective dissipation’of heal produced and/or gained. On a conventional bicycle -

_crgometer the exercising subject performs external work i.e. the caloric equivalent
of the external work has to be subtracted from the metabolic rate (concentric

" work), Approximately 80% of the energy liberated at the tissue shows up as heat,

technically possible to do work on stimulgted muscles. In this case, mechanical

work, - which- ultimately degenerates into heat, is delivered to the body. The
ciloric equivalent of this mechanical work hastobe added to the metabolic rate
(eccentric work). The first law of thermodynamics can thus be stated in th'e above

mentioned physiological units (Bligh and Johnson, 1973).

/J .
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All components are expressed in power units, rather than energy units:
S=M+E+R+C+K+W [W/mor|W] Eq1
- "in which
\
S = Rate of storage of body heat s
M = Metabolic heat production

E = Evaporative heat transfer

) R ‘= Radiant heat transfer
A YD .
—€ = Convective heat transfer . -
K = Conductive heat transfer
o W = Workrate .
g . .
“The convention has been followed that all heat gains by the body get a positive.
s sign and vice versa. Thus,” M is always positive, E almost always negative, *

' whereas S, R, C, K and W can assume cither a positive or negative sign. See also 70
. X s

definition of terms, 1.3.

1.1.2. The mechanical workrate term
During bicycle ergometry, with the help of a motorized ergometer, the work

perl'on‘ned‘by' an individual can be of an eccentric or concentric nature. The '

te;ms‘eccentric and concentric exercise are explained in the attached Definition of

Terms, and by figure 1.1. In addition to this applied work (Wa), energy is

expended by the individual to increase mspirat’ion’ and cx}rdiac output, in rnising’

~ %
and lowering limb ts, in ing posture and in ing clastic and %

viscous forces in the mugcles and joints. These forees, whether gravitational or

. k‘ . _.‘
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I’ricﬁm‘ml, occur within the body and are distinctly dif!erent\ﬁbm the forces

applied via the NLycIe'ergom:-terv The work required to overcome these forces is*

known as internal work (Wi). Additional !orce‘is}lﬁ required*to overcome
frictional resistance within the ergometer itself (W/)."The manual accompanying
all Monark ergometers indicates that petionti the ‘teankooision %ok dad
bearings increases th; workrate by appmximatelyfﬂ%. This work component,
while internal to the ergometer, is external to the body and is therefore an
integral part of the applied work component of exercise. Thus the total work
performed while exerciling'cnu be considered to be the sum of three separate
) S8

)

work components:
~ .

W= Wit Wa + WS "Eq.2

where Wis the total work performed; Wa is the applied work component; Wi is

the internal work component; and WJ is the work required to overcome frictional

forces within the ergometer. Collectively Wa and W/ are referred to as the

externa)-work component of exercise We.

i : 1

%
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EXERCISE
CONCENTRIC ECCENTRIC"
7 ~ FIBERS SHORTEN & FORCEABLY STRETCHED
- MUSCLE DOES WORK = WORK DONE ON I"lljSCLE
- ENERGY LOSS - EN‘ERGY GAlN
\ 9 B t
APPLIED FORCE "i APPLIED FORCE ¥
DIRECTiON OF . N DIRECTION OF
_ . 8 rorion A . . Horon
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|
5 ';- % . Figure 1-1: Ec;enu'ic and Concentric Exercise
n
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1.1.2.1. Internal Work as a Component of Total Work
When assessing energy balance during exercise it is critical to have an accurate
measure of the total work performed by the subject. Wa of the external work

component 'is applied work -and can be essily measured. \"V/ is also easily

determined using fc in gauges on the cranks (Daly and Cavanagh, 19'}6) or,

in the. case of the eccentric ergometes, with the calibration,procedure described by

\ Snellen and Chang (1981), and utilized for the calibration );f;bhe eccentric
XU -ergometer.used in this study. This procedure will be discussed later. The internal
N

% work componerit, on the other. hand, cannot be measured directly and has to be

cnlculntcd through indirect means. N
i
1.1.2.2. Hlstoﬂcnl Aspect nf Inbernal ‘Work

. The concepl that txﬁk\energy is used in movmg the limbs and avercnmlw
P v rcslstnnce within the joints and muscles has been recognized for many years

(Chauveau, 1898 , as cited by Asmussen, 1053; Abbott, Bigland and Ritchie,

1952). These studics, as well as recent i igatipns (Whipp and-W.
~ 1069y Lmnnrsson, 19743 Hesser, Linnarsson and Bjumedl 1977), have shown that

o‘(ygen uptake during Pedaling wnth\ut ahy external load is significantly -higher T

- than at rest and that zero load ped:\ling does-require energy expenditure by the
~ .

di tated

subject. It scems likely that much of the dditional energy
with loat_iless pedaling is used mainly in overcoming internal work (Abl’)o" and
Bigland, 1553; Asmussen, ‘\9{2, Ausuand, 1960). In this respect the study by
(Bigland, _Graichen”and Wood;;‘ ~ljl73)is most intriguing. They confirmed. tile {‘
results obscrvcd'by. the above nutho;s\withvpédaling ratés up to 120 RPM, but '

observed that there was >only a marginal rise when the legs were *being pedaled®
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by the eccentric ergometer motor. Th;- assumption here is that the eccentric
ergometer motor supplies the energy to overcome the internal work which is
nol ;!ly sup);lied by the subject in zero load concentric pedaling. They also
report that the subjects had to be trained for this passive excrcise in light of the—_
fact that the uninitiated would h:v’e trouble relaxing the leg muscles. :
- 1.1.2.3. Techniques to Méasure Internal Work
To date, a variety of methods have been used to calculate the internal work
\ component of different l):pes of exercise mainly us.ing biomechanical techniques.
Invariably these techniques involve calculating energy changes in the body d‘uriug
exercise. The most popular of these is cinematographical analysis (in more than
one plane) of-accelerations nndeec;:lerations of centres of gravity of a large

numbfr of bﬁd_y’ segments. In one study of over-ground level walking, the average

internal work per unit body mass per unit distance walked was determined to be

" L09 Jkg it (Winter, 1979). The relative contribution of eccentric and -

concentric muscle activity was not assessed. In another study the energy required

to move the legs during eccentric and concentric bicycle ergometry at different

and was d from ftal energy

| pedaling

| changes in the body using cinematography (Wells, Morrisey -and Hughson, 1986).

{ The mean internal work calculated at speeds of 30, 60 and 90 revolutions per
minute (RPM) were 11.5, 20 and 62 watts respectively. Unfortunately, in using
v Z ©

cinematography to establish values for internal work, it is not possible to measure

I = energy expgnded to frictional and viscous resi ¢ in the-muscles and

joints.




1.2. Purpose
« g e
Apart from the obvious biomechanical differences between eccentric and
¢
concentric exercise, the physiological responses observed to occur during these

“types of e‘(cmse are vastly different. It is thought ?hat these differences m)ghf in

part be attributable to the intofnal work component of exercise. This study was
carried out to assess this possibility. The purpose of this study is:
l.‘Tu evaluate the aerobic-cost of eccentric‘ exercise and to evaluate
systemnticnlly the-calorimeter ergometer using physiological variables.

" So far, the calorimeter ergometer had oply been described technically

(Snellen and "Chang, 1981). This part is referred to as Phase L.

2. To compare estimates of M dll.ring eccentric and concentric exercise
at various brakeforces and pedaling speeds, as made through indirect
calorimetry, to that of heat losses measured through direct

calorimetry.

3. To determine the relationship between an individual's perceived
W 3
exertion and exercise intensity, heart rate and oxygen uptake for both

g . 3 A
eccentric and concentric exercise. i 8

4. To evllnste the time period required to r_ea:l.n‘steady state c}ygen

consumption during eccentric exercise. . e -
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1.3. Limitations

There are a number of inherent limitations in this study;

1. When calc\lla‘ting M a non-protein R.Q. is used to determine the
calorific equivalent of a liter of oxygen. Here (Ne assume that no
protein is metabolized during the exercise. The actual energy
conpributi&n of protein metabolism in short lu‘rm, submaximal exercise
of this nature %6 questionable but quite possibly a factor. Previous
studies indicate thal for Exércisc ,of short fiurat%un, energy |,
:sc;uirements can be easily met by glycogen and fatty acid .!:rcnicdo\;x
(McGilvery, 1973) but as work durl’;tilan increases, amino acid
Mpetabolism may become increasingly important (Felig and Wahrnr‘l, :
1973). L S

2. We also assume that ATP and CP stores are maintained and that
there is no anaerobic metabolism. Anaerobic processes give rise to a
production of lactic acid. In light and moderate work the Inc}utc
‘concentration remains at resting.levels, or it” may even dccr;usc

: slightly. At higher workrates, lactate concentration increases steeply
with load (Asmussen, 1965). In this study, M is"cnlculated on the basis
of aerobic metabolism. This is more warranted since all exercise R.Q.'s
observed in this study were around an expected ®"aerobic® value of 0.9.
In support of this observation is-the factsthat the highest %% of

- VO,max used in Phase IT was 57% and in fact only four of the 79

experiments showed values above 50%.
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3. The resblts in this study rely heavily on the manufacturer’s sssurance
A!(ppli\ed Electrochemistry Inc., AEI) that calibration of the oxygen
‘rmalyser ‘with standard air is sufficient. Newfoundland outdoor air agd
calorimeter inlet air is standard, ie. 2084 % 0, 0.03 % CO,

~(unpublished results with Haldane analysis).

1.4. Definition of Terms

Before attempting an explanation of the theory behind a thermodynamic

ﬂpprunch to this problem it will be of some advantage to review a few of the

rnlcvenz terms used in thermal ghysio]ogy:
1. Coneentric Exercise, W,,, (fig 1-1): Exercise during which active
. . 4

muscle fibers undergo shértening and perform external work, e.g,

running uphill: In terms of the Heat Balance Equation, W, is the” <

transfer of. energy from thé body to an external system and is

therefore a loss of energy.[W/m?] or [W] .
N
g

Conductive Heat Transfer, K: The net rate of heat transfer by

b

©

conduction ~between an organism and its environment, usually
eyy’pgsxed in terms of unit area of the total body surface. The quantity
K in the Heat Balance Equation in which +K = heat gain, and -K

= heat loss. [W/m? or (W]

4

3. Core Temperature, T,: The mean temperature of the tissue at a depth

below that which is affected directly by a change in the, temperature

. 3 <
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graAinnL through peripheral tissues. Mean core temperature capnot be
measured accurately and is generally represeited by a specified core -
temperature, e.g., that of the e;ophng‘us.[“ ) ¢

et

4. Convective }{%‘mns{er, C: The net rate of transfer by convection
between an organism and its environment, usually expressed in terms
of unit area of the total body surface; the quantity C in the body Heat
Balance Equation in which + C = heat gain nnd‘- C= <xc’nl loss.
[W/m?) or (W] k)

5. Direct calorimetry: All processes accuring.in the body ultimately result
in the production of heat. Direct calorimetry s a procedure whereby
the heat dissipated by an incliv;dua] can_be measured directly in an
Bp;‘opriately insulated calorimeter via differential thermometry and

hygrometry. R

6. Eccentric Exercise, W, (fig i-l]: Exercise during which the ;nuscle
fibers are forcibly stretched while being stimulated and work is done
Jon the muscles e.g., running downhil]. In‘ terms of the Heat Balance
Equatiorr, W, is the transfer of energy from an external system to
the body and is therefore a gain of energy. [W/m?| or [W]

7. Evaporative Heat Transfer, E: The rafe of heat transfer by

evaporation from or condensation on the skin hd~the surfaces of l/hu
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Srespiratory act, usually expressed in terms of unil area of total body

surface. E is calculated by multiplying the calorimetritﬂ]y observed

total water vapor loss per minute by the heat of vaporisation
(2.44kJ/g). In the Heat Balance Equation, evaporation and heat loss

from the body are indicated by -E, condensation and heat gain by the

body by +E. [W/m? or [W]

8 Indirect calorimetry: As energy metabolism in the body depends on

the utilization of oxygen, it is possible to obtain an indirect estimate of

energy metabolism by measuring a persons oxygen consumption, either
@ )

at rest or under steady state exercise conditions. This form of

"calorimetry assumes anacrobic energy yield to be negligible. o,

9. Radiant Heat Transfer, R: The net-rate of heat exchange by radiation

between an organism and its environment, usually expressed in terms

of unit afea of the total body snr('ac'e. The qu:hnity Rin the H.eat ’

Balance Equation where + R = heat gain and + "R = heat loss.

W/m) or (W] .

i : %

10. Rate of Body Heat Storage, S: The rate of increase or decrease in the
heat content of the body, as reflected by body temperatures, caused

by an imbalance between heat production. and heat loss, usunlly

expressed per unit total body surface area. The quantity im the Heat, -

Balance unanon. (W /m? or [W]
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11. Temperature Reguht‘ion: The maintenance of the tempesature or
temperatures-of a, body within a restricted range under conditions
involving variable internal and/or extetnal thermal loads. Biologically,
e exibtanes) ot 5ine: degzes of) fody peRaNErs /eoglition |by

n/\ftonogzic or behavioral means.




Chapter 2
. Metl?ods

2.1. Calorimeter e
2.1.0.1. Technique to Assess Total Heat Loss

Total heat loss was assessed using a whole-body air calorimeter which measures
sensible and inscnsible heat gxchapge directly and contingously. A technical
<lescripti‘on and the performance characteristics.or the calorimeter h;ve 5}311
presented in detail elsewhd cllen, Chang and SMhh, 1083). E.z: 21isa

al in the

- picture-of the calorimeter with the control panel and computer t

S

foreground. el

2.1.0.2. Technical Description of the Galoriméter

The calorimeter ’is a double walled, cylindrical climatic chambe; with an
im:crnnl diameter of l.'52 meters and a height O 157 metess. Dew.point
lon;Peraturc and air temperature sare the only two climatic’ Yaria;bles controlled.
Part of the conditioned air (ty, % 0.02°C, biew £ n.1st) is injected mnéentinlly’
into/the calorimeter through six inlet slots located in the radiation s:hi.eld in-the

; g .
calorimeter (about 12.5° ms/m_in). The other part of the same air is diverted info

the outer jacket g the

to

any thermal grad’ieng
over the calorimeter wall. The innermost wall acts as a radiation shield. The

'




Figure 2-1:  Whole-Body Human Calorimeter

temperature of this air can be adjusted and controlled accurately from about

289¢

to 50 °C and the dew point temperature from about 4 °C to 2: A quartz

crystal thermometer (H-P 18111 A) positioned between the radiation shield and

the calorimeter wall displays air temperature to three decimals and varies less
than a few hundredths of a degree over several hours. In the absence of any
thermal gradient across the cylinder wall, all heat. absorbed or dissipated by a
subject inside the vessel can be measured by differential thermometry and
hygrometry between the inlet and outlet air. SHE and IHE as well as tympanic

or esophageal temperatures are recorded on two micrograph BD6 recorders (Kipp
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and Zonen) which arc in turn connected to a PDP 11-10 computer with 16 AYD
channels (Digital Equipment Corporation). When a channel is addressed the
computer returns a value between 2048 and 4096, corresponding to the pen
posiliol; of Lh; appropriate recorder. A program has been written in Focal to
sample each of the active A/D channels 220 times a minute ‘and to print out the
average every 60 seconds. These averages are then stored in a file on a floppy disc
for future processing. Programs -have also been writtén to convert computer
counts per nfinute (CPM) into SHE, IHE and temperature using the calculated

dure for ishi ibrati ions to

calibration i The p!

.convert CPM's into SHE, IHE and temperature will be discussed below. N;

2.2.0.1. Introduction to Calibration Procedure .

2.2. Calorimeter Calibration

The calibration procedure for both IHE and SHE readings are similar in that,
i both). water vapor ang dicat respectively:are injected into the cdlorimeterat
Known rates. Pen positions, as received by the computer from the Kipp recorders, .
are converted to net deflections from th’e baseline and ploited against heat
cxdm;gu. IHE and SHE calibrations were carried out each day an experiment

was run.

2.2,0.2. I ible Heat Exch Calibrati

In the casé of THE, a continuous infusion pump (Sage Instruments model 220)
with 50 ml. syringes delivers hccurntely measured vol‘umes o? water (g/min) into a
small elcctric furnace (Sybron Thermolyne 1300) set at about 500 °C. Here the,
water is vaporized and injected into the calorimeter through a heavily insulated

-
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Figure 2-2: Water vapor loss calibration as recorded
- by the Kipp recorder
tube. Figure 2-2 shows on a reducéd scale the same recording & lhul Kipp
recorder shows when steam is.injected into the calorimeter at a rate of 0, :1, 8 and
12 g/min. Figu're 2-3 shows the last 10 computer readings at each flow rate in net
deflections (dependent variable) plotted against steam injection in g/min. The
relationship is not linear but parabolic. The graph presents the dependent variable
(CPM) as a funetion of the flowrate of water injected. The equation, however,
giv'g;.the prediction of water loss per mimllte from the meter deflection (CI’M}, i.e.

the inverse of y = f(x). The exceedingly high correlation coefficient indicates that

¥ = ((x) is virtually the same as x = fly). The resolution of the calorimeter for
water vapor loss on this day is 0226 g/min wh:cln when multiplied by the heat of

vaporization of .water, is eqmvnlenl to about 055 kJ/min, which in turn equals



2 ‘ ] & 10 12
Grams per minute

Net Computer Counts per ninute

Figure 2-3: Calibration of computer counts per
minute (CPM) for IHE

X = 0.000031 + 0.005915:CPM + 0.000002320-CPM? .
# r=00098 5, 2=02256 (

approximately 9 watts. When the subj:ect i e eoion ol “wltat Svapos which
results in the deflections he has provided the ;m of vaporization. Thus, IHE (in
watts) is the subject's deflections (in g/min), multiplied by 2.44 kJ/grand divided
by 60. B T :
2.2.0.3. Sensible Heat Exchange Calibration

For the SHE calibration, a YEW type 2504 Wattmeter 'measures heat
dissipation to the nearest 0.1 watt through a bare spiralised resistunc(e;_wire (total
length n})out 8 meters) st{etc}ed out over the whole height 9r the calorimeter
inside I.hlo radiation shield. A typical galifsrntion for SHE is shown in figure 2-47

Again, figure 2-4 shows the same re(-'ording as the Kipp recorder shows when 0,
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20, 40 and 60 watts heat dissipation is applied. Figure 2-5 shows the last 10
readings al each heat load as recorded by the computer, plotted against the
wattage nppliEd,. The calibration is linear and for this particular experimental
\
day, each CPM of SHE above or belog the bascline equals 0.1392 watts. The
standard error is 0.797 watts which represenis the resolution of the calorimeter for
‘ E SHE on that day.
,
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2.3. Ergometer \

& 2.3.0.1. Technical Description of Ergometer
The ergometer used in this study is the one described by Snellen and
Chang(1981). To simulate eccentric exercise n'a HP. mol:r with variable
transmission drives the flywheels of two bicycle ergometers which are connected

to each other by a Datsun 510 ifferential gear box (figure 2-6).

CALORIMETER

DIFFERENTIAL

0

‘{ i Figure 2-6: Eccentric Ergometer
* Since heat sources in the calorimeter should be kept to a minimum the motor and
< ergometers are mounted outside the calorimeter. Inside the calorimeter is,an open
g . 3

weave, steel frame chair-in which the subject sits while exercising. The chair is
\
»
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- '

Figure 2-7: Eccenttic Ergometer showing modification
. to flywheel B

.sitnnl.cd so that the person sits more n;arly level with- the ped.'-{ls and with the >legs
chum:]od ft;r\v:u'd; rather than downward. The nrmcll’mir was employed 'so as to

. ninimize thavenersy Sontibusion SF sibting and:thermovements-al alanesand
: Nboniy fixnti‘on.\- Th_e: pedz.ds ate mounted on' a pedestal inside the calorimeter and
are connected to the outside ergun‘uetgrs via a series of axles, mitred gears and air-
tight bea}ing‘za. The outgoing shaft ‘of the electric motor and the two outgt‘;ing

_ shafts of the‘ difrerentiai are all equippeci with strobos;opic‘di;&‘:s, drawn to
indicate six specds (40-00 RPM in increments of 10). One RPM is equivalent to

" the distance one point on the circumference of the wheel travels in one minute. In i
. L i
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our ergometer this is six meters. Workrate is a function of RPM and Bl‘nk(‘(ﬂr(’(‘.
ie at 80 RPM and 120 N brakeforce, workrate is equal to 20 N x 6.0 n\/re\'. X R0
RPM, which equals 9600 N-m/min. Workrates are usually expressed in Watts.
One N-m/min equals approximately 0.016 Watt.

2.3.0.2. Use of Ergometer in Concentric and Eccentric Exercise
During conventional_concentric exercise the motor is not used. The brakeforce it
set on flywheel A which is connected directly to the pedals insi‘de the calorimeter.
" When the subject pedals, the two flywheels A and B run at the same spoed but
flywheel B runs in reverse. For eccentric brakeforcc's the brakeband of flywheel A
.is first maximally tightened. Next the motor is engaged and the predetermined
pedaling rate is selected using the stroboscopic disc on the driveshaft. The desired
brakeforce is then set on flywheel B which is spinning twice as fast when flywheel
A is not running. By slowly releasing the brakeband of flywheel A the pedals
inside ‘tie calorimeter will b:g’i; {8 move forward. When the bnkn.:lon:e on b;;th
flywheels are equal the subject's legs will be moved passively. By completely
releasing the brake on flywheel A affeccentric workrate will be imposed on the
su!:jecL Contrary to concentric exercise where the subject must generate the
force required to turn the flywheels, the subject must resist the force generated by
the motor and .maintnin a particular RPM. In other words, he takes over the
function of the brake on flywheel A. A metronome is used to set the RPM. For
instange, at 80 Rl;M and a force of 15 N the subject has to apply a férce to the
pedals equal to 15 N at“a pedaling rate of 80 RPM im order to keep the pedals

—— .

from speeding up. The eccentric workrate.is thus equal to the product of the

circumferential velocity of flywheel A and the brakeforce on flywheel B when the
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subject pedals at the selected pedaling rate. Figure 1-1 illustrates the direction of
the various forces during concentric and eccentric exercise.
2.3.0.3. Ergometer Modification ) .
Initially the calorimeter ergometer to be used was the one described a‘bc‘)\'e
(Snellen and Chang, 1981), but in preliminary stud'\es’ it was e‘.rident that the
hr;\kc belt had a tendency to change its length as exercise progressed and that this

subsequently changed the magnitude of the applied brake force. This requires

- constant vigilance and frequent adj As this force is critical in

the calculation of workrate and ultimately affects oxygen ‘consumption, the set-up
was modified to overcome the problem. Instead of using the origil‘ml device on the
bicyele ergom{m' to apply force (von Ddblen, 1954), fixed, constant weights were
used. Figure 2-7 shows L?ze moai{ic;tioa to flywheel' B. The blj?kLhand was
attached at one end to a block of wood which was bolted to the floor. A hook was’
attached to the free end of the brakeband on which weights (1.0, 1.5 and 2.0 Kg)
could be hung so that the brake force would remain constant. Once this had been
-dorw it was necessary to recalibrate the ergometer to determine ‘what force a
particular weight hung over flywheel- B would impose on the-subject. The

calibration procedure follows. Tﬁe braking device on wheel A was not modified

" since during eccentric exercise the subject replaces this brake. ,
- x

2.4, Procedure for Calibrating Ergometer
Theé calibration procedure for this set-up was similar to that described by
. > » " &
Snellen and Chang(1981) for the original ergometers. The desired RPM: was first

selected on the variable speed transmission and weights hung over flywheel. =
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B. Next, brakeforces were applied to flywheel A to balance the brakeforce on
flywheel B and to keep both shafts at the same RPM. The required brakeforces on
flywheel A were deteriined at all combinations of 40-80 RPM (in erements of
10) with the exception of 70, and weights of 1.0 - 5.0 kg in five cqual increments.

=l

brakeforce on flywheel A varied depending on whether flywheel A was either

As was reported in the above-mentioned paper, it was found that the re

maximally tightened and the tension released slowly or mmnnnlly tightened and
the t;&n increased slowly The mzmmum and minimum brnkgl’orccs on flywheel
A were determined for all brakeforces on flywheel B and an average of these two
valugs was Lak‘en. In the course of the calibration it was fount.i that this
disc’re%ancy could be reduced by évoiding overtightening and overreleasing ns
error ;ppears to be introduced by successive ti’ghtening and loosening of the band
of flywheel A to establish the correct force. It is worth mentioning that this set-up
produced a brakeforce about half of that of the original set-up, the brakeband
only covering one half of the wheel circuml’el;ence.as compared to more than three
quarters in the original. Averages of the various brakeforces were plotted against
the weight needed to counteract each brakeforce at each of the RPM assessed.
Linear least square fits were then caleulated for eac RPM (Figure 2-8). The
author is aware that the S.L unit of force is the Newton: Since in i,hls cnllbmtmn
section kg welghts were used and the rorce scales on the ergometer are given in
l(iloponds (to indicate kg force) he left it at that, without mu]liplying each value

by 0.81. Workrates are given in Watts (V-m/sec) throughout.

e
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Figure 2-8:  Regression Analysis at various RPM

y =0.183+0.484x s =00642
¥y =0230 + 0456x 5, = 0.06%9
y=023340457x s *=00465
¥ =0323 +0451x " s, = 0.1006
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Where y = brakeforce on flywheel A

x = brakeforce on flywheel B
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" An analysis of covariance showed that there was no difference between slopes of

the four lines and so the common slope was adopted for n’II four regressidn lines.

Next the Y-intercepts were plotted against RPM (figure 2-9). A direct relationship
=

was found between these two variables. The in‘crcnpljis taken to be the internal
resistance of the system i.. the force requ;}ed on flywheel B to keep both
outgoing shafts at the same RPM when the brakeband of flywheel A is completely
removed: From figure 2-0 it a;;pem that as the RPM increases so does the
internal resistance, linearly. A regression line was drawn l.hroug}‘l the points and

from the regressi equntion new i pts were . So now, with a

common slope and new mlercepts, values for 70 R’RM/could be gunornlcd
Although the analysis of covariance showed no dll‘{erence between Y inlcrc(-ptﬂ a

common Y-intercept was not taken as it was felt that the increase in internal

resistance with RPM (spproximately .13 kg over a span of 40 RPM) was

ingful in our determination of WY and sub Iy Wil
2.5. Use ;:f Thei-mocou‘plu ) .
Body core was using either an h | or tympanic

thermocouple probe. Core temperature was one of the parameters used to
3 . ’

establish that subjects were in caloric equilibrium at the -end of the 50 minute

exercise period, i.e. that the term S in the heat balance equation’ was indeed close

} >
to zero.
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2.5.1. Technical Description of Tympanic Th |

Owing to the inability or unwillingness of subjects to insert the esophageal prohe-

for core , a tympanic ther probe \\'m)\l_ndr to accommodate
all but one of the 6 subjects. The thermocouple was fabricated using a muscle
thermocouple catheter (Ellab, Denmark) consisting of insulated copper and
constantan wire (diameter 0.02 cm) encased in a n.~x{1£|e nylon sheathing.
Approximately 60 cm of the total 325 cm of the nylon sheathing was stripped and
the two wires coiled in a tight spiral (diameter 0.13 em). The insulation of the tips
of both wires was then scraped off, the tips twisted together and fashioned into n
closed circle at the end of the spiral. The tip was then soldered with a minimum
of solder, closing the circle into a disk. Finally the tip of the spiral was dipped in
a insulating compound, INSL-X {INSL-X Products borp.) to insulate the solder
and bare “section of the copper and constantan wires. A connector (Omega
Engineering) with copper and constantan pins was connected to the free end. The
connector m; into a selected receptacle in a bank of 18 such receptacles attached
to the steel chair inside the calorimeter. The reference junction of the
thermocouple was kept at 0°C in an Ice-Point Cell (Omega Engineering).

2.5.1.1. Thermocouple Modification .

Although the dig\k of the tip of the probe was designed to lie directly on the
tympanic membrane little success was met in early trial runs using this set-up.
Wrtifacts from a number of sources made readings of the thermocouple
microvoltage impossible. All subjects-l'ound the tympanic thermocouple painful or
uncomfortable. Subsequently the design was modified to monitor the temperature

of the external ear canal. The external ear canal has become a popular site for®
v <
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medsuring mrv3 temperature since the original use of the ear dr’um by Benzinger
(1950), 5 it 1s casily measured without discomfort oF danger. ¢ Kas been shown
that changes in temperature in the external auditory canahreflect quite accurately
central temperature changes although absolute Lem{eraturc levels are probably of
little value (Cooper, Cranston and Snell, 1964). As we were interested only in
relative changes in central temperature this method of monitoring T¢ was felt to
be an adequate substitute for more central methods. The design used is the one
suggested by the above authors. A soft, rubber stopper about the diametejr of the
outer ear canal was drilled out just enough to let the spiral travel through its
centre. The soldered tip of the thermocouple was allowed, to protrud¢ through
the opening by just a [raction and was insulated to the level of the ti‘p with the
Insk-X compound to pmviﬁe support. The same was done at the opposite end of
the rubber stopper. All but the last 50 cm of the thermocouple probe was then
further enclosed in Jatex tubing (diameter 0.32 cm) to give additional support and -

BN
Mexibility. After the subject inserted]/tho?plug a large insulating pad made of
cotton was applied over the ear and the side of the head to eliminate draughts
and to reduce possible heat exchange with the environment. The design proved
superior to the initial set-up giving smooth readings on the Kipp recorde‘r.
Because the thermocouple had only on; connector and bec;mse the Kipp recorder
was connected to a different repeptgcle than the K-5 potentiometer, it was

necessary for the subject to periodically chnnge‘the connector from the Kipp
o %

input to the potentiometer input to allow microvoltages to be measured, thus

interrupting the continuous computer recording. These voltages were later used to

generate regression equations whereby CPM could be converted to microvoltages.
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Figure 2-10: Regression for conversion of CPMs to
- microvoltages
y=1228.75+0.0975-CPM

r=0.9910 8= 14127

Figure 2-10 is a typical calibration equation. Changes in these vnllngn reflect

changﬁ in temperature.in the outer eds canal.

2.5.2. Technical Description of Esophageal Thermocouple

One or the best measures of coré temperature is glven by a properly positioned
sensor in the esophagus (Saltin and Hermansen, 1066; Conper and Kenyon, 1957).
The design of this esophageal thermocouple probe was far superior to the above

ear canal probe in that two muscle thermocouple catheters, with the
\ <
! AN
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manufacturer’s copper-constantan junction still inl_ac!, were threaded through a
single plastic catheler (diameter 0.2 cm). The two thermocouples were electrically
separated. Omega connectors were used to plug into preselected receptacles.
They had their-reference junction in the lee-Point Cell. One was tanl‘lccleﬂ to a
BD6 Kipp recorder via a bias supply of 1.5mV and the other to the K5 |
potentiometer. This eliminated ‘the problem of having to switch one plug from
channel to changel. The tips of the muscle eatheters were embedded in epoxy and
surrounded by a stainless steel ferrule i;uide the plastic catheter. Tol;{ length was

1.6 meters, The probe was inserted to the level of T10 as determined by x-ray

inai A copp ther ple with its ref junction at O
°C produces a therma{EMF of 1.5mV at about 37.5 °('7: ie. about 40 uV per
degree. With a bias szxpply of 1.5 mV the recorder can be set at a sensitivity of
100 'V full scale, thus covering a span of about 2.5 °C. The recorder is scanned

by the computer in the same way as the recorder for JHE and SHE, converting

pen position to CPM. A number of 4V readings are made at different pen

positions. Computer counts are then to mi ge with

cquations (see below). These mi Itages are then d to e

using cquations genérated from calibration of the probes. The calibration

procedure is discussed below.

s \\,'
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2.5.2.1. Calibration procedure

The tympanic and esophageal thermocouples were calibrated separately using a

standard calibration techni The ther . le was first i sod in a glass

pipette (internal diameter 0.5 cm) flamed closed at one end and half filled with

liquid paraffin (Saybolt Viscosity 125/135). The paraffin acts as a thermal

insulator and ¥ows the rate at which the temperature of the thermocouple
-

L] ¥
changes, making the set-up less sensitive to fluctuations in external temy

The glass tube was then bound to a quartz crystal thermometer (IL.P. lélla,\)
using elastic bands and immersed in a pyrex test %uhe (internal diameter 1.8 ¢ms)
filled again with paraffin oil. The test tube was scaled with cotton and surgieal
tape and further immersed in a thermos flask with a rubber stopper. This stopper
was perforated in the center to accommodate the stem of the quartz thermometer
and the wires of the thermocouple. The wires were pulled through and secured in
place with sgurgical tape. The test tube was set to rest approximately 5 cm above
the botmemm and close to the center so as not to touch lha_‘_ndj:\lenl
walls. The calibration procedure involved filling the thermos with water at

different temperatures and measuring, by means of the K5 potentiometer,

voltages d by the th ple. A typical calibration at any one
temperature took approximately 45 minutes. This was }cmnry to allow the

temperature of the oil to stabilize, The ge was display

on the Kipp recorder to serve as a visual aid in determining whether the
temperature in the innermost paraffin tube had stabilized. When steady state was

reachéd, the microvoltage and di were recorded, The

. [
water was then changed and the procedure repeated at a different temperature.”
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\

The water temperature Eﬂged from 275 to 386 °C. Microvouage; and
temperatures were plotted against each other to yield calibration equations which
convert microvoltagvs‘vinto temperatures. Copper-constantan thermocouples are
known to have a curvilinear relationship betwee:‘: microvoltage and temperature.

Depending on the range a quadratic, cubic or even higher order equation is

commonly used. Figures 2-11 and 2-12 represent the regression equations of the

tympanic and esophageal thermocouples. “~

2.8. Oxygen C tion Snd Metabolic Heat Producti
2.6.0.1. Method of Colilection of Expired Air

In this study oxygen consumption was measured, using Douglas bags and an AEI
oxygen analyser. The subject put on a nose clip ond inserted a mouthpiece
attached to a’three way valve. The tube for the expired air was thermally

insulated, to prevent any heat loss in the calorimeter. The Douglas bags were

. connected to the other end of this tube outside the calonmeter and timed volumes

of expu-ed air were collected. ARer the gas analysls [see below) the bags were

d in a calibrated Tissot ,' to the same negative pressure as
before filling. Before use the Douglas bags are always *rinsed* with expjred air
and then evacuated with the Tissot. In this study all volumes are corrected to

0°C and 100 kPa.
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Figure 2-12: _Esoph ther

Temp=0.8345\-0.02464-4V—0.000000264-5 V2

r = 0.0999 = 0.0040

.




2.6.0.2. Method of Gas Analysis

~

- The oxygen analyser (model S 3-A) has two independent analysis cells. At each

air inlet port the sample is dried with silica-gel. One port is directly connected to

the Douglas byg, the other via a €O, absorbing agent (soda lime). With a selector

switch the analyser displays the outputs of Cell T and Cell Il to two decimals, and

the difference between the two to three decimals. This allows the caleulation of

the CO, concentration in the Douglas bag as well. If the composition in the

Douglas bag is a% 0,, b% CO, and ¢% Ny(i.e. *physiological® N, a mixture of

N, and all other biologically inert gases), a and ¢ will rise when CO, is removed,

in proportion to the percentages of the other two gases:

a
a becomes n+b-m

and ¢ becomes ™ cb—
. (et

The difference between the outputs of Cell [ and
)

Cell I will be ;

: .
d=o—(a+b7)  and thus

a
d=—b— or since
(a+c)

o
"(100-b)

a+4c¢=100-b, then d=-b

00-d
d—a

solving for b gives; b=
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Before any analysis, the output of Cell I was dialed to read 20.94 (standard air)
and the difference to read -0.006 (CO, free standard air). A sampling pump draws
the. sumgloﬁ through the two cells. The outlet of the sampling pump is connected
to a wet gasmeter, in order to measure the gas volume t‘aken from the Douglas
bag for analysis. This volume is addu\ to the Douglas bag before any further
caleulations are made (the volume of CO, removed from half the sampled volume
is smaller than the accuracy with*which the Douglas bag volume Cﬂ,l: be
determined; this small error is ignored.); The time required to obtain stable
readings is long, because the volume displacement of the sampling pump is small
and the samples for the two cells*have to pass one or two rather large absorption
vessels respectively. Typically -60 minutes was. allowed for one- analysis, with a
sample volume. of about 12 liters. Once the Douglas bag v‘nlume, filling time,
correction factor to 0 °C and 100 kPa and the gas analysis were obtained, the
caleulation of R.Q. and oxygen consumption (liters/min) is classical (Carpenter,
msmﬁ

The calorific value of one liter of oxygen is linearly dependent on the non-protein

\RQ.
B keal/liter=3.817+1.2297 R.Q.

In this equation a liter (1 dm®) contains a gas volume reduced to 0 °C and 760
mm hg. The volume at 0 °C and 100 kPa is slightly larger (760/750.659). The
equation was muodified to S.I. units taking this new definition of STPD into

account (1 keal = 4.186 kJ):
kJ[liter=15.769+5.0799-R.Q.




! 39
2.7. 15 - Graded Borg Perceived Exertion Test
In Phase [l of this study subjects were asked to rate their level of exertion oh a
15-graded gscale perceived exertion chart once during the course of each
“experiment. For the sake of convenience the scale used is given below in Table
2-1. Borg first introduced this scale in 1962 as a 21-graded scale (Borg, 1962) but
later changed it’ to a 15-graded scale (Borg, 1970) with values from 8-20 to mateh’
the variation in heart rale from 60-200 beats/minute. The original scale
functioned well and high correlations (.80-.00) with heart rates w«’!rn found when
subjects were tested on a bicycle ergometer. The new scale for ratings of -
' perceived exertion, the RPE-Scale or * Borg-Scale*, has now been used in many
di[le}ent studies in many countries \;ili‘l similar success (Borg and Noble, 1074;
Henriksson, Knuttgen and Bonde Petersen, 19723 Pandolf, Kamon and Noble,

1978). The test was not administered in Phase I of this study.
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Table 2-1: Borg rating s@ for perceived exertion

[ -
7 = very, very light

N S
£ ) )

v 9 - very light ' \

10 -

, 11 - fairly light

Sy
12 -
13 - somewhat hard
14 -
15 - hard
16 e W
17 - very hard .
; 18 7 - - J

19 - very, very hard T
20 -
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' Chapter 3
Phase I

3.1. Procedure
' 3.1.0.1. Pre-Experimental Protocol
All experiments in Phase 1 of this study were performed using the modificd

exercise facility of the calorimeter (figure 2-8). As these experiments did not )
invplve whole-body calorimetry the door of the calarimeter was left open. One

subject was recruited for the total of 36 experiments carried out. in this phase. His

anthropometric data is included in table 41 (subject Di as he also took part in

Phase I of this study. Since eccentric work with the legs is an nnu_s?al form of

exercise, the subject had a number of practice runs at various workrates. Priar to

cach experiment the subject was also asked to observe a number of conditions: to

do no strenuous exercise for 24 hours; to get a normal nights slee|;; to eat a

moderate breakfast; and to avoid alcohol and xanthine derivatives for at Iv.-;t 24

hours prior to each experiment. The subject was informed of the total pmccdvurc.
nndens requested to sign & corisent form (Appendix A) before beil}g allowed to

participate in the study. This procvedure was also followed for the subjects in

Phase II of this study. The protocol for this stm?y (Appéndix B) was approved by

the Human Investigation Committee of the Faculty o!. Médirine, Memorijal

University, St. John's, Newfoundland.
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3.1.0.2. Experh?entnl Protocol

The experiments were carcied out under a variety of conditions for eccentric
exercise ranging from 10-80 RPM's and .024.6 N. Only one series of experiments
was carried out for concentric exercise at 60 RPM. At the start of each

°

experiment the subject sat down in the open Wweave steel chair inside the
calorimeter and immediately be‘gan to exercise a‘t ;I{e designated workrate. The
speed and brakeforce were assigned randomly. After seven minutes of exercise the
subject was instructed 'to put on a nose clip and breathe through a respiration
valve connected to a Douglas bag (capacity 150 L) via a heavily ins'laled tube.
Following nlthrce minute period for ﬂn;hing the dead space in the system, two
Douglas lzngs were filled for a time period ranging I'ron.\ 2-10 minutes, depending
on the intensity of the exercise. Once the expired volumes were co]]e'cted the
workrate was chm‘lgéd and l)le procedum_ repeated at another braKeforce and/or
RPM. Not more than 3 experiments were conducted per session. During each run
heart rate was mc‘mitomd continuously using a General Electric EKG monitor. All
expired air samples were analyzed .using an S-3A Oxygen Analyzer, Applied
Eieclrochqmistry Inc., and volumes were determined -using a calibrated Tissot

Spirometer.



3.2. Results .

3.2.0.1. Data Presentation

. The results obt;ined for oxygen consumption and heart rate at the various work

intensities for eccentric workrates (W,,) and concentric workrates (W, %) are

presented graphically. All R.Q.'s were below L0 indicating that there was no

anaerobic metabolism. The'subject found the rm‘lgc of workrates evaluated in this

phase 'wel] within his physical capabilities. A period of 2 - 3 days of leg muscle

soreness did follow the practice runs but no further sornnrss’was experienced by

the subject during the remainder of the study.

3.2.0.2. Oxygen Consumption Data

In figure 3-1 values for oxygen consumption are plottezf against workrate at five

different RPM during W, . Traditionally the relationship between oxygen

cons?mption and conventional concentric workrate has been given in the upper

right quadrant of rectangular coordin‘ates. When eccentric exercise wag added, it

was only natural to plot the results in the upper left quadrant, giving the
7 eccentric workrate a negative sign. "Eccentric work® is synonyrous with

“Negative work*. This leads only to confusion with respect to the hieat balance

equation wixere eccentric worl;ra!c’has a positivé sign. Graphs 3-1, 3-2, 4-3, 4-0

and 4-8 are presented , however, in the tradjtional way.

The results show a positive relationship between oxygen consumption and W‘,l
for W, .. At lower workrates the increase in oxygen consumption appears to be
dependent on RPM. For example, at 40 RPM an ipcrease in work intensity from 0

to -150 watts results in a, corresponding increase in oxygen consumption of
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Figure 3-1: Oxygen consumption at various workrates C‘
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approximately 0.47 liter per minute while at 80 RPM an increase in work
intensity of the same magnitude results in only a 0.23 liter per minute increase in
oxygen consumption. At higher pedaling speeds, additional increases in work
intensity elicit smaller responses in terms of oxygen consumption than at lower
speeds. A subspquent analysis of covariance, however, showed no significant
difference between slopes or Y-intercepts for the five different lines \p<0\on) and

so this RPM effect must be considered negligible.

The slope of the. relationship between workrate and oxygen consumption

decreases with increasing RPM, but is probably only significant above 60 RPM.

3.2.0.3. Comparison of Eccentric and Concentric, Exercise

A positive relationship similar to that observed for W,

e 18 Observed between

oxygen consumption and workrate for W, = at 60 RPM. In Figure 3-2 oxygen

on
consumption is plotted against workrate for both types of exercise at 60 RPM.
The actual rate of increase in oxygen consumption with increasing woikrnle is
considerably greater in W, than W, at 60 RPM. A 150 watt. increase in work
intensity results in an increase in oxygen consumption of 0.435 liters and 2.460
liters respectively for mf and W,_. A regression analysis of the points in figure
3-2 results in the two following regr;ssic;n equations:
80 RPM W y=0.3631+0.0164- By = 0.076

con

ecc

60 RPM W, y=0.2650-0.0020z 5, = 0023
As the point of intersection with the ordinate can be interpreted“to represent the
oxygen consumption (y) of idling, the actual energy expenditure in pedaling the
0

ergometer is represented by the slope of the equation times the workrate (x). The
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ratio of W, to W, _is 0.0164 : 0.0020 or 5.7. Thus, in terms of energy cost,

ecc

eccentric exercise is approximately

 times cheaper than an cquivalent amount
of concentric exercise. 4

3. . Net Mechanical Effici Caleul

Net mechanical efficency was calculated by taking the reciprocal of the slope of
the regress‘i‘on lines obtained by graphing oxygen consumption against workrate

for both W, and W at 60 RPM after converting oxygen consumption to walls,

Efficiency was calculated at 18.6 and -100.4% for concentric and eccentric

exercise, respectively. .
oy 3
3.2.0.5. Heart Rate Data -

In figure 3-3, heart rates were plotted against oxygen consumption for “’FN(')H‘)’.
In general, the higher the rate of oxygen consumption, the higher the heart rate,
with pedaling frequency having little influence on this relationship. An analysis of
co-variance didn’t show any difference betwoen slopes but did show a significant
dffference between y-intercepts (P<0.05). This was subsequently shown to be due
to the data at 80 RPM i.e. a re—:;nalysis of the data umi’tting the 80 RPM data

showed no significant difference between y-intercepts.

ecc con

In figure 3-4 the same variables were plotted for both W, and W, _ at vﬂO
IéPM. ‘The regression of heart rate on oxygen uptake w;;s linear in both instances,
but tfe slope of the line for W, was significantly steeper as determined by a
sll_xdent's t-test of slo‘pes (p<0.05). It can be seen that }xcart rates in Wm exceed

to some extent those obtained in W, at similar oxygen uptake.
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3.3. Discussion/
3.3.0.1. Net Mechanical Efficiency

The oxygen consumption and heart rate data obtained in Phase | of this study
are comparable to the results of previous investigators (Abbott and Bigland, 1953;
Abbott, Bigland and Ritchie, 1952; Asmussen, 1952; Knuttgen, Bonde Petersen
and Klausen, 1971), although their subjects rode proper bicycle ergometers and/or
rode real bicyéles with blocked freewheels downhill t;n treadmills (to simulate
cccentric exercise). This difference is ;eﬂected in the lower mecl::nicx.l efficiencies

found in this study when compared to previous studies in which the net

mechanical efficiency of cycling has been estimated at approximately 22% for

concentric and -120% for eccentric exercise (Margaria, 1968; Gaesser and Brooks,
1075). The lower efficiency noted in this study is attributed to the less favorable
body posture of subjects sitting in a chair and pedaling semi-;eclined. As Bigland
et al(1973) argue, a chair allows the subject to spend less energy on maintaining
posture, so that only the relevant muscle groups are involved.ﬁh\e\gilference in
mechanical efficiency is felt to have little effect on the results of this study.
3.3.0.2. Oxygen Consumption Data

It is commonly agreed and connrmed in this study that in llght and moderate
cycle ergometer exercise, steady state oxygen consumption increases linearly with

the ergometric load (for feview see Asmussen,1065). A number of recent studies,

‘however, have indicated that the relationship may in fact be quadratic (Hesser,

Linnarsson and Bjurstedt, 1977; Croisant and Boileau, }884). Hesser et al showed
that during concentric exercise in the range of 0- 147 W the relationship between

oxygen consumption and ergometric load were quadratic rather than linear. -
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During eccentric work (range 16 - 147), however, no such relationship could be
demonstrated. The results on l:ﬂ)entri(' exercise in Phase I support these findings.
Section 4.3.0.8 deals with lhis‘mnzepl further in relation to the results of Phase
1. The observation that oxygen consumption rose at a much slower rate in
eccentric lh:én in concentric exercise also confirms earlier findings. These results
are.genemlly explained in terms of the different number of actively contracting
muscle fibers noted in both’ types of exercise (Bigland-Ritchie and Woods, 1076;

" Abbott and Bigland, 1053). It has been shown that each individual muscle fiber
can exert a greater force while being stretched than while shoriening (Katz, 1930;
Asmussen, 1965; Komi, 1073) and so fewer muscle fibers are required to do
eccentric exercise than to do ;h equivalent amount of concentric exercise. In this
study the ratio of the oxygen cost of the two types of work was approximately 6.0

"at 60 RPM, which is in close agreement ith values obtsined by the shove
mentioned authors.
3:3.0.3. Heart Rate Data
During eccentric exercise, heart rate increased linearly with oxygen consumption
and did not vary considerably across the RPM evaluated. There is ar indication
that for increases in RPM above 60 the same heart rate can deliver more oxygen.
Whether this is an obser\:ed physiological phenomena or an error in
experi;enution awaits further studies. The range of RPM looked at in this study
is not sufficiently high enough to evaluate this problem properly. In physiological

, terms, there doesn't seem to be any clear cut reason as to why at higher pedaling

rates, more oxygen can be delivered at the same heart rate. There is no ‘renson to

assume that the relationship-is any different from that observed to oceur in
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concentric exercise. During eccentric exercise, however, heart rate has been found
to be higher than in concentric exercise at similar oxygen uptakes (Thomson,
1971; Knuttgen, Bonde Petersen and 'Kl_ausen, 1971; Nielsen, Nielsen and Bonde
Petersen, 1972) and even to increase more steeply for a given increase/in oxygen
uptake. Our results confirm these findings. It is proposed that this dfssimilarity is
related to stroke volume which has been shown to decrease in eccentric exercise
when compared to concentric exercise. It has also been noted that the change in
the distribution of cardiac output during eccentric exercise may be a contributing
{actor: | N:eis;n ctruk (1072} 7hiave sh;)wn that the hig;er heat production in ;he
muscles during eccentric ex‘crcise necessitates an increase in skin blood flow in
order to maintain heat balance. In both cases, the observed physiological changes
would result in higher heart rat‘es. Similar ;:bservatious have been made in
subjects worlfing in both hot and cold environments (Williams, et al., 1962;
Hesser, Linnarsson and Bjurstedt, 1977).
3.3.0.4. Ergometer Performance

The close correlation between the observed physiological responses and previous
studies testifies \t/o thé appropriateness of the modified bicycle ergometer ,in'
simulating eccentric exercise. Of note is the fact that the brakeband hung over
lhé I'Iy\vhc'el contacted only 50% of the flywheel surface and so the forces
gencrated were only one-half of the nppliéd weight. It was also found that the
brakeband had a tendency to wear faster as the force exerted was applied to a
smaller surface area. For these reasons and due to the fact that this set-up sh;)wed
no real advantage over the original set-up, the' original eccentric ergometer was

choosen for phase IT of this study.”



Chapter 4
i  Phasell

4.1. Procedure
4.1.0.1. Anthropometric Data

A total of 8 hga]lhy male subjects volunteered for the 70 experiments carried
out in Phase IT of this study. Their anthropometric data including the modified
Dubois body surface area (Mitchell, Strydom, van Graan, and van der Wals,
1971) and maximal VOZ's are listed in Table 4-1. Maximal VO,_,'s were obtained
using a standard continuous "VO,max procedure on a motor driven treadmill
(Washburn and Montoye, 1984). As in Phase I subjects were informed of the total
procedure involved and were required to sign‘a consent form (Appendix A) befora
being allowed to participate in the slun;ly.
4.1.0.2. Calorimeter'Conditions

All exp;rimenls were carried out at a calorimeter temperature of 32.38 + 0.06

. °C, which is a considerable heat load for an exercising individual ¥The dew point

temperature was below 5 °C and air flow through the calorimeter was about 12
ma/min. As mentioned previously, the ergometer used in this phase was the

original ergometer described by Snellen and Chang (1981).
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Subject. # of Body Body Surface VO, max
Expts. Wt(Kg)  Ht(cm) Area(m®)  (ml/kg/min)

A 11 78.4 1840 2)L - 575

B 12 75.7 182.7 2.10 8.1

¢ 12 65.6 172.3 1.80 436

D 24 678 1745 192 626

E 12 76.6 183.‘6 2.00 ' 54.3

F

8 . 7189 176.6 2.08 55.0

Table 4-1: ~Anthropometric data
4.1.0.3. Pre-Experimental Protocol
As with the subject in phase I, all subjects in phase I were required to perform
practice runs with eccentric exercisé on three separate occasions. Subjects were .

also asked to observe the same conditions prior to each experiment as was the
.y E

subject in phase I.

4.1.074: Experimental Protocol
Each experiment lasted approximately 50 minutes 6 until stable readings were

obtained for SHE, IHE and T,. Pedaling speeds and brakeforces were assigned

randomly, ranging from 40 - 80_RPM and 0.0 --19.6 N respectively. Zero
. .

brakeforce during ic exercise rep freewheeling, with Dllls' WS as
. - .
external work. During eccentric exercise it represents 'b"cing pedaled® by ll{e

motor. A 5 minute warm-up o the treadmill at approximately 60 % of VO, max
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preceeded each experiment. Then the subject; “elad in only shorts and sneakers,
entered the calorimeter and following a shoft hook-up and systems cheek
immediate began pedaling. For ectentric exercise the {ubject’s feet were taped
to the pedals with masking tape. AU all times subject and experimenter were able ;

to communicate with each other via an intercom system. SHE, IHE, heart rate

and dther tympanic or esophageal temperature were monitored .continuously,

Two Douglas bags were filled between minutes 25-35, following which- five

» consecuti\;e, one minute heart rate readings were taken and the Borg Perceived <
Exertion Test (Borg, 1970) was administered (Table 2-1). The expurim;pt -was

, usually terminated 12-20 minutes following the expired air collection or when the
measured physiological v:;riables were steady as determined from the Kipp chart
recorders and/or the computer readouts. The number of experiments [;er subject
per day was limited to one but as mm:ny as three separate experiments were

A carried out on some days, depending on the availability of subjects. In table 4-2

the protocol for a typical experiment is summarized in tabular form.

4.2. Resu]ts o B ¢

4.2.1. Subjective Eyaluation i ) ’
As with the subject in phase I of this study, all subjects experienced & 2.3 day
period of muscle soreness following th‘e first practice run but again no further
- muscle soreness was experienced over the remainder of the study. Also, in°no
jnstance was an experiment terminated due to an inability or rerusai of the .

subject to maintain the workrate for the required time period. ¥




o Time(min)

0 5 10 35 45 47 50 60

Warm-up
(treadmill)

Enter
calorimeter
(hook-up)

Exercise

N
\

SHE
e
T

<

i
Oxygen '«

,Consumption 2x

Perceived
Exertion

Heart
Rate 5x

Table 4-2: Protocol for typical experiment

“n
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4.2.2. Experimental Data for One Experiment

The results for a typical experiment are presented graphically in figure 4-1 and
4-2 showing the monitored variables plotted against time. At this environmental
temperature and range of workrates evaluated, IHE ropr;’sonls over 90 % of the
total heat loss in the majority of cases. SHE rarely contributed more than 25
watts to the total heat loss but in a few isolated cases it was noted to be, positive
i.e. heat was actually being gained through SHE. Since SHE is among other
factors proportional to the difference between err‘]mimc-tcr air and mean skin

temperature, these results indicate that mean skin temperatuf®was slightly above ~

5

calorimeter air temperature ir* most cases (heat loss), but occasionally somewhat_{

below (heat gain).

100 -
.
- e — . ’
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Figure 4-1: Continuous SHE and IHE readings o
over the duration of a typical cxpcrimcn{
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* 4.2.3. Oxygen Consumption Data

4.2.3.1. Relationship of Oxygen C i tov‘Wo‘;krate

The relationship between oxygen uptixke and external workrate (We) for all

subjects during W,., and W, is shown in figure 4-3. As was noted in Phase I of
! :

~ this study, a positive relationship exists between oxygen consumption and the

external workrate. An analysis df covariance showed no effect of RPM on oxygen

consumption (p < 0.05) during either eccentric and concentric exercise, and so all

the data points were pooled for the respective ty‘pe of exercise. The ratio of W'mn

PS to W, is 0.0133 : 0.0017, or 7.8. This is not significantly higher (student’s t-

test,p<0.05) than 5.7 as estimated from phase I of this study. was found in

\
phase I, in spite of large increases in We_dufiig eccentric eercise, oxygen .
. | .

4 |
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consumption increased only marginally. The converse is true for concentric

exercise.

4.2.3.2. Physiological Mi Load Esti

The physiological minimum load ie. lowest steady state exercise oxygen
consumption, was also estimated from the data in figure 4-3. This wa¢ done by

-
assuming that the minimum load equals the point of intersection of the regression

lines relating oxygen ion to the d ic loads in concentric
and cccentric exercise. This value corresponds to an oxygen consumption of
0.3030 L/min and to an eccentric workload of -13.6 watts, a decrease of 0.1809
L/min from freewheeling oxygen uptake, or approximately 1/3 thereof. This

physiological minimum oxygen uptake is only 0.0016 L/min different from that of

“being pedaled*. This diffe is statistically not si
4.2.3.3. Compnr!son of Oyéygen Uptake at 10 and 26 minutes

A student's T-test was performed to determine whether oxygen uptake values
differed significantly for eccentric exercise between phase I and II. The results
obtained in phase I were’ based on 30 observations on one subject within 10
minutes of the exercise period whereas the results oi)tained in phase, Il were b;sed
on 47 observations on 8 subjects andvcollected after 25 minutes of exercise. The
slopes of the regression lines of oxygen consumption at various workrates of
eccentric exercise in both phase I and II were found not to be significantly

different (p <0.05).
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4.2.3.4, Heart Rate Data
A positive relationship was noted between heart rate apd oxygen consumption
for both eccentric and concentric exercise ’(Figure 4-4). Contrary to twlmt was
found in Phase I and earlier stuzgies (Hesser, Linnarsson and Bjurstedt, 1977
Knuttgen, Bonde Petersen and Klausen, 1971; Henriksson, Knuttgen and Bonde
Petersen, 1972), at any level of oxygen consumption heart rate was found to be

greater in concentric than eccentric exercise, the difference between the lines

1 babili

being ; atap level of p < 0.05 using the student's
t-test. Plotting heart rate against % of maximal oxygen uptake did not change
this relationship but did reduce the standard error (syx) fror;1 9.0 down to 8.6 for
eccentric exercise and r.rom 7.2 to 6.8 for concentric exercise. In figure 4-5 oxygen
consumption was plotted against heart rate for the nnl‘y subject completing a
series of both' eccentric m_:d‘ concentric exercise (Subject D). In:this instance the
results agree with these earlier studies and the results of Phase I (figure 3-4) that

at any level of oxygen consumption, heart rate is greater in eccentric than

concentric exercise.
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4.2.4. Evidence For Near Zero Heat Storage’

Although core temperature is the major indicator of caloric equilibrium, steady
state conditions are also reflected in sensible and insensible heat exchange. Below
are the slopes of regression lines for SHE, IHE and T_ plotted against time
during the last ten minutes of each experiment taking all data for all subjects:

SHE y=-001T0t % 02396 watts )

I;IE y =-0.0877t + 1.2687 watts
T, - y=-+00016t % 00109 °C
These results indicate that subjects did indeed reach a caloric equilibrium with
negligible body heat storage within the experimental time frame. A stable SHE
indicates no change in ﬁlean skin temperature. Since the contribution 6f mean
skin temperature to average body temperature is between 10- 15 % in the
present experimental conditions (Snellen, 1966), one can safely say that ‘with a
negligible change in SHE at least 10 % of the body has zero heat storage. A rise
of 0.0018 °C/min in TE represents, even when one would consider the whole body
of a 75 Kg subject to rise b‘y this amount, 75 x 3474 x 0.0016/60 .= 8.9 watts
(3474 is the specific hoa‘t of the body, in J kg''C'!). This value is already close to
the resolution of the calorimeter. Since the assumption that the whole body has
this rise of temperature is unrealistic, the actual rate of heat storage is negligibly

small, and cannot invalidate the results of the present study.




4.2.5. Internal Work Calculation

Using a whole-body human calorimeter it is possible to measure SHE and IHE
d‘irectly. Due to the construction of the calorimeter, radiation, conduction and
convection are measured together as sensible heal exchange (see section 2.1). By
establishing values for hi/, SHE and IHE using a combination of indirect and
direct calorimetry it is possitle , at zero heat storage, to rearrange the Heat

Balance Equation (equation 1) and solve for W:
W =3$HE +IHE -M Eq. 8

By inserting W into equation 2 (page 4) it should be possible to solve for Wi.
For each experiment the heat balance equation was solved for total workrate,
(W). These estimates of the total workrate perlon‘ed by the subjects were plotted
ngninleW¢ (figure 4-8). Any deviation from the line of identity reéruents the )
difference between W and We, AW. An analysis of covariance showed no effect of
RPM on AW (p < .05) during either eccentric or concentric exercise and so all
data points were pooled for the respective types of exercise. Values of W at zero
load for concentric exercise (freewheeling) and eccentric exercise (passively *being
pedaled®) were estimated at +15.7 and +8.8 watts respectively, and may well
represent the work required to overcome elastic and viscous resistance in joints
and muscles, Wi. It is suprising that these values (with reversed signs) are very

close to the physiological minimum load.
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4.2.8. Perceived Exertion

In figures,4-7, 4-8, and 4-9 mean values for perceived exertion determined after
approximately 30 minutes of exercise are plotted against We, M and HR
respectively for both- eccentric and concentric exercise. In cach case, the lines

represent least square fit. Again, an analysis~of covariance showed no effect of

RPM on the relationship between perceived exertion and the three variables

. When the ion lines for ic exercise are compared to
eccc‘ntric exercise, the perceived exertion for eccentric exercise is greater at similar
levels of M and HR when compared to cpncnnlric excreise ie. the line for
cccentric exercise falls above that for concentric exercise on the graph. This is
not so at similar levels of We where the perceived exertion for concentric exercise
is seen to exceed that for eccentric exercise. Also of note is the fact that lh’e slopes
of the two lines are quite different (p<<0.05) and a similar increase in either M or
HR is associated with a greater rate of increase in perceived exertion for eccentric’

than for concentric exercise. Again the converse is true in the case of We. To test
y

the significance of the relationship between perceived exertion and We, M and HR
for both W, and W, Spearmans Rank Correlation was performed. Table 4-3

con

contains the p values for the three variables observed for both types of exercise.

At p < 0.05, all variables showed a significant correlation with perceived
exertion, the correlation_beiﬂg much stronger for concentric eercise than for
eccentric exercise in terms of HR and M and npf)roximnlely equal for We, These
results indicate s substantial- relationship betwcen ratings of pelcelvcd exertion

and all the variables measured, especially for cuncentruz exercise. In both types of
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, Table 4-3: Spearman's rank correlation
N cocfficients of perceived exertion
“ and various physiological parameters
for eccentyic and concentric cxercise

Eccentric Concentric
o Exercise Exercise
We 0.8831 0.8773 .
MHP 0.6478 & 0.8036 ~
> e
HR [ 0.6560 * 0.3868

excrcise We shows the- strongest correlation indicating that group ratings of
perceived exertion were able to accurately reflect the work performed by the

subjects in both concentric and eccentric exercise.

4.3. Discussion
.
.

4.3.1. Oxygen Consumption DICIJ

4.3.1.1. Relationship of Oxygen C to Workrate

Tlte ratio of the metabolic cost of concentric to eccentric exercise was rmmd m
be somewhnt hlgher in this phase of the study compared to phase I, cuncenmc
exercise costing 8 times the equivalent amount of eccentric exercise. This is still
;vi!'hin the range of reported values given by the studies mentioned earlier in the
discussion of the results from plmse 1. The dlscrcpnncy is quite pombly due to the

variation in leg ‘length between subjects and tha distance from the pedals W|II|L'
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exercising. Asmussen(1952) showed that the ratio of the. metabolic cost of
concentric to eccentric exercise increases with increasing middle length of the
muscles (seat to pedals). In this study pedaling ﬁcquency was found not to have
an ecffect on the metabolic cost of exercise. This is Erobo?ly due to the‘l’act that
only lower pedaling spccdé were e’vnluated, Asmussen(1952) noted that between ;
45 and.85 RPM the ratio of the metabolic cfzst of concentric to eccentric exercise
increased between 5.9 and 13.7 while increasing the rate of pedaling from 92 to
102 BRM increased the ratio from 44,5 to 125. The rangs of RPM evalusted in
this study was between 40 and 80 RPM and thus one would expect a ratio
between 5.9 and 13.7, which was what was found. The range of RPM looked at
here was probably not l\nrge enough to elicit a significant eUecQ.
.4.3.1.2. Comparison of Oxygen Uptake at 10 and 25-minutes
In the present study no substantial differences wer’e found between oxygen
consumption data_taken at ten and zwenty-ri've minutes of eccentric exercise
indicating that oxygen consum];.tion reaches steady state in a time frame‘ sim'il?.r
tq that for concentric exercise. These resylts are contrary to a recent study that
shows oxygen consumption increases more than 25% in the tenth to the Jast
minute of 25 - 50 minutes of eccentric cycling (Knuttgen, Nadel, Pandolf and
Patton, 1082). The difference b;tween our results and those of the above
ment‘i.oncd paper could be due to the lower exercise intensities used in this study.
At lower exercise intensities, other‘studies h;nvc nl_sc found no such difference
between oxyécn uptakes at five and 20. minutes of exercise (Pimcnm, Shapiro and
Pandolf, iow), These results also .suppnrl the concept that the original ergometer

and \the modified oter are a q and do not yield different

physlological results.
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4.3.1.3. The Quadratic Rehtlomhi? between Workrate and Oxygen **
Consumption : o
In support of Phase I and previous s(,l.dirs (Hesser, Linnarsson and Bjurstedt,
1077; Croisant and Boileau, 1984) the rblationship betsween oxygen corsumption
a‘nd eccentric work was found to increase linearly with orgomvlrld‘-lon}l. In
contrast to thgse previous sludhw, this stﬁdy found thé ;clnlimlship lr‘; be linear
for- concentric work as well. These authors pmposcd thnt oxygen consu ption did
not increase Im!nrly because of the metabolic cost of \mmnusurod (mlcEnl) work,
suggesting that the internal work does not change in proportion to the r(’lmugv\ in
o —
the external work output. Regardless of how the internal work pomponent
changes with changes in external work or its absolute value, it seems ingirn‘l o
assume that it would change in proportion during cccentric and concentric work
Although this sil;dy cannot comment on how the internal work changes at higher
worklouds thé results are .mnsistcnt with #®he concept that it rlm{xm
pmpomanally during increasing eccentnc and concentric workloads.
4.3.1.4. Physiological Minimum Load

In this study the point of load was d: i at -13.6

.wntts, less than 5.0 watts different from that noted by Hesser et al(1977). The

procedure ased o e&timnle this point is the one described in sftion 4.2.0.5.
« te N .
Hesser et al argue that the difference between the oxygen consumption at the

point of physiological minimum load and the oxygen consumption in’ concentric

exercise at zero load rep the oxygen to elnsuc and

viscous n.-slstnnces in the moving legs, Wi. It seems luglcnl to assume tlmt at the
point of physiologlcal minimun load the fecentric cr;uméTer is s_lxp“plying the

| J
* N
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energy to overcome Wi and that the oxyger; consumption drops from that seen at
concentric zero load pedaling by a value equal to.the oxygen consumed in
overcomming Wi. At this point the estimated oxygen consumption is

approximately 0.181 L/min lower than zero load concentric pedaling and only

minimally different from the oxygen consumption: at *being pedaled® (0.0016 -

L/min), where the provision of the energy to overcome Wi by the ergometer

definitely applies. Unfortunately, resting oxygen uptakes were not faken and s0

the difference in oxygen consumption between zero load pedg,ling and resting i.e.
net oxygen consu’mtinn was not determined. From other studies, the net oxygen
consumed, during zero pedaling has been found to average 0.17 L/min at 50\RPM
(Aastrand, 1960), and 0.26-0.30 L/min (Whipp and Wasserman, 1969) and 0.22
L./min (Hesser, Linnarsson and Bjurstedt, 1977) at 60 RPM. If we estimate the net
oxygen consu;nption to be approximately 0.20 L/min, it follows from this study
tifat up to 90.0% of the net oxygen cost of zeroload peda]iné i.e. 0.181 L./min of
the total 0.'20 L/min can-be attributed to overcoming VW This s consider;bly
greater than the 33% estimated by Hesser et al.. They found 0.075 L/min of the
total net oXygen consumption of 0.220 L/min attributable to internal work. In
essence llf-sstcr et ?l.:re saying that ngpmximately 2/3 of the oxygen cost ol.{ern

load ic pedaling is exp on p other than internal work yet he

docs not speculate where this extra energy is being expended. As well, an internal

_work component overc'om_u by the encrgy generated ftom the combustion of 0.075

L/min of oxygen would be less than ;5 watts. A recent cinematographical analysis
of internal work (Wells, Morrisey and Hughson, 1986) showed mean internal

workrates of 11.5, 20.0 and 52.0 watts at pedal frequencies of 30, 60 and 90 RPM
1} .




respectively, with workload and type of exercise having no effect on the internal
work component. The study by Hesser et al. wagearried out at 60 RPM and so
the” internal work component would expected~to be around mn watts.

Although our value for internal work durlpg ecgentric exercise is somo“hnt lower
than 20 watts at 8.8, the value obtained for concentric exercise is in closer

. .

agreement at 15.7 watts, Considering the ph\ysie\ogiul process involved, one*
would expect there to be a differénce between the two types of ext:rciw The
I-rg‘er the‘ external work, the greater the tension required to overcome or resist
that force and thus the more muscle fibers activated. Naturally, the incrnns;'il
fibre recruitment would mean larger frictional and viscous Iorccs‘.whirh would

mean a higher inttrnal work component for concentric exercise. As already

pointed out, cinematography cannot quantify this component of internal work and

will omit that

so any mate of internal work using this

Thus, if- anything, the estimates of Wells et al are ‘low and the reason why they

l’ou,nd no dlﬂerence between the two types of exercise is likely due to the

limitations of the techni: Regardless, our results of internal work are in closer

greem with recegt ci ical analysis.
4.3.1.5. Heart Rate Data
Another discrepancy between the resulLs of phm I and \:huu Il appears in the
heart rate data. Figure 4-4 shows that heart rate’ u,l'n.gher for concentric than for
eccentric exercise at any level of oxygen cbnfumptlon, ‘This is in complete
.disngreement ‘with the phase I results and previous studics. It was thought that
. individual variation ls fitness, as indicated by VO,maxa(table 4-1), might have
confounded these results, To test this hypothesis oxjy;en consumption was
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expressed as a percentage of VOzmax. an accepted routine to pool exercise data

from;subjects of di"erin;’physical fitness, and re-plotted against heart rate. Again

it was found that heart.rate was higher for concentric than for eccentric exercise
Y3 :

at any level of percentage of maximal oxygen uptake. From this data itis diffiult

* to say whether the observed discrepancy was or was not due to differing fitness
i o

leve)s of the"xix subjects as only one of the six subjects (subject D) completed a
full series n‘oth eccentric and concentric exercise. It is hardly possible 'lo
/compare heart rate data from subject C dur‘ing eccenlric exercise to data 'during
concentric exercise for sub]ect A, even if the data is sundardlsed for fitness level.
To overcome ths problem and to test this hypothesis, only data I’or subject D was
plotted (figure 4-5). This graph conformed to previous studies and phase I,
confirming th‘e problpm qs;sinted with poulii:g data for subjects of varied

physical fitness.

e

4.3.2. Eccentric and € E: - I 1 Work
The results pertaining to internal work support the concept of expending exlrl‘

energy to overcomie frictional and viscous resistance in the muscles, to accelerate

and decelemtc limb segments and to maintain posture. In terms of the total work
performed by a subject while pedaling, failing to take into account the mternn.l
work companent of exercise will result in an overe:tlmuuon ol eccenlnc work nnd

an und imation of the ic work. Can!rary to a very recent

Jtndy did not find l’nternml work to be of an equal magnitude for eccentric and

’concentric exercise. In fact, internal work during eccentric exercise was found to

' . cinematographic study on- internal work (Wells, Morrisey and Hughson, 1986), this
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be almost one-half that for concentric exercise during zero load pedaling. These

results would appear consistent with the observed physiological differences noted

to occur between the two types of exercise in'that during eccentric exercise it has
been shown that fewer muscle fibers areactivated and-so therefore there would be

less viscous and frictional forces to be . Cii as a techniqu

to estimate internal work is Ii:niud in that it quantitates only the mechanical
work required to raise and lower limb segments and change their velocities. It
cannot quantify energy expfndil.urc due to.increased respiratory and cardinc
work, increased postural efforts or energy required to overcome frictional and
viscous resistances in muscles and joints. Unfﬂ‘rtunntcly, whole-body calorimetry
cannot be used to assess internal work at various wor'k rates above zero load as
the energy required to overcome these forces must ultimately be derived from
acrobic metabolism and thus would show up as metabolic heat production. Thus,
on ct:mparing We iq W, one would expect no difference between the two i.c. We,
= W.In fact, after fifty minutes of exercise, We.was found not to equal W (figure.
4-6):Asnming our estimates of M, SHE and THE are correct and recognizing
the fact that this difference cannot equal internal work, AW must equal body heat
storage, S. These results confirm the sensitivity of the calorimeter in assessing
~heat balance . With direct calorime‘try it is possible to detect rates of heat storage 3

which cannot be detected by thermometry at the conventional br’rdy sites.
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4.3.2.1. Internal Work or Heat Storage

When figure 4-4 was generated to compare the imposed external mechanical
workrate We vw:ith the’ workrate term W in the heat balance equation (eq. 1, page
3), care was taken to provide evidence that heat storage was zero, or negligible
(section 4.2.0.8). This evidence was based on minimal changes in mean skin
temperature, as evidenced by the constancy of sensible heat exchange, and on
r‘nini\r}ml changes in esophageal or tympanic membrane temperature. The
regression Mes in 4-4 yielded, when extrapolated to.zero external workrate,
results that compared favourably with those obtained from the oxy-an
consumptinn‘-workmte relationship (figure 4-3), particularly with the estimaie of
the physiological minimum load (section 4.2.0.5). Any further inference from the
increasing dcvim,ign from the line of identity in both directions must be handled
with extreme caution. The first and foremost poss‘ibi]ity must be that there is,
even after 50 inutes or more of continuous exercise, a small but persistent heat
storage. This study did not include the duration of the exercise period as an
independent variable. Thus, the possibility that a new caloric equilibrium would

inutes more cannot be verified. The

have been established after 10 or 20 1
observed heat storage is small; an average of 33 watts for all experiments. A heat
storage rate of 33 watts converts in a 70 kg subject to a rise in average body

temperature of 0.008°C/min, This may well go undetected by observing the

eardrum and mean skin temperature, especially if the storage takes place in

peripheral body regions such® as the exercising‘ muscle. Relatively large heat
storages i.c. greater than 100 watts, -were observed only in three subjects on four

separate bfcnsions at hiéh concentric and eccentric workrate® This suggests that
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the storage is related to the applied work, and not to the metabolic heat

prodqunA A second, but more remote possibility is a systematic error made in

one ,or more of the heat balance equation. After all, even
with a calorimeter the only unmitigated term is sensible heat exchange. Metabolic

- heat production is the regylt of ipulating oxygen

and insensibl

heat exchange is the result of multiplying water vapor loss by the heat of
vnporisntign. The fact that ‘the deviations in figure 4 on the concentric side,

quently insensible heat exchange, nre

with much higher oxygen uptakes and
more than twice as large as on the cccentric side, with lower oxygen uptakes and
insensible heat exchange, adds fuel to these doubts. This aspect is, however,
beyond the scope of this study; the conversion factors for metabolic heat
production and insensible heat cxchange must be taken as they are currently
accepted. The term Wi can, however, be approached by reasoning. Work,
performed inside the body, in this study particularly inside the leg muscles, must
promptly degenerate into heat, and therefore dealt with by heat dissipating

mechanisms such as sensible and i ible heat exch Wi can be considered

to be analogous to the mechanical work performed by the heaht muscle or by the
respiratory muscles. Nobody would ever dream of trying to solve f()r the work of |
the heart with the heat bn]nnce equation. Oddly enough, if we assume aW to be
Wi and add it, with the appropriate sign, to We, there is striking agreement in
the: magnitude of the internal work component of exercise reported here and by
that of a recent paper (Wells, Morrisey and Hughson, 1086). At -180 watts and
+180 watts exercise, Wells et al(1988) estimate the actual work pcrlorn;cd by the

subject to be -118 and 242 watts. This study would estimate -108 and 288 watts.

N
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However tempting it may be, this agreement must be considered coincidental. The
picture might have been completely different if the exercise period would have

lasted 70 minutes instead of 50 minutes.
43.2.2. Effect of RPM.and brake force on Internal Work "

Wells et al. (1086) found that mcreasmg pedalmg frequency increased internal
work. From our results we cannot comment directly on how mternal work
changes with increasing RPM but our results found no such effect of RPM on
oxygen uptakes at vnryir;g applied workrates with analysis of covariance, and thus

\-snggesu that if internal work is changing n isn't significant enough to change the
rclnuonshlp between applled work and oxygen consumptlon at dll'fcrem RPM.
The RPM effect noted by Wells et al. (1086) was greatést when the RPM was -
increased above 90. Little difference was found between 30 and 60 RPM. Again it
is possible that the range of RPM evaluated here was not large enough to e_licit an
RPM ecffect. The possibility of such a finding is considered likely, Ixo‘wever, as it
was found by all subjects that postural cfforts v;/ere considerably greater at the

higher pedaling speeds. Further research is needed to clarify this particular p‘oirﬁ.

4.3.3. The Perception of Effort
When comparing concentric and eccentric exercise at the same workrate,
concentric work was perceived as being more stressful than eccentric exercise.
N

These results -are i with subjecti by the subjects. Similar

findings have been reported by a number of authors (Henriksson, Knuttgen and ~
Bonde Putersun, 1972) and with different types of exercise (Pandolf, Kamon and

5
Noble, 1078). However, when comparing metabolic and heart rate data, concentric
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exercise was perceived as being less stressful than eccentric exercise. It is

generally thought that the perception of exqr“’un consists of & number of signals

originating in a variety of locations in the body, both centrally and Ioenlly‘

(Lollgen, Ulmer and Nieding, 1977). Tﬂhes,e undetermined inputs dominate the
perception of exertion to the extentrlhnt ‘(iill‘rlfe;é‘nt levels of metabolism, heart rate
and workrate are perceived to be equally stressful. Aithough not evaluated in this
study, it is Iikely.that the tension developed in the muscle in response to exercise
is a major input to perceived exertion. This would be c3nsistent with our findings
Lha/L eccentric exercise was perceived to be more ;tressful than concentric exercise
at similar levels of metabolism and heart rate. The tension developed in muscle
fibers is greater during eccentric exercise than concentric exercise and thus would
explain why eccentric exercise is being perceived as -more stressful even when
oxygen consumption is considerably less in the former than the latter. Further

research is necessary to assess this possibility. .
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Chapter 5 "
. .
Conclusions .
1. With regards to the total work performed by a subject while pedaling,
P failure to take into account the internal work component of exercise
will result in an overestimation of eccentric exercise and an
underestimation of concentric exercise.
.
’

o

. For cecentric exercise, steady state levels of oxygen consumption gre

reached within ten minutes of the start of exercise, which represents a

time frame similar to that for concentric exercise.

¥
J
3. Ratings /6f perceived exertion support the hypothesis that no single
.
? local or central factor can account for the perception of effort.
4. It is not possible to quantitate internal work thermodynamically as the i)

energy required to overcome these forces must ultimately be derived

* from acrobic metabolism and thus would show up as metabolic heat

production.
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> GWith direct calorimetry it is possible to detect rates of heat stornge
which: cannof berdutected by ihermomeiryat tho conveniional body
sites.

* 6. No adyantage was found in using the modified bicycle ergometer over n‘" K
N the original ergometer, the observed physiological responses on both
ergometers comparing favourably with each other and previous N
studies.
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investigation is to establish a reliable estimate of sensible heat exchange(SHE)
A G
’}es ihsensible heat exchiange(IHE)wduring, eccentric exercise using direct calorimetry. |
=~ . 4 -
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. Which of thé folloving afe to'be employed in' the [thvestigation:

- (" smm to be.taken from subjects: ~State type of sample, frequency lnd
~ amouwst. fMould sasples be takenaspecially for this 1nvesu.gltion or as part’
of norn/al Pltignt care?
. o

Tio snx_/w,‘ of any neture vill bé teken from the subiects.

() ‘Quuucmmu : To .whom will they be adminis:eud" How will confiden-
tiality be maintained? Attach copy of questionnaire to be used. ¢ ~

o questidnnaire.

(c) cu.uiul tridls: Will this be experimentdl therapy /7, cross over
comparison /_/, ‘double blind triall /, placebo / /, other (specify) =
u

Phveislopieel studv State drugs, dosage and route of administra-
tion,

Lo No drugs used. ¢
7. Scientific background: = (If necessary, attach another sheet of paper.) If this
_investigacion has been done previously with human subjects; why sapoat 1:7 1t v
1t has not been done with humans before, has the problem been worked out as - 5.3
fully ‘as possible with. animals, both to perfect analytical .and l::hnil:ll dspects | :
: e 7 jand to-assesa possible. toxic effects? jun, s AETE SO ERarumeRpitattan .
- propose that ‘average gkin temperature and body core temperature are the thermal inputs| -
which control heat dissipation duung exercise..The eveilable evidence suggests that
" for. eccentric .e timilated muscle fibers) 'this view may be en
oversimpification.:
In direct contrast to concentric exercise, vhere vork is being dorie by the &

|/ stimieted miscle, during eccentric exercise vork is dome on the stimulated miscle.

In exercise of the latter type. for exaaple ruming downnill, mechanical energy
is_absorhed and "

o

High b

“|-temperatures ere observed during eccentric exercise, l:uupared to cnncentr)c exercxse

of the same _intensity(4,5). Also the metabolic heat ise g
has been to be much less vhen performed with(con'd ) ~

8. Number of subjects: "6 . Will pregnant subjects be ‘excluded? YES f#f (delete -

one). State how subjects uu be selected: pegieny stugents will be asked to.
volunteer. Potential subjects vill be screened to deterpine their suitability for
the gtudy. It is necessary that they be able to introduce an esophageal catheter
(diameter 1,5m) without to much difficulty, Due to th&nature of the eccentric
exercise each subject.vill aléo have to be trajned. The training vill enteil 3
separate 20 minute bouts of exercise to have b

9. ‘Number:of controls:' 0 State how they will be selected. ji control necessary.|

Esch subject will complete bouts of both concentric and eccentric exercise at
equivalent work loads (60, .90 and 120-watts) for comparative purposes. Exercise vxll 3
be carried out on.a modified monarch bicycle ersometer.




10, Give'a brief description of the désign of the/ftudyl The entire study will

consist of' twelve se;r te experime: ct, excluding the three trai:
| Ere-test protocol : i otserve a number of conditions prior |
o eagh experiment: o 'st: omiotis ‘exereise for 24 hours; get & normal nighis sleep;
and to est & moderate breakfast. Sub_gm.s ¥ill a150 be asked to avoid eloohol and
xenthine derivatives for at least
'will be carried out under two different

lcads.These worl

Sresk | Tempgrature ( C) loads are light to moderate

"E""‘frie o5 and must be susteined for estimated period
TR () 2 2 :
of LC to 50 minutes. The sublest wiil enter
: +ve T |eve . .
60 1.0 sve the celorimeter ( after baselines have teen
o Aus [t Toe | M2 e |estetiished) end Lomediately begin exercise.
- - work load and temperavurg
120 =ve =Ye. ned for each subfect(con

IR T 3 -xa

d)

Ve P
11. Describe the procedures and any tests or substajces to be administered to

patients (special diets, drugs, isﬂtnpic nu\czrly etc.

45 study involves heelthy young'in it , not pajiemts, Mo sgecial drugs or

1 e adnint

diets v

12. What tisks and discomforts_ are involved in Ch‘—"‘”dyl‘[p'fn CTTTR

end strein associated vith exercise no resl discomforts are inlolved in the study.
Bxercising- &t 20 C'is quite comfortable while 30°C is considered ‘warm'yet not

‘{unbearsble. Work loads vwill not exceed 60% VO,-Max and are not herd to meintain for'

pexiods of, one hour.end more. The only risks “involved deal with the eccentric
exercise itself tric exercise & 3 H.P. mctoy drives the fly vheels
of two monarch bicycle ergometers which are connected to esch other by a car
differential.’ The breek force is mpplied.to one vheel, v}.;:h causes the . (con'd)

he sweating

13, What beufiu cln be anticipated from the study?

Direct calorimetry , bnng a more ‘sensitive technique for measuring hunin energy

relationships of the thermoregulatory control mechanisms. %,

14. . Ate there ‘any tmmediate benefits artsiag out of the study for che subjecta?
(Specify) . > .

“There.are no immediste benefits arising out of this study for the subjects.

belence, will ultimetely yield more accurate information on the input-output R




« - | concerning eny espect of the study will be held back from the: sublest

15, 1Is there any ifivasion of privacyTHO _ 1f yes, what steps will be taken to
prulrvn confidentiality? ,

16. Explain the procedure toz obtaining the subject's consent, where appropristd.
Where applicabl ch copy of (1) consent form, and (i1) explanation of
the 1nv¢su'lum Vhich will be given to the .mu:/;unun.

N -

Congent /forz atteched o

17. Will subjects include minors /7, wentally incompetent persons / /, egally
-+ Ancompetent persons [/? 1f 80, what steps will be taken to profect. their
rights?
. . '

. . ¥/A . \

18.. What will be the mechanigm for debriefing or feedback to subjects? >

Subjects will be given a verbal explalnation of the results obtained.: No information

19. What 1s the probable date.of completion of ‘the study? ; 1;&

20, ‘Will volunteers receive reimbursement for expenses / /, time lost from
+work /7], or payment for puuup.r.zm in the study / /7 Please specify. *
4 .
Nil > -
21, Will any tangible bemefit, lunu.n or othervise, be derived from the tavesci-
E gatica by the

.- ni1 ) -

22, W1l data become the exclusive propercy of the pharmaceutical Company or other
outside agency?

nA
23, It.is the re lity of the iave £0 ensure that permission is
obtained from clinicians, departments, institutions or communities who:

patients/residents 'will be involved in the study. ' Have the appropriate
contacts been made? Yes =

| 24+ Aze you agr

;la to this form being passed on' to . any hospitals listed
quested by them? . N/A

id # 4, 4f

Data of subatasson: “b 2’y of

- e P ) e
stnnun of uupcrvuu: in case of uudgn: applicant
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re

v, Being a more .zen:
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Question 8 coxn't

'not less then one veek prior to the,start of the luuly Maxizm oxygen consuzption
¥ill elso have to be determined for each :ubjmvmﬂer the supervision of & licenced
physicien.

-guestion 10 con't g p s
pr'iur to the start'of the study. kerehe will \;e meintained st 60 RPM's for 30 |
minutes or until a steady state i{s nmhzd. Oxyge! eaulunption. sm;. IHE, uoph-;-u :
mperature and heart rate will be The exper ¥ill 5
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