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Abstract

The purpose of this study was to evaluate the relationships between heart rate
(11R), oxygen consumption (V1) and mechanical (Peak crank torque (PCTY and
Average crank torque (ACTg)) variables in response 1o submaximal exercise
employing a cycling race ergometer (R13), treadmill cyeling (1'CY and cyeling in the
ficld (FC). Light well trained male cycelists rode at 3 pre-determined submaximal work
loads defined in terms of lactate threshold and maximal oxygen consumption
(VO2max). The work intensities identilicd as sub LT, L1 and supra LT were equated
on the basis of TIR. Voltage signals lrom the crank arm were recorded as FM signals
[or subsequent representation of peak crank foree (PCT) and average erank torque
(ACTg0). Tield V()g measures were done by Douglas bag procedure while an open
circuit method was used for all laboratory testing.  Teart rates were recorded with o
Polar Eleetro Sport Tester PE3000. Signilicant differences (p<0.05) in V()g were
observed between FFC and both laboratory conditions at and below 11 intensity.,
Significant difference (p<0.05) was demonstrated in peak crank torque (PC1Y between
ICand 'TC at below LT imensity. Significant differences (p<0.05) were shown for
ACTgp between FC and R at sub LT, No significant differences were demonstrated
at Supra L'1" intensity for VO, Similarly no significant differences were shown lor
PCT and ACTgg) Tor cither the LT or supra 1T intensities. The observed results of
licld cyeling demonstrated that laboratory conditions would overestimate the oxygen
consumption in the ficld while force measurements suggested that laboratory conditions
would underestimate mechanical work expenditures in the field. ‘These differences

become reduced at work intensities approximating VOagax. 1t was concluded that



HR can not always be used as an indicator of work stress when atlempting to equate

simtlar work loads performed under different conditions.
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INFTRODUCTION

Heart rate is commonly used as an indireet measure of energy expenditure in the
ficld. Similarly, target HR's determined by laboratory testing are commonly utilized (o
identify training intesitics, such as above or below the lactate threshold, Tor the athlete
in the lield. Whichever of the above purposes HR collection may serve, the
methodology associated with its use assumes that the relation between HR and VO-

remains constant under all conditions.

It has been established that a reasonably linear relationship exists between IR
and VO3, particularly at moderate levels of exercise (Booyens and Harvey, 1960
Pugh, 1974; Kovac et al., 1975; Christensen et al., 1983 Washburn and Montoye,
1985 Astrand and Rodhal, 1986). However, it has also been shown that the
consistency and reliability of the relationship may be inftuenced by a number of
variables such as the size of working muscle groups (Bevegaard et al., 1966; Kovae ¢l
al., 1975), the magnitude of the static work component (Kiblom and Persson, 1981,
Niclsen and Meyer, 1987: Maas ct al., 1989) whether or not the work is performed in a
steady or non-steady state (Iernandez et al., 1974) Muctuations in ambicent temperature
(Leblane, 1957: Brown ct al., 1985); the degree to which other sources of stress are
present inside and outside of the laboratory (Astrand and Rodhal, 1986). ‘There has
been some rescarch which has demonstrated that, so long as the testing mode is
identical with the athletes specific sport activity or work perlformance requirement, the
above [actors and their effect on performance variables may be minimized
(diPrampero et al., 1971, Stromme et al., 1977; Wilmore, 1984 and deBoer et al.,

1986). In particular, responses to cycling have been assessed on various cycling
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crgameter devices such as the 'Monark Ergometer’ which according to the principles
deseribed by Wilmore (1984), simulate the actual ontdoor eyeling, "There is however
cvidence 1o dndicate that simulation based solely on mechanical action may not be a
sulficient eriteria for ensuring similarity in physiological response. For example, it has
been shown that, in order for laboratory measurements 1o be representative ol field,
components such as pedalling frequency (Gaesser and Brooks, 19755 Hagberg et al.,
1981 Faria et al., 1982 seat height (Laurence Shernun and deVries, 1976: Nordeen-
Snyder, 1977}, crank fength (Carmichacel et al., 1982; Conrad and Thomas, 1983},
posture (Faria et al, 1978), toe clips (Davis and Hull, 1981; Ribis] et al., 1982;
Brodowicz et al.. 1982, Mollat and Sparling, 1985) must be identified and the same
conditions reprodueed in the laboratory. Morcover, most stuclies of this nature also
identily the problem of equating for conditions of rolling and wind resistance, thermal
and humidity characteristics and the metabolic costs associated with maintaining
balance or overcoming inertial characteristies of different apparatus, most of which
cannot be duplicated i the Taboratory. Thus it would seem that the best approach for
establishing training intensities Tor eyelists would be to conduct progressive work tests

n the Teld.

Verilication of the degree 1o which field and laboratory measurements are
comparable might be accomplished by dircet assessment of oxygen consumption in the
ficld.  However the various ficld methods of metabolic cost available to date are not
without serious limitations. “The conventional Douglas bag and the Krofranyi-Michaclis
gas meter methods impose a weight or resistance penalty and are laborious, time
consuming and are restricted to single toad situations (Iouhevaara and Imarinov, 1985;
Astrand and Rodhal, 1986). “The application of such portable deviees as the Oxylog
(I'.K. Morgan Ltd, Chatham, Kent) is both costly and limited by a relatively Jow

maximum VO?2 of about 3.00 L-min-! (Ilarrison ct al., 1982). Therelore, the only



option available [or developing controlled intensity training programs for athletes which
are based on their individual physiological performance characteristics is 1o equate the
mechanical conditions as much as possible and wtilize laboratory measurements of 11R
and VO2 assuming that, even il mechanical loading may differ from field to
Laboratory, the IlR—V()g relationship will remain the same.  However., there are few

data in the literature with which to justify this assumption.

The purpose of this study was o evaluate cardiovascular (HR), metabolic (V()g
and mechanical (PCT and ACTg) variables for differences in response to submaximal
exercise employing a modilied cyele ergometer (R1¥) and during [ree cyeling on a
treadmill (TCY in the Taboratory and while cycling in the lield (IFC) in order 1o
mvestigate the feasibility ol applying laboratory measurements to control Tield

performances.



METHODOLOGY

Subjects

Light well trained male cyclists participated in the study (table 1). The subjects
were informed of the experimental procedure prior to signing consent forms (appendix

R).

Table I: Subject Data

20-30 22.9 3.6
62 - 85 74.9 7.9
168.5 - 186 1759.4 6.1

Procedures

Testing required 4 laboratory sessions and one field session. The first two sessions
were required to determine the subjects maximal oxygen uptake (VOgmax) on each ;)f
the two separate tasks: treadmill cycling (TC) and race ergometer cycling (RE). The
information was subsequently used to establish the workload intensities for the subject’s

following work sets. The remaining three testing periods were used to evaluate

submaximal work response both in the field and laboratory settings.



The procedure to determine each subjects \'/()gmux followed a continuous
progressive work test protocol for two cyeling tasks (R1L and '1'C). ‘The treadimiil
cycling test was performed on a standard racing bike at a cadence chosen by the
subjeet during pilot tests and progressed by increasing grade by 0.5% increments at |
minute intervals from an initial grade of 2%, ‘Treadmill velocity was maintained at 20
mph during the test until maximum VO2 was achieved. ‘The race crgometer VO
maximum fest required the subject to pedal at the same cadence and a1 an initial Joad
cquivalent to that calewlated for the treadmill (based on the weight of the subject)
(appendix G) and increased by work increments similar to those of the treadmill test al

the end of cach 1 minute work period.

Micro samples ol Tinger-tip blood were taken at the end of each workload during
the race-crgometer max test and used in conjunction with Ventitation, VO, VO h
and Ventitatory cquivalents for O and CO2 (V/VO2, VIVCO2) 10 establish three
submaximal exereise loads Tor subsequent evaluation in the lield (appendix P).
Capillary blood for determination of blood Iactate concentration has been shown to
give similar resulls (o thase seen in arterial blood (Faughlin et al., 1964; Langlands ¢t
al., 1965). Dcterminations of arterialized venous ptl, pCO2 and lactate values have
been demonstrated to be similar to those measured in arterial samples (Forster ¢t al.,
1972}, In contrast venous sampling has not been considered to be suitable for
anacrobic threshold (AT) determination (Yoshida et al., 1982: Yeh et alb., 1983). The
technique of capillary sampling as used in this study, in conjunction with non-invasive
methods for AT determination, provide a sufficient indicator for threshold
determination.  Lactate threshold determinations were used to arrive at categories of
work for the competitive cycelist that would be representative of their training and
competitive circumstances. ‘This approach was not used 1o equate working loads

between fickd and faboratory conditions but rather 1o assure that work intensities would



be significantly dilferent for cach treatment while at the same time approximating the
exercise intensities that would be experienced during training and competition. Blood
samples for lactate analysis were also taken Tollowing cach steady state exercise load

for all conditions at I minute and 3 minnte post excreise.

The submaximal work loads in the ficld required the subject 1o ride a specially
cquipped race bike in the fickd at three work intensities which approximated
l.'i'—[()‘%.\:/()g, 1T and I,'l'%-l()'Z»\'/()g. The work intensities were equated on the basis
of a target HR established during the laboratory test. 1iach work load was performed
at i constant work rate for a 10 minute interval. ‘The eyelists were asked to muodify
their gear combination o achieve the target HR while maintaining the same cadence

(monitored by a cyclometer) which had been used during the VO2 max 1ests,

The submaximal Taboratory tests required the subjects to perform three constant
work intensitics on the two tasks (RIS and 'I'CY at similar target HR's used in the field.
‘The subjects were required o eyele at a constant rate lor a period of 10 minutes,
Pedal frequencies and gear ratios on the treadmill were similar to those used in the
ficlkd. Pedal frequency on the RE was the same as the lield and the resistance was

acdjusted in the Tirst minutes of the test 1o achieve the desired target HR's,

Equipment

Alt treadmill eyeling tests were performed on a Quinton treadmill equipped with a
rubberized surface with maximum speed capability of 25 mph and maximum gradient
change of 40 degrees. The racing bike used for FC and 'F'C conditions was a Grandis
lalian racing bike cquipped with adjustable Dura-Ace handle bars and ook lock

pedals. The seat was adjustable both vertically and horizontally.



7
‘The race bike ergometer combined a mounted racing bike (Bridgesione) where the
chain ring was dircetly conneeted by a standard bicyele chain to the front wheel ring
gear of a Monark crgometer making it possible 1o use the braking load system of the
Monark Lrgometer. Both the mounted racing bike and Monark ergometer were braced
within a metal frame which allowed the bike to act as a single system. The handle bar
and seat were both adjustable similar to measurements which approximated those of

the racing bike and cquipped with Look lock-in pedals.

A specially build transferable crank which incorporated strain gauges was installed
1o measure the foree acting on the erank arm and was used for all cycling conditions.
The strain gauges were located on both the anterior and posterior sides of the crank
arm (85 mm (rom the axel origin). Only the forees normal to the crank axis in the
plane of crank longitudinal axis were recorded. Values recorded rom the strain
gauges were used 1o deseribe relative differences among the three conditions rather

than to represent absolute foree or work production.

Heart rate was recorded by means ol a wircless transmission device (Polar Electro
PE3000). Oxygen consumplion (V()g) was determined by open cireuit gas analysis
during the laboratory tests. The open circuit employed an Amtek §-3A Oxygen
Analyzer and an Amick CD-3A Carbon Dioxide Analyzer for O3 and CO2 analysis
and a Morgan Ventilometer Mark 2 incorporated into a metabolic cart Tor repeated
V. Ficld VO2 was measured by Douglas bag technique in which a sample was
retained for volumetric and concentration analysis. A volumetric reader (Cowan
Parkinson Measurement) was used to measure the volume of expired gases collected
for the 30 see collection period and gas samples were collected in a mylar balloon bag

for analysis of Q2 and CO2 volumes,



Analysis

Table A shows the one factor experimental moded with repoated measurements
tsed i this study. The rows represent individuals (subjeets) and the columns represent
mades ol eyeling in which the modet is presumed 1o represent a random sampie of
individuals tested under three different tremtment conditions of cycling, One basis of
classilication. the columns, is fixed. The other basis of classification. the rows. s
random. “This model was used to assess 1the variables (\."()2, HR, PCT. ACTa) and
lactate) tor cach of the respeetive intensitics seperately and 1o assess condition elTect
in order Lo identity any similarities and/or dissimilarities between field and laboratory
cycling (Ferguson, 1976). The General Linear Model (GLM) procedure for computer
analysis was used compute the data. In order 1o deal clliciently with the correlation of
repeated measures. the GLM process used the multivariate method of specitying the
model even il a univariate analysis is required (SAS Institute Inc.. 1985 Freund et al..

1986). TABLE A. STATISTICAL ANALYSIS MODEL

SUB IACTATE INTENSITY

* Values for oxygen consumption at SubLT




RESULTS
PHYSIOLOGICAL RESPONSES

Heart Rate.

The heart rates across conditions were not significantly different (p<t.03). This
demonstrated that the attempt at equating relative exercise intensity by controlling HR
during different modes of exercise, including field cyeling, was successful and that the
experimental conditions had been met (table 2). The difference in HR across the 3
work intensities demonstrates that the values chosen were significantly different 1o
ensure a large enough intensity or work stress ditference. Based on the R max test
the % of max HR for each intensity was cquivalent 10 83.7% at sub LT, 89% at LT

and Y3% at supra LT.

Table 2: Mean Heart Rate Values (bpm)

'SUBLT LT SUPRA LT
157. 168.4 176.1
CYCLING 6
157.6 168.1 175.5
ERGOMETER
TREADMILL 1569 168.1 175.1
CYCLING

* Denotes significant difference with field cycling at p < 0.05

-9
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Figure I: Mean Oxygen Consumption Values.

Oxygen Consumption.

Oxygen consumption was significantly lower in the field compared to both
laboratory conditions at subLT and LT intensities (table 3 ). This difference from field
VO3 at the subL T intensity of RE and TC was equal to 19.0% and 21.8% respectively.
At the LT intensity this variation was equivalent to 10.8% and 13.1% for RE and TC
respectively. This difference dissappeared completely at supral.T approaching
VOgmax (figure 1). The lower observed field values were observed for all 8 subjects
at subL T with respect to FC and RE and 7 of the 3 subjects between FC and TC. At

the LT 6 of the 8 subjects demonstrated lower values (Appendix L). The standard



deviation tor the three conditions demonstrated that outdoor cyeling was exerting a
substantial influence on the variation of performance as well as demonstrating an

influence on the level of performance. This effect was evident for the 3 work

intensities.
Table 3: Mean Oxygen Consumption Values (ml- Kalmin1)
SUBLT LT SUPRALT

FIELD CYCLING 383 470 586
Std dev 7.6 55 6.4
% MAP 63 77 94
RACE ERGOMETER 47.3* 52.7+ 57.5
Std dev 3.9 55 25
% MAP 5 84 7]
TREADMILL CYCLING 49.0* 54.1* 582
Std dev ) 31 25 1.8
%MAP ) ' 7 86 93
* Denotes significant difference with field cycling at p < 0.05

Average crank torqe (ACT@) and peak crank torque (PCT).

Peak crank torque during field cycling was significantly higher than treadmill
cycling at the subLT intensity and showed a non-significant trend to be higher than
both laboratory conditions at all intensities (table 5 and figure 3). Average crank
torque values (ACTg) in the field were similar to PCT in showing higher values than
both laboratory conditions. However ACTgo was different from PCT in that the

values remained similar rather than increasing with increasing intensity (1able 4).



ACT e in the Tield did show a significant dilferences compared to Ri? at the subl,T’
intensity (figure 2). The standard deviations for both PC1 and ACTg showed that the
outdoor eycling had a substantial influence on the variation in performance although its

influence on the mean level of performance was negligible.
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Table 4: Average ('rank Torque (N-x)

SUBLT LT SUPRALT
FIELD CYCLING 176 17 176
Std dev 52 46 42
RACE ERGOMETER 150 157 166
Std dev 20 272 15
TREADMILL CYCLING 159 162 173
Std dev 14 23 7

* Denotes significant difference with field cycling at p < 0.05
Table 5: Mean Peak Crank Torque Values (N)

- SUBLT LT SUPRA LT
FIELD CYCLING 417 413 446
Std dev- 118 89 95
RACE ERGOMETER 383 403 432
Stddev - . . | 54 42 57
ADMILL CYCLING 378 390 427
Stddev. ~ 30 67 28

* Denotes significant difference with field cycling at p<0.05
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Figure 2:
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Mean Peak Crar;i; Torque Values
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Figure 3: Mean Peak Torque Values. A comparison of peak torque for a

1 minute sample period.

Performance indices

PCTNO: and ACT/VO».

The relationship between oxygen consumption and both PCT and ACT show that
the torque for a given level of oxygen consumption was significantly higher in the field
than either laboratory condition at the subLT intensity with a similar trend at LT
{where significance was achieved only between FC and RE at this in.tcnsily) (1able 6).

This trend almost completely dissappeared at the supral T intensity (figure 4 and 5).
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Table 6: Mean Index Values

* INTENSITY
INDEX SUB LT LT ' SUPRA LT
PCT/VO2 11.2 8.7 7.7
FIELD ACT60/VO2 48 3.7 3.1
CYCLING PCT/HR 27 25 26
ACT60/HR L1 1.1 1.0
PCT/VO2 8.2+ 78 7.6
RACE ACT60/VO2 3.2¢ 3.0° 29
ERGOMETER PCI/HR 24* 2.4 24
ACT60/HR 0.9* 0.9 0.9
PCT/VO2 8.0* 73 7.4
TREADMILL ACT60/VO2 3.6 3.1 3.0
CYCLING PCT/HR 2.4* 2.3 24
ACT60/HR 1.0* 0.9 1.0

* Denotes significant difference with field cyclingar p < 0.05
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and metabolic relationship.

V09 as a function of HR - oxveen pulse.

The oxygen pulse (ie. VO per unit of HR) was significantly lower in the field

compared to both laboratory conditions at the subLT and LT intensities. This

difference dissappeared completely at the supral.T intensity approaching VO1mayx. In

effect these curves (figure 6) and the performance index curves, (ACTg0/VO2 and

PCT/VO1) (figure 4 and 3) demonstrate a significant difference in slope between field

and laboratory conditions.
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Figure 6: Oxypulse Curve. An overview of the relationship between

metabolic (VO2) and cardiovascular (HR) variables.

Table 7: Oxygen Consumption Differences (ml-Kg‘l-min'l)

0
CYCLING ~ |ERGOMETER  |cvcLiG
LTeubLT 90 50° 5.5¢
Stddev | ag 3.1 35
spaLTLT - | 103 53¢ 46%

* Denotes significant difference between field cycling p<0.05




20
PCT/HR and ACTg0/HR against VO5.

Comparisons of PCT/HR and ACTg/HR to oxygen consumption were done 1o
reflect the oxygen cost of similar work (PCT and ACTg0) and exercise stress (11R)
conditions and are therefore radimentary demonstrations ol cither work elficiency and
or similarity or disimilarity in exereise mode. 1If cfficieney is identical across all
conditions or the exercise mode is identical across all conditions it would be expected
that the relationship of the index PCT and ACTg/TIR 10 V()g would be tdentical at
ach intensity. Figures 7 and 8 show significant dilferences between field and
laboratory conditions at subL/l" and a similar trend at the 1.1 intensity and supral I’

miensity.
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Figure 7: PCT/HR / VO3 relationship.
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Figure §8: ACTg0/HR / VO relationship.

Performance Correlations.

The ACTg0/HR against ACTg/VO2 and PCT/HR against PCT/VOs correlations
(Table 8) show that in particular for subLT and LT the change in average crank torque
and/or peak force for a given HR between laboratory and field seems to compensate
for the difference in VO in the laboratory and field as shown by the fact that these
indices when correlated show a moderate relationship whether this is physiologically
significant or not is difficult 1o say on the basis of the data. However it is evident from
the field correlations that the work cfliciency (mechanical efficiency) remains constant
with increasing work intensity as seen by the strong correlations in contrast 1o the less

consistent and moderate correlations demonstrated in both laboratory cycling tasks.



Table 8;

Pearson Correlations




Blood lactic acid.

Analysis of the 1T min post Dlood exercise Lactic acid value revealed a signiticant
difference (p<0.05) between FC and R} m 1V (Hgure 9). The 3 min post exereise
blood lactic acid values demonstrated no signilicant difference across conditions
(p<0.05) (figure 10). Both the ! min and 3 min FC values showed a tendencey to be

[ower than those of laboratory cycling task (1able Y).

Table 9: Mean Blood Lactate Values {mM)

TIME (min) SUB LT | LT . SUPRA LT
FIELD 1.0 3.84 436 6.86 ;
CYCLING. 30 3.51 421 5.94 |
l
RACE 1.0 430 583+ 7.44 '
ERGOMETER 3.0 357 4,80 6.50
TREADMILL 1.0 472 5.47 7.58 :
CYCLING 3.0 3.60 3.99 6.24 :
1

* Denotes significant difference with field cyeling atp < 0.05
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Figure 10

Mean Blood Lactate Values
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DISCUSSION

The teehnique of equating work stress under the three conditions of Tield eyeling
(1°CY, treadmill cyeling (TC) and race ergometer eyeling (R by adjusting work load
oo target heart rate proved Lo be quite workable as average heart rates at cach
intensity varicd by less than 1 bpm across cach condition. The experimental protacol
required that a given subject be at the same relative level of exercise stress for 3
submaximal work intensities in cach exercise mode (1 fickd and 2 laboratory
conditions).  The observation of virtually identical TR in cach exercise mode at subl 1!
intensity and again at T and Suprall' inteasities verilied that it was possible 10
achieve identical exereise stress on the basis of a target HR. Thus by otilizing the
same pedalling frequency on the treadmill and race ergometer as had been utilized in
IFC, in order to produce HR's which had been pre-determined in progressive maximal
acrobic testing to be subl/lL IV and supral 1, it was possible to adjust treadmill
gradient (with constant speed) or lywheel resistance on the ergometer 1o bring the
subjects to the same level of exereise stress in the laboratory as had been demonstrated

in the field by progressively inercasing work rate until HR plateaued at the warget level.

Oxygen consumption and R relationships are normally expected 1o conform 1o a
lincar function across work intensities below maximal acrebie performance levels.
The slopce ol this curve remains stable for similar exereise modes. Thus it was
expected that the TIR to oxygen consumption relationship (uxypulse) would be quite
similar for bicycle and treadmill excreise in the laboratory and this was verilicd by the
results (ligure 6). "This similarity in response is normally expected to be demonstrated

between ficld eycling and both laboratory cycling tasks. ‘I'he simulation of Ticld
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performances in laboratory testing is axsumed to represent the demand and time-course
response of Ticld work where the task utilizes the same large muscle groups ond
muchanical attributes identified in the field (Asirand and Radhal, 1976; Wilmore,
1984). “I'his was not verified by the results. The results of the study identified that
ficld eycling showed significantly Jower VO3 at both subl, T and 1.7 intensities, with a
foss of this trend near maximal intensity, Signiticam changes in exercise mode such as
would be demonstrated with the performances of a4 given level of work by distinetly
different volumes of muscle mass (ic. as in the performance of the same workload
with arm and leg musculature) (Kovae et al., 1974, Astrand and Rodhal. F976) results
in different slopes 1o the lincar HR/VOA relationship. The signilicant variation in
'\:/()2 per unit FIR identified in this study indicates that the dilferences may possibly be
the result of a change in work clficiency (mechanical clliciencey) or simply that the

work performed in the field and Iaboratory are quite distinet exercise conditions.

Maodifications in cquipment as in the use of toe clips (Brodowicz et al.. [U82),
crank arm length (Carmichael et al.. 1982). seal height (Lanrence Shennum and
deVries, 1976: Nordeen-Snyder, 1977) and handle bar position (Faria et al., 1978)
have been shown to afTeet eyeling clficiency or lead 1o reductions in oxygen
consumption. Similar studies have shown thal pedalling rate has an effect on
submaximal responses of compelitive cyelists with an increase in energy expenditure
abserved when pedalling slower or faster than "most efficient” (Scabury et al., 1976;
Hagberg et al., 1981). "Uhe variation observed for VO in this study is not a result of
changes i equipment or cycling cadence variations. “The test protocol perlormed in
this study was designed 1o be sensitive 1o such expected variations determined by
previons researchers. “T'he same bike and equipment was utilized for both field and
treadmill eycling. However the important analogy that can be drawn Irom the results

of previous work, is a imilar degree of sensitivity in the physiological response which
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has been observed with changes in equipment. Tlowever the change observed in this
study is demonstrated as a reduction in oxygen consumption resulting from a change in

the condition or environment where the task is performed.

FThe significant differences in the oxygen consumption and the higher trends
observed with both mechanical parameters (PCY and ACTg)) suggest a greater
elficiency in Ticld cycling as opposed to laboratory cycling when PCT and AC g are
plotted agains VO‘_) (Iigure 4 and §5). The ligures do identify a greater pedal stroke
efficiency with a lower VO2 per unit loree applicd in the Tield as compared to that
same lask performed in the [aboratory. Tlowever, reference 1o the curves ol PCT/LIR
and ACT/HIR plotted against V()j_ (Figure 7 and 8) shows a reasonable maintenance
of work per unit ol exercise stress relationship during FC and during cach laboratory
cycling condition, even though \."()'_3 is signilicantly less at the subl 1 and shows a trend
to be less at the L1 condition in the Tield than in the laboratory. 11 the field condition
were Lruly more elficient it would be expected that the exercise stress (ie. 1HR) would
be less for a given level of work performance (ie. ACTg) and PCT)Y and therelore

demonsirate the same lower values in the field as has been shown by VO,

These results do not rule out the possibility that changes in mechanical efliciency
could be accounted Tor by some ol the variation in \./()2 demonstrated at subl and
1'F workloads, with the greatest variation seen at subl!l equivalent to 21.8%. The
results do emphasize that the difference must be to a large degree attributed to a
change in mechanical function (as opposed to a change in cyeling elficiency). Tigure 6
demonstrates that both Iaboratory eyeling 1asks impose a greater oxygen cost than the
fickd but the reverse trends of higher mechanical work performed in the field as
demonstrated in the mechanical variables - PCT and ACTgy (Figure 2 and 3) are also

quite distinet. Unlike either laboratory cycling task, licld cycling did not show a



30
slepwise increase in foree output as might be expected with an incremental increase in
work. Ficld cycling demonstrated a trend towards higher mechanical work and one
which changed insignilicantly with successive inereases in workload. Although crank
torque values in the Tield were higher throughout, the mean blood lactate values for
lickd eycling did not demonstrate a trend similar to that of the higher crank torque
values but instead showed lower values when compared to cither laboratory cycling
task (Figure 8 and 9). Purthermore, the energy cost in the field, as measured by VO»,
demonstrated a greater increase per unit increase in 1R, Table 6 reveals the
magnitude ol increase in the relative oxygen consumption between workload
increments i the field to be almost double the increase in VO2 per unit increase in
HR identified for race ergometer eycling or treadmill cycling. Such a variation in the
magnitude ol increase in V()g would not have been expected considering the similarity
in the task stareture and performance requirement of cach laboratory task, especially

between field and treadmill eyceling.

The basic principles ol task specificity described by Wilmore (1984) states that so
long as the basic testing mode is identical with the athletes specific sport activity, the
data obtained will be representative of the performances in the field. This basic
criterium was observed in both laboratory cycling tasks but clearly was not supported
by fickl and laboratory eycling comparisons.  Application of the principle of task
specilicity to licld eycling would have implied that the responses identilied in the
laboratory should have been equal to those observed in the field. This would
presumably be the case il the conditions were equally matched in terms of the skill
level required. “The results support the contention that field cycling and laboratory
cycling are different tasks.  As stated carlier, the time-course and slope of both
metabolic (\'/()3) and cardiovascular (IR} responses cach reveal a unique response

which one might associate with different musenlar activity patterns (Kovac et al., 1974;
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Astrand and Rodhal, 1976). The TIR/VQ» relationship shows a higher correlation
when compared 1o well practised tasks than when compared 1o novel tasks and this
higher correlation is also expected 1o persist with increases in work intensity
(Washburn and Montoye, 1985). It is plausible that both forms of laboratory cycling
are really novel’ tasks compared to field cycling, especially at the lower work
mtensities where overall elficiency differences may account for some of the variation

ubserved between field cycling and laboratory cyeling.

Other considerations cza be identilied within the mechanics of the sport itselr.
‘The fraction ol power spent against non-acrodynamic forees is very large (Y0% or
greater) in walking and running, intermediate in speed skating, and rather minor (10%
or less) in cycling (Di Prampero, 1986). The following lactors underly the non-

acrodynamic energy expenditure:

(1} potential and Kinetic energy changes due to the oscillation of the center of mass ol
the body in the vertical plane and 1o its aceeleration (deceleration) at each stride (in

walking, running and skating).
(2) friction of the skate blade or of the wheel with the terrain (in skating and cycling).

(3) internal work or work not leading directly 1o changes of position of the center of

mass of the body (ic. stabilizing contractions or activation energy)
(4) muscular contraction for the maintenance of posture,
(5) the work of the respiratory muscles and of the heart.

In cycling, the saddle which supports and stabilizes the body reduces the energy
waste against non-acrodynamic forces, The mechanical arrangement allows

employment of very nearly all of the subjects metabolic power against air resistance
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(DiPrampero 1986). By introducing the cycling task to a different set of work
conditions it might be postulated-that the non-acrodynamic lorces differ enough to
resalt in changes in stroke mechanies and therefore in the physiological observations of
this study. The difference may be seen in the internal work component (Wells et al.
1986). The inclusion of the internal work rate component in estimating the power
developed by the subjects would result in @ rather dramatic change in the relationship
Detween HR and work intensity. Thas, the differences between conditions as seen in
these data may be explained as a change in the net work of eccentric and concentric

contraction during the pedalling stroke resulting from changes in work conditions.

Similar results have not been directly documented in previous work dealing with
sport activities. However, Christensen et al., (1983) and Astrand and Rodhal (1986)
observed the same trend of ditficalty in transposing estimates of metabolic cost throngh
the use of HHIR/VO? relationship established with dissimilar tasks. Their results show
that the technique of estimation based on the THHIR/VO1 relation was poor when used
for ordinary daily activities. While their observations were on non-athletic
performances and therefore are not direetly comparable to the characteristics of this
study, it ts nevertheless noteworthy that they observed the same trend of difTiculty in

transposing estimates o metabolic cost.

A precise accountability of the obscerved differences in both \7()2 and ACT'g and
PCT is not possible with the information of this study.  Tlowcever the Tact that such a
large variation cquivalent to 19% and 21.8% (RIE and ‘TC respectively) at the subl)T
intensity is very signitficant when it is considered that all 8 of the subjects demonstrated
lower \./()g in the fickd and that 6 of the 8 subjects showed lower values at the 1,1

intensity equivatent to 10.8% and 13.1% (RE and 'TC respectively) (Appendix L),
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Differences in ambient temperature might be thought to be a partial contributor 1o the
observed variations between field and laboratory values, where large Huctuations in
ficld temperatures were recorded from subject to subject (appendix ). However the
licld temperatures were both higher and lower on different oceassions than laboratory
temperatures and yet all 8 subjeets consistently showed lower VO2 values in the field.
In addition, if thermal or humidity conditions were indeed a primary explanation we
would have expected to see the dilference to be demonstrated at the higher inteusities
where the effect would be expected to be more pronounced but this was not the case.
Therefore it seems that the difference in energy cost must be predominantly explained
by changes in the skill Tevel requirement of the tasks. In other words, licld cyeling and
laboratory cycling tasks were cach distinet exercise tasks leading 1o the speculation
that the energy requirements may well have varied beeause the demand ol each ol the
two conditions changed significantly at the lower workloads. Unlortunately, these data
only allow one to guess that the differences in balance, maintenance and inertial
characteristics on the laboratory apparatus may have had a significant clfeet on the
cyeling mechanics therefore altering the metabolic cost sufticiently 1o result in the

observed variations in HR/VO2 between lield and laboratory.

Perhaps the most important observation is that this study has demonstrated the
difficulty associated with transposing energy cost based on laboratory testing using
similar work mechanies. The use of HR monitoring 1o establish target work intensities
during field training at workloads at I'T" or below may be significantly misrepresented.
These data on field cycling have demonstrated that laboratory conditions would
overestimate the oxygen consumption in the field while force measurements have
suggested that laboratory conditions would underestimate mechanical work
expenditures in the field. These differences however, were shown 1o be redueed at

work intensities approximating VOamax. The trend observed in this study clearly
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identifies the difficulties associated with reproducing similar reactions from two distinet
conditions of cycling. ‘The two laboratory conditions and field cycling cach have

demonstrated very dilferent sensitivities towards equivalent work stress.

Representation of field performanees during laboratory testing cannot depend on
the assumption that the tasks are similar simply because the mode of exercise used was
identical. Similarly, observing specilicity of performance in terms of cquipment, work
protocol and cyeling mechanics may not be a sufficient criteria to ensure that the
exercise response in the laboratory is equivalent to that in the field. Information
obtained in laboratory testing should be supported by field tests which can be used 1o
identify and validate threshold intensities such as the Iactate threshold. The use of TIR
menitoring in the lickl should predominantly be nsed to identify training targets and
used in conjunction with laboratory and field tests (o assess training responses.

Finally, heart rates cannot always be used as an indicator of work stress when

attempting 1o equate similar workloads performed under dilferent conditions.




CONCLUSION

(1} TField cycling demonstrated that laboratory conditions would overestimate the

oxygen consumption in the lield.

(2) Crank torque measurements suggested that laboratory conditions would

underestimate mechanical work expenditures in the ficld.

(3) Ficld cycling showed similar responses in VO, ACTg and PCT at intensities

nearing maximal effort.

(4} Race ergometer cycling and treadmill eycling demonstrated similar relationships it

all workload intensities.

(5) Similar HR generated in FFC, RE and “T'C were not associated with the same \'/()-_3,

AC T or PCT for cach condition.
Ax a result ol the preceding conclusions, it scems reasonable to state that:

(1) HR cannot always be used as an indicator of work stress when attempting to

cquate similar workloads performed under different conditions.

(2) The use of target TIR based on laboratory testing should be supported with both a

progressive and steady state lield test.

(3} Laboratory performances should not be assumed to be representative of lield
performances where such activities are dependent upon a number ol mechanical
variables which may significantly alter performance efficiency as in cycling (ic.

cadence, posture, seat height, crank arm length, pedal type).
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Appendix A

CHAPTER 1

THE PROBLEM.

Introduction and Rationale.

Heart rate is commonly used 1o deseribe the stress placed on the
cardiorespiratory or oxygen trapsport system associated with physical performance in
the field. Both the coach and the work physiologist use heart rate o determine the
energy cost and work stress associated with a given task when assigning a training or
testing work load (IFaria, 1984; Hmarinen et al., 1984 Jones ct al., 1984: Astrand and
Radhal, 19861 Nielsen and Meyer, 1987; Karvonen and Voorimaa, 1988). Initiafly «
determination of the relation between oxygen consumption (VO2) and heart rate ([1R)
18 established in a laboratory under standardized conditions and the actual energy
production in the field is then estimated from this relationship (Astrand and Rodhal,
1986). Use of this methodology depends strongly on the faet that a linear relationship
exists between TR and workload (WL} and that the slope of the relationship remains
constant. It has been caablished that a reasonably linear relationship exists between
1R and work rate, particularly at moderate levels of exercise (Booyens and 1larvey,
19605 Pugh, 1974; Kovac et al., 1975; Christensen et al., 1983 Washburn and
Montoye, 1985; Astrand and Rodhal, 1986). Astrand (1960) and Steinbacker ¢t al.

(1986) noted that this relation is individually unigque and dependent upon the age, sex
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and physical fitness of the individual.  Others have concluded that various factors such
as size of working muscle groups (Bevegaard ¢t al., 1966: Kovac et al., 1975), static
work component (Kiblom and Persson, 1981, Niclsen and Meyer, 1987; Maas ct al.,
1989), steady or non-steady state work (Iernandez et al., 1974), ambient temperature
(Leblane, 1957; Brown et al., 1985), stress (Astrand and Rodhal, 1986) and
dehydration (Brown et al. [ 1985; Astrand and Rodhal, 1986) modity the slope of the
lincar response. Such modilications in response can affeet the reliability and
consisteney of data collection in the ficld where it is common to have variations in any
number of these Factors from day 1o day. The need lor a way of controlling these
Factors has stimulated many investigators to seek an casier more efficient setting for
collecting information (Faria, 1984; Astrand and Rodthal. 1936). Laboratory
investigalions over time have become the ideal environment Tor reseachers to evaluate
performance responses in athletes. “The important factor that makes the laboratory an

ideal environment is the control that it can provide over many extrancons lactors.

The seeond assumption which must be met is that the slope of TIR response lo
workload remains constant regardless of the mode of exercise. Researchers have long
held the beliel that, so long as the testing mode is identical with the athletes spectlic
sport activity or work performance requirement, the information extracted from the
laboratory can then be applicd to ficld situations,  Various authors have reviewed and
demonstrated this point (diPrampero et al., 1971: Stromme ¢t al.., 1977: Wilmore, 1984
and deBoer et al., 1986). owever there is some disagreement by investigators in
defining task similarity. In other words, just how completely should the laboratory
protocol represent the actual field situation.  Bvidence indicates that the physiological
parameters such as HR and VO2 can be sighificantly influenced in top level athletes by
the slightest change in cquipment {(Shepnum and deVrics, 1976: Nordeen-Snyder, 1977;

Faria et al., 19785 Carmichacl ot at., 1982: Ribis! et al., T982; MofTat and Sparling,



1985} and by the way in which the rate and foree are applied to accomplish the
workload (Scabury et al..-1976; Hagberg ct al., 19813 Faria ot al., 1982: Croissant and
Boileau, 1984; Coast and Welch, 1985). Certain authors have stressed that there is a
fack of consistency in laboratory protocols and that these inconsistencies result in an
inaccurate representation of true Ticld conditions { Coast and Welch, 1985: Niclsen and
Meyer, 1987). Therelore in order 1o aceept this methodology as valid and reliable it
must be demonstrated that laboratory simulation of an activity gencrates physiclogical
response patlerns that are representative ol those achieved in the performance of the

task in its natural or competitive setting,

The preceding might be accomplished by direet assessment of the heart rate
work rate refationship in the Ticld, thus providing an ideal way of analyzing an cvent in
its natural state. However the various methods available too date are not without
serious mitations. One conventional method has been to ntilize a Douglas bag 1o
store gas for determination of volume and gas concentrations (deGroot ef al.. 1983:
Louhevaara and Imarinon, 1985; Astrand and Rodhal, 1986). ‘The Krolranyi-
Michaclis gax meter has also been widely used for measuring VO2 (Louhevaara and
Imarinon, 1985). Unfortunately both methods are rather laborious and have many
limitations in practice, including a restriction to single load situations (FLouhevaars and
Imarinon, 1985; Astrand and Rodhal, 1986). A new portable instrament, the Oxylog
(P.K. Morgan Lid., Chatham, Kent) has been introduced to measure aned show
direetly VO2 and ventilation volume (Harrison et al., 1982: Louhevaara and Imarinon,
1985: Ikegami et al., 1988). This system is however limited by a range Tor VO2
caleulation of 0.25-3.00 L-min~! and by its high cost (Harrison ¢t al., 1982: Louhevaara
and Imarinon, 1985). Unlike all these methods, heart rate recording is non-invasive,
inexpensive and does not interlere with the performance of the atblete. “The obvious

lact is that direct ficld analysis is both a costly and time consuming venture whereas
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simulated conditions provide a more stable controlled environment in which to extract

information and provide training cues for use in the field.

Cycling also imposes unigue problems in the direet collection of metabolic and
wark rate data and as a result, little information identilfying actual Tield demands of
cycling is available. “There have been studies defining methods for estimating energy
expenditure in cycling (Whitt, 1971 Pugh. 1974: Marion and Leger, 1987) and other
physivlogical studies limited to a descriptive qualitative analysis (Nelson and Craig,
[978). On the other hand there is an abundance of information regarding the
physivlogical analysis ol cyeling within the laboratory.  Such studies have reviewed a
varicty ol components such as: pedal frequency (Gaesser and Brooks, 1975: Iagherg
ctal., 1981 Faria et al., 1982), seat height (Laurence Shermum and deVries, 1976
Nordeen-Snyder, [977), crank length (Carmichael et al., 1982; Conrad and Thomas.
1983), posture (Faria et al.. 1978), toe clips (Davis and Hull. 1981 Ribisl ¢t al.. 1982:
Brodowicz et al., 1982, MolTat and Sparling, 1985) and other variables with respect to
thetr relation to the physical stress associated with the task. These parameters have
been assessed based on changes in physiological variables usually defined by HR, vO?
and ventilation (Ve). However, use of these results for field applications demands
certain cautions. For example, there is information to suggest that the use of the
traditional cycle ergometer may not be represemative of the performance profile ol the
cyclist in the field (Ricei and Leger, 1983) and yet this system is consistently used 1o
establish a THIR/VO2 relation. Morcover, the fact that a linear relationship exists for
an individual during a given condition has not been reliably determined to be fixed or
stable enough to provide the basis for describing physiological stress on difTerent work
tasks. Certain authors have confirmed that although there is a high correlation
coctTicient between 1R and VO2, during progressive work, the slope and intercepts of

this relation can vary considerably from day to day, thus lcading to poor agreement
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between duplicate estimates of energy expenditure and frequently to unreliable

estimates of physiological values (Christensen ¢t al., 1983).

Therelore, the following stady has been designed to investigate the validity of

applying laboratory measurements of TIR/Work relationships to fickd applications.

Statement of the Problem.

This study has been designed to examine the time-course and slope of
cardiovascular (Heart Rate - 1IR), metabolic (Oxygen Consumption - VO2) and
mechanical (Peak Crank Torque and Average Crank Torque - PCT and ACTg)
variables in response (o progressive and steady state exereise employing Taboratory
simulations ol cycling, race ergometer {RI2) and treadmil] cyeling (1C) and cyeling in

the ficld.
The stndy had three objectives:
(1) to measure VOmax. HRipgx in response 1o REE and ‘I'C,

(2) to measure VO, HR, PCT and ACTg 10 response to road eyeling at heart rates
identilied with L'T-10% V02, 1)1 and lfl'+li)‘%.\./()2 determined Trom the maximal

acrobic test gerformed on the RI:.

3) 1o measure VO2, TIR and PCT and ACTg() in response to R and TC while

performing at work rates cquivalent 1o those performed in the field.

Hypothesis.

Given that physiological stress and mechanical conditions are held constant
within the restrictions of ¢ycling on a racing ergometer and treadmill apparatus it was
hypothesized that the response of cardiovascular (HR), metabolic (VO2) and

mechanical variables (PCT and ACFg) would remain the same Tor all test conditions.



Limitations of the Study

The subject population was made up of 8 experienced volunteer cyclists. These

eyclists had cycled on a regular basis and had some form of competitive expericnee.,

Fach of the subjects were asked to perform at the human performance
laboratory at the University of Ottawa, no fewer than five times during the course of

the study.

Definition of Terminology

AVERAGE CRANK TORQUIL (ACTg0)- is the intergration of the area delined by
the Toree displacement for | complete revolution of the erank arm. ‘The measure is

representative of impulse - Nes,

HEART RATE (HIR) - is the number of ventricular beats per minute as counted from

records ol the ¢lectrocardiogram or carotid or radial pulses,

LACTATE TTIRESTIOLD - is the intensity at which blood lactate valies demonstrate

m increase of T mmol or greater with subscequent increases in work loads.

OXYGEN UPTAKID (VO2) - is 1he volume of oxygen {at 0°, 760 mmllg, STPD)
extracted from the inspired air. usually expressed in absolute units as litres per minute
(\7()2) of in relative units as ml-Kg- min-l, 1f the oxygen content of the body remains
constant during the period of determination, the oxygen uptake cquals the volume of
oxygen utilized in the oxidation ol metabolic substrates. One litre of oxygen
consumption corresponds to 19.7 10 21,1 KJ (4.7 10 5.05 keal) of energy liberation from

fat or carbohydrates respectively,
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PEAK CRANK TORQUE (PC'T)-is the maximal force displacement measured from
the baseline for one complete revolution of the crank arm-360 degrees. 'The measure is

cquivalent to a newton loree value (N).

PULSE: RATIC - is the frequency of pressure waves (waves per minate) propagated
along the peripheral arteries, such as the carotid or radial arteries. In normal, healthy

individuals, pulse rate and heart rate are identical,
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CHAPTER 2

REVIEW OF LITERATURE.

The significance of HR as a tool for analysis.

The task of the couch and sport scientist in the field is to assess the stress
imposed on the athlete by the total stress of the work and the working environment,
(the same is true for the work physiologist). Mcasuring the rate at which the work is
being done ie. the workload, allows the matching of this rate with the athictes (or
workers) ability 1o perform the task. ‘T'he development of lightweight clectronic
instruments and devices capable of recording and transmitting impulses by telemetry,
or by direet recording with the aid of portable miniature recorders, has made i
possible 1o study a variety of physiological functions in the person exposed to different

types of work stress, including athletic events (Astrand and Rodhal, 1986).

The underlying principle upon which the process has been validated has been
the lincar response which exists between heart rate and work rate {or oxygen uptake),
This relation is the framework from which most ol the modern circulatory exereise
tests have been developed. Similacly, it is common practice to employ these tests to
establish a TIR/work rate relation for an individual which serves to identify the
cardiorespiratory stress the same individual Faces while performing certain tasks or
exercises. By monitoring HR information in the ficld the energy cost associated to the
licld work may be caleulated. This process has been adopted by both the work and
sport physiologist for it represents an cfficient and effective way of describing ficld
related response profiles. Although direct measure is possible, these methods are not
without serious limitations. One conventional method has been to utilize a Douglas

bag 1o store gas for determination of volume and gas concentrations (deGroot et al.,
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1983; Louhevaara and Imarinon, 1985; Astrand and Rodhal, 1986). ‘The Krofranyi-
Michaclis gas meter has also been widely used for measuring VO2 (Louhevaara and
Imarinon, 1985). 1owever both methods are rather laborious and have many
limitations in practice, including a restriction 1o single foad situations (Lonhevaara and
Imarinon, 1985; Astrand and Rodhal, 1986). A new portable instrument. the Oxylog
(P.K. Morgan Ltd., Chatham, Kent) has been introduced to measure and show directly
V2 and ventilation volume (Iarrison et al., 1982: Touhevaara and Imarinon, 1Y85:
lkegami et al., 1988). This system is however limited by a range for VO2 caleulation
ol 0.25-3.00 Le-min~! and by the high cost (TTarrison et al., 1982; Louhevaara and

Imarinon, 1985). Unlike all these methods, heart rate recording is non-invasive,

inexpensive and does not interfere with the performance of the athlete.

The evidenee gathered over the years has repeatedly confirmed that a lincar
relation exists between HR and work rate (or oxygen uptake). As early as 1907,
Benedict reported that changes in the pulse rate coubd be correlated with changes in
heat production in any one individual which had been subsequently conlirmed in later
work. Based on their observations the investigators speculated that pulse rate might
provide a practical and satislactory way of measuring total metabolism.  Subscquent
investigations have produced evidence 1o suggest that the process might indeed be
possible. Further researcher conlirmed that a lincar relation did indeed exist between
HR and work rate (or oxygen uptake). 1t was also established that this relation was
more constant and lincar with increasing levels of exercise. Booyens and THarvey
(1960) investigated the reliability of this relation by repetition of the measurements
and, in the range of muscular exercise by comparing values Tor metabolic rate
computed {rom the pulse rate with measured values. ‘The investigators were able 1o
conclude that the response is reliable and consistent and could provide a practical

method of measuring metabolic rate under controlled conditions. Washburn and



Montoye (1985) conlinmed the findings of carlier investigators. They studied the
reliability of heart rate during dynamic exercise with various muscle groups and at
different work intensities, specitically submaximal fntensities of arm cranking and leg
cycling excreise. Data analysis concluded that the reliability of heart rate increased
witlt increments in workloads (submaximal) as identificd by the increased correlation
from 0.23 1o 5 W 10 0.85 and 0.89 to 30 W and 50 W respectively for arm cyeling,
Similarly with leg eycling, repeated measures showed a high degree ol reliability at all
power outpuls with R ranging from 0.91 during no load cycling to 0.95 ai 100 W.
Consistent with these results was the Tact that no significant difference for oxygen
consumption at rest or during cither arm or leg excercise were shown over lesting
sessions. ‘I'he authors concluded that the HR/VO?2 rctationship is reliable on test-retest
situations and results in a higher correlation with well practised tasks versas that for

novel tasks,

Christensen el al.(1983) supported the conclusions of the previous authors that
a relation between HR, VO2 and Work existed and confirmed that this relation
demuonstrated greater linearity and consistency at higher levels of work. Towever, in
contrast to previous reseachers, it was revealed that although the raditional
relationship between VO? and HR existed for a given test situation, the slopes and
intereepls varied considerably from day to day. They concluded that the technique of
estimation based on the HR/VO2 relation is poor when used for ordinary daily
activities with fow energy expenditare. ‘The authors ol this study identified that field
estimates of energy expenditure are not reliable cnough to determine exact 1ask related
energy cost. Astrand et al. (1973) determined energy expenditure in 14 fishermen
engaged in lishing. “This was determined by direet measurement of oxygen uplake by
use of a Douglas bag and by indirect assessment based on continuous recording of

heart rate. A standard bicyele ergometer test was cmployced 1o determine the
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-

HR/VO2 relation. Tike many field studies of this type, the constantly changing
conditions made it almost impossible to assess average energy requireinents by direct
measurements ol oxygen uptake. On the other hand it was noted that the indirect
approach provided a more realistic picture of the total work load during the entire
period at sea. The authors concluded that in spite of the above mentioned limitations,
the values ol the oxygen uptake during the dilferent activities were on the whole, in
Fairly good agreement with values obtained on the basis of the heart rate. However.,
Astrand and Rodhal (1986) noted that the process can indecd yield a certain range of
discrepancy in its measure. A recent study of 24 direet measurements of oxygen
uptake were compared with the oxygen uptake calculated from the recorded heart
rates in 6 lishermen. The caleulated values deviated from the measured ones in both
dircctions by as much as + 15% but unlike Christensen et al. (1983) it was found that
a remarkable reproducibility of the day-to-day results in the same individual doing the
same work existed. The mean heart rates were practically the same Tor all 3 days, and
the distribution curves, when superimposed. showed the same shape (Astrand and

Rodhal, 1986).

Bascd on these investigations, the use ol the recorded heart rate in the ficld
compared with the heart rate at known workloads on an crgometer, has been
determined useful as a basis Tor the estimation of the work Joad when the work
operation involves the use of the same large muscle groups (Astrand et al., 1973;
Rodhal et al., 1974; Washburn and Montoye, 1985, Astrand and Rodhal, 1986). T'his
procedure is acknowledged to have a degree of error associated with it (Christensen
ctol., 1983) however for practical purposes the information serves 1o identify stress
situations and lask related differences(Astrand et al., 1973; Astrand and Rodhal,
1986). ‘The available information in the literature provides insufticient evidenee 1o
justify (or validate) the process as it applies to athletic situations. 1t is probable that

this Jack ol information is representative of the ditficulties associated with obtaining
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dircet measurements in many of the sports. Unlike oceupational and industrial lype
work situations which arc less dynamic and generally quite stable in terms of the
lunctional operating area, many sport activities are highly dynamic and quite physically
demanding (Astrand and Rodhal, 1986). ‘There is evidence to indicate that using 1R
monitoring can uaderestimate the actual competitive stress that the athlete might
encounter. A group ol alpine skiers were tested in the laboratory by a standard test
from which the oxypulse ratio was determined. A particular world class alpine skier
had his HR monitored in an actual competitive event. The starting HR was as high as
160 beats-min~! and increasced (o maximal levels at the end of the run at 207
beatssmin=!, The next day following the race two skiers were equipped with the
Douglas bag apparatus and were asked to perform the same run. ‘The recorded values
mdicated that the energy cost associated with the run was cquivalent 1o 78% and 82%
ol the individuals MVO2 and the recorded IR values represented submaximal valies
(similar times equivalent to the actual race were recorded). This observation identifies
that the event itsell represenied an added stress leading to an clevated heart rate that
worid normally not be accounted for in regular laboratory sessions or even during field
practice sessions. 1t also identificd the relative importance that TIR monitoring may
have in identilying these stress situations. This wonld allow the athlete 1o be better
prepared nnder such conditions. It does identify that the same work condition can be
represented by dilTerent FIR. "The added stress alters HR without there been an
increase in the actual workload or physical demand of the task. However, it should be
pointed out the same skicr analyzed in the competition was not used for the gas
collection phase. Drawing any valid conclusions based on the limited scope of the
study would not be justificd. This investigation does however identify the lack of
valuable information that is available with respeet 1o sporting events and 1R

monitoring.
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In view of the fact that HIR monitoring has evolved in the sporting community as
routine function, it would scem consistent that the methodology would warrant some
form of scientific serutiny. And yet, sport related verification of the process has been
timited and the process unsubstantiated.  Corroborating the HR to Work relation for
sport related activities with information related to non-athletic type activitics might not
be a valid practice considering the extreme difference in the demand and tolerance
associated with the task, especially with clite level performance routines as illustrated
with the alpine skiers. TTowever the information is not withoul some benefit to our
understanding ol the simple mechanism and it is in this light that we must locus upon
the available information. It is evident that the problem is not whether this
relationship is lincar or not, for a reasonable linearity has been documented. “1he
problem is whether this practice is a valid one and one which can be demonstrated 1o
be maintained (or reproduced) under dilferent task situations of similar work rates

without affecting the slope and intereepts ol the relation.

Karvonen and Vuorimaa (1988} explained that it is possible by recording the
heart rate during a training session or a segment of training session to evaluale teaining
routines and develop upon training programs in such cases where target heart rates
have been pre-determined by laboratory investigation.  Evidemtly it scems that the
sport scientist has readily aceepted the validity of the procedure with insufTicient
mformation to support its practice.  Although 1R is commuonly used a certain degree
ol wariness must be expected over its application when it is considered that there is a
lack of information to support the soundness of this practice. There are many lactors
that have been identilicd in the literature has having an influence in modifying the
slope and intercepts of the relationship. A review ol these factors might give us some

information in which to assess the logic of this process.



Factors affecting heart rate.

Irrespective ol the type of sport or worklaad sittiation this relation has been
shown by Astrand (19600) and Steinbacker et al, (1936Y do be a function of the
mdividuat alone and one which cannot be used 1o analyze group perlormances.

These authors have shown that the relation is alfeeted by the ses of the individual, agu
and level of physical litness, Steinbacker et al., emphasized the fact tha although
heart rate increases with workload, there is a considerable variation in the valoes
abserved resulting from anthropometric differences and dilferent levels of individual
physical fitness. Consistency and reliability of the relation are known 1o be influenced
by o number ol other factors, Such Tactors as the size of working muscle groups, stalic
versus dynamic work components, steady or non-steady state work. ambient
temperature, stress and dehydration. These factors are known 1o madify the slope of
the response. eblane (1957) identified from his work that caution should be practiced
when extrapolating information from HR in the ficld, Results fror his stucly revealed
that ambient temperature has an elTect of altering the correlation belween pulse rate
anek oxygen consumption. With increases in ambient temperature heart rate at a given
warklowd increased. Booyens and Harvey (1960) conclided that when the pulse rate s
being partly determined by other factors than metabolism. as in ambient lemperature,
itis stll a valuable weasurement inits own right and a better indication of the
physiological load or stress the sitation imposes than a measurement of metabolic rate
alene. In a comparison of laboratory cycling versus simulated cycling, Brown et al.
(1985) evaluated the effect that the outdoor conditions could have on the cyclist and
how this might aftect laboratory values. Outdoor environmental conditions were
simulated with Tans and lamps and were contrasted with standard no-wind, no-sun
laboratory conditions.  During outdoor eyeling mean heart rate was 7-13% higher than

under laboratory conditions suggesting a greater stress for a similar external work rate.
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A very important observation identilied that the therr aulatory stress was greater
under no-fan, no-lamp laboratory condition than duving simulated outdoor conditions.
The cooling wind encountered in actual road cyeling apparently reduces
thermoregulatory and circulatory demands compared with stationary cyele crgonieiry
ndoors. “The authors note that Failure o account for this enhance cooling may result in
an overestimation of the physiological stress of actual road cyeling. They also make
note of the fact thai the recorded core temperature and heart rate rose throughout the
period of laboratory cycling at a constant velocity indicating the need lor caution in
wlerring relative metabolie rate from heart rate during prolonged exercise without

adequate rehydration.

Another Tactor reguiring consideration relates 1o the method in which the work is
performed. steady stile versus progressive rates of work. 1t may now be generally
agreed that the oxygen consumed per unit of physical work is less during progressive
exereise than doring steady state (Astrand and Rodial, 1986). The importance of this
effect can best be demonstrated by the fact that laboratory testing used 1o assess
athletic fitness is undertaken by a progressive workload protocol. Wit this
information, inference to field situations are made. The problem then Tollows when
the training protocols differs in structure from the laboratory test. Athletic training
incorporates for the most part steady state training where intensities are modilied
about a pre-determined threshold for specific time periods. Fernanderz ¢t al. (1974)
demonstrated the oxygen consumption measured by the steady state method is not the
same as that measured by the progressive method for identical workloads resulting in

an altered oxygen-pulse ratio.

Niclsen and Meyer (1987) identificd the importance of this factor as well as the

importance of considering the type of musenlar work (dynamic vs static) performed in



the work condition. In their study, they compared VO2 measured dircetly by a
portable oxycon during industrial work to VO2 caleulated from HR recorded
simultancously. The VO2-HR relation was established for submaximal exercise on a
bicyele ergometer in the work environment itsell. The results indicated a delinite
overestimation of energy expenditure with HR data. They concluded that the static
compaonent of the industrial work was the major reason lor the overestimation of
citergy expenditure from HR data. They noted that this overestimation becomes even
more obvious in eyelic work (non-steady state) with o low degree of dynamic activity.
Using o cyele ergometer to establish the VO2-TIR relation was determined to be an
inappropriate 1est. They concluded that a better estimation of the metabolic rate might
be abtained by the use ol a standardized test. more representative of an industrial
sitnation (including static work or arm work). “The study defined the sensitivity of the
HR/VO2 relation 1o those factors which are known Lo alter the slope and intercepts of

the relation,
‘Task_specilicity.

Itis believed by certain researchers that it is possible to deline within a degree of
certainty the cardiorespiratory stress in ficld evaluation using HR so long as tha
methedology used to define the relation by laboratory investigation simulates the
conditions as best as possible and is standardized (Astrand et al.. 1973: Rodhal ol al..
1974: Washburn and Montoye. 1985; Asrand and Rodhal. 1986). Other cmphasize
that prudence should be practised when evaluating ficld performance based on

laboratory investigations (Christensen et al., 19383; Niclsen and Meyer, 1987).

Wilmore (1984) concluded that the testing mode should be identical with the
athletes specilic sport activity in order to ensure that the data is representative of the

performance in the field. Failure in observing this lacl consequently results in either
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an over or under estimation ol lh.c physiological load. This Tact was supported by the
work of Vokac et al. (1975). “Their investigation of the oxygen-heart rate relationship
in leg and arm excercise, sitting and standing demonstrated signilicant differences
between exercise modes. The experiment was designed to show the development and
the order of magnitude of dilferences between arm and leg exercise at ncreasing
workloads in parameters that may be applicable in ficld work and secondly to evaluate
the reliability of the heart rate Tor the estimation of the circulatory stress and workload
in [ickl studies. Experimental results revealed that at the same absolute load at
submaximal effort. leg eycling, arm cycling sitting and arm cycling standing, there
were o differences at the Jowest workloads and [rom rest to a work rate of 300
kpm-min'l the oxygen uptake and heart rate rose linearly the same. Beyond 300
kpm-min'I both types of arm work demonstrated increased cost as both heart rate and
oxygen uplake detlected and inereased much quicker. The anthors noted that oxygen
uptake at maximal effort was 15-20% lower in arm work than in leg exercise, whereas
the opposite is true at submaximal work levels, identifying the importance of defining
the trends from rest to max in comparative analysis. Evident by these resalts is the
lact that maximal response cannot be used a valid indieator ol submaximal trends.
Steinbacker et al. (1986) demonstrated during laboratory analysis of rowing crgometer
exercise that this difference in max VO2 can indeed be demonstrated at submaximal
fevels. A multi-stage test was performed beginning with o work load of 150 W oand
increasing by 50 W every 2 minutes up 1o exhaustion. VO2 and 1R for cach working
stage were measured and the regression line of VO2 on the workload were caleulated
for all 10 ¢lite rowers and 6 clite eyelists. For both groups., VO2 at submaximal
warkloads was significantly higher on the rowing ergometer than on the bicyele
ergometer while an absence of a signilicant change in all workloads was noted. There

was no significant difference in VO2 max between the groups, This Tact contirms the
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conclusion made by Vekae et al. (1975) that submaximal responses may not be

consistent and lincar up to maximal work rates.

specilieity in performance is an important eriteria for selecting a laboratory
protocol as identificd by Stromme et al. (1977). Maximal acrobic power was assessed
in specifically trained wibletes and these values were compared with ones achieved by
running. Subjects included female and male cross country skicrs, rowers and cychsts,
Individuad differences ol 12.2%, 5.4%, 14.3% and 7.5% lor these respective groups
were noted when compared to ranning. The authors [elt it was warranted as a
conclusion that in order (o obtain objective information about both the ineremental
differences weih increasing work intensity and VO2max, it becomes important to select
an appropriate test situation, that is, a test Bwalving large musele mass aind optimal
use ol the specifically trained muscele libres, DiPrampero et al.(1971) measured vO?2
during actual rowing in a rowing shell by direct analysis and compared it with that data
collected during simulated rowing crgometer. The resaltant oxygen-pulse ratio
identified for cach task showed that the responses were similar, They coneluded that
heart rate is a reliable source of information and is the link between field and

laboratory evaluation.

The information derived from these studies describe the main eriteria required to
ensure reasonable representation of field task by laboratory testing. ‘These criteriag
nclude similarity in large muscle groups, mechanical motion and work protocol. Dauly
et al. (1981} noted that this coneept of specificity goes beyond the need associated with
testing alone and states that this fact should be maintained in training procedure as
well. deBoer et al. (1987) alse emphasized the importance ol practising the concept of
task specificity, supported by their analysis of speed skaters while skating on rollers

and by actual speed skating. Biomechanical and physiological response were both
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compared. 'Fhe study looked at 8 elite speed skaters who underwent two work
situations, namely speed skating and roller skating at maximal exertion. “Fhe skaters
were analyzed for biomechanical parameters and skated in pairs for the lirst stage,
The second stage involved the physiological assessment of both tasks again while
skating in pairs. Coupling of the skaters was used to ensure that the actual conditions
be conserved and the competitive atmosphere be maintained.  Heart rate was
continuously measured by telemetry, Oxygen consumption was measured by the use of
portable Douglas bag. Gas analysis was 1aken ia the last 30 seconds of the test, Mean

values of heart rate during the Tast lap of cach test were used Jor comparison.

Analysis of results showed no signilicant differences could be found between
heart rate, oxygen consumptions and power oulput. The caleulaied oxygen pulse ratio
and the ratio of external power/energy equivaleat of oxygen consumption (PF/VO2),
were similar Tor both types of skating. From the similar values of THR (174 4 12.2 and
176 £ 14.5) and the magnitude of the RER RER
RER (1.04 + 0.1 and 116 £ 0.1) it was evident that each tests reflected an equivalent
performance i both roller and ice skating.  In terms of the biomechanical aspects, the
wark per stroke. stroke per frequency, and the power loses were equal. A difference
in the speed of skating was evident. “T'he speed achieved while speed skating was was
9.78 m.s"! compared 10 8.04 m.s! for roller skating, ‘This difference was noted to be
a function of the resistance due too surface [riction. The roller skating skate having a
higher cocfficient. Tt was concluded that for training purposes one should bear in mind
that, due to this dilference in maximal speed, other variables, such as heart rate
should be used to compare intensitics between roller and ice skating.  Although there
was a signilicant variation in the net resistance, the absolute workload associated with
the task was similar. This observation lends support 1o the observed Tact that 1R ¢,

be used as an index of work output. A sceond point which is evident is the degree of



similarily in exercise mode that must be observed.  As the biomechanical data
demonstrates, cach task was indeed mechaniealty similar. Although the study
identifies that the responses are similar, the information does not necessarily allow us
to define the degree of similarity in protocol and task execution that must be used
observed m order 1o ensure identical cardiovascular, metabolic and mechanical
similarities. However. it would have been necessary to identify a condition less
speeific 1o cach as a basis for & more detailed comparison,  Lacking. is this

nformation and a profile of submaximal workloads.

The degree of specilicity required in o test protocol has an important effect in the
maintance of a valid and representative HR/VO2 relationship to the ficld. There are
anumber ol variables that have been docamented o alfeet the validity and reliability
of this relationship and demonstrated that eaution must be used when making

conclusions based on laboratory tests,

Heart rate has been extensively used as an indirect measure of physiological
responses. There is however one very important assumption associated with the use of
HR:

-heart rate is representative of the work load or work stress in the performance of a

task.

In evaluation of sport performance in the laboratory with crgomelric devices,
evidence previously discussed strongly supports the faet that the best TCSPoONses
achieved by an athlete are sport specific. Faria (1984) noted that researchers have
become more conscious ol the Tailure of allowing cyclists to ride their own bicycles

during tests. This adapietion is o realization brought on by the tact that recent
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research on submaximal and maximal response indicate that physiological relationships |
from one task to another may vary depending on how clt;scly the work situation
duplicates the task being analyzed.  Such adaptations are been incorporated to ensure

that energy cost associated with cach task are equivalent.

Hagberg et al. (1978) compared the physiologcal response of eyelist at maximal
elTort on three dilferent tasks:
1) treadmill running

2) o cycle ergomeler

3) motor-driven treadmili cyeling

The three VO2 maximum tests were administered inarandom order within a 2
week period. Al three tests Tollowed a progressive test protocol. As part of o first
time experiment the efficiency of bicycling on a treadmill as a method of simulating
road racing conditions waxs tested. The test protocol required that the subjeet ride his
road-racing eyele on motor driven treadmill at 20 mph. The grade was inereased 0.5
degrees cach minute from an initial setting of 2 or 3 degrees. The similarity in VO?
max achieved while cyeling on the eycle ergometer and on the motor driven treadmill,
65.0 + 3.4 ml-kgL-mint! and 65.5 + 3.2 ml-kg - min”! respectively, identified the
possibilitics of using treadmill cyeling as an excellent way of representing licld cycling.
The authors noted that treadmill bicyeling with the subject riding his own road racing
bicycle seems to be an exeellent method 1o simulate conditions encountered in actual
competitive situations. The tests were noted to be similar with respect to the workload
cach imposed, but these workload values were subject to some variation due simply
that the calenlations were based on estimations only. Although the anthors concluded
that treadmill and ergometer cycling were physiologically similar, Rici et Leger (1983)

demonstrated disagreement with this statement. Results from velodrome eycling
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revealed that MVO2 was significantly lower than that of bicycle ergometry. ‘The VO2
max was 15% lower than that of the bicycle ergometer value. This is in contrast to the
conclusion made by Hagberg et al. that treadmill eyeling is o reliable source for
assessing actual ficld conditions, These results are important when it is considered
that the track test is representative of the natural situation and a condition wlhich
trained cyclists normally exert themselves maximally. In reviewing the protocols used
by Rici ¢t Leger (1983) Tor the two cyeling tests. the load was increased cvery two
minutes. This increase was of 30 watts for the cycle ergometer, at 6 rpm afier the
mitial two minutes at 120 watts. At the velodrome the initial speed was 25 kim/hr,
increasing by two km/he until it reached 42 kim/hr, thereafter increasing by one km/hr.,
Prerecorded sound signals emitted an specific frequencies were used to pace the eyclists
atcach stage of the progressive test. The cyelists had 1o move [rom one pylon to the
next one between sound intervals which was casily done ( + 5m). A value of 53.0
ml-kg'] ‘min~! was achieved during velodrome eyeling and 62.4 ml‘kg‘]'min‘]
Interestingly conough, maximal heart rates were similar and maximal wark caleulated
for cach task were similar. On the other hand. mechanical clliciency (1) during track
cycling was higher compared to crgometer cyeling. An obvious conclusion is that there
is some contradiction which exists between these two tasks al maximal levels which
may possibly extend to submaximal loads. 1 also raises questions regarding the
validity of TIR as a parameter of analysis tor comparing performance response
between actual and simutated tasks. The results de not support the expected
consistency in the HR/VO?2 relationship. As noted by the authors, the lower MVO2
max observed for the velodrome test as compared to the stationary bicyele test raises
questions about the validity of the latter test as an indicator of e acrobic capacity of

eyelists to perform endurance events on a track.
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Recently, Marion and Leger (1988) concluded that peak VO2 values as
measured while cycling in the velodrome and that measured in the laboratory on an
crgocycle at 80 rpm revealed no significant dilferences. However track peak VO2
showed a non-signiflicant trend to been lower in comparison to the ergoeyele test, 4.87
L-min! and 5.24 L.min-! respectively lor the clite eyclists, contrasting the findings of
Ricei et Leger (1983). The track protocol required that the eyelist ride his own bicyele
at five different speeds. e first three were identical for all subjects (28.5, 33.0, 36.0
Km-hr-1), while higher velocities were set according to the riders capacity to clicit
maximal oxygen consumption. Speed was controfled in a similar manner as deseribed
by Ricei and Leger (1983). "The laboratory test consisted of a direet peak VO?2
measurement using the Douglas bag method in which the gases were collecied in the
fast minute of the multistage test. A Monark ergoeyele was used and modificd 1o allow
the subjects to use toe clips with straps and cleated cyeling shoes. Fhe subjeets
pedalled at 80 rpm. However, in the fast study. the lab test was condueted at o0 rpm
and the cyclists used cither road or track bicycles. ‘The range of pedalling frequencies
at maximal intensity on the velodrome was also higher 99.30 4+ 6,15 as compared too
95.8 + 4.12 which could have affected the mechanical efficiency of some riders.
should be noted that on the track, peak VO2 was clicited in only 10 ont ol the 17
subjects, of which only 2 subjects included the elite athletes and 8 representing the non-
clite group. ‘The maximal speed cehieved of 42.4 Kmehr! was closely similar 1o that
achieved in the study by Riei and Leger (1983). A review of these two velodrome (ests
values suggests a lack of reliability with the protocol itself. It may be speculated thal
the differences are related to the differences in protocols used.  However, both studies
identity some inconsistencies with laboratory measures suggesting that some variability
in performance is possible. An carlier study by Pugh (1974) demonstrated that similar

MVGO2 values can be achieved while eyeling outdoor when compared 1o cyceling on
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cycle ergometer (5,12 L-min! and 5.10 Ixmin'l). The maximal speeds achieved in
outdoor tests were similar to those of previous sindies, 41 Kmehr'!. In the analysis of
the ergometry cycling. the traditional linear relationship between VO2 and work rate
wits vbserved and remained lincar to maximal levels. In a comparison of crgometry
cycling with outdoor cycling, the relationship between pedal Trequencies on the
ergometer and pedal frequencies in outdoor eycling revealed that at low levels of work
(submaximab) and a1 VO2 less than 2.0 Lemint]| the [requencies associated were
slower in ontdoor cyeling. At work rates above 2.0 §,-min-! frequencies were similar
which reflects a difference i efficicney at lower levels of work, unlike Ricei and Leger

(1983) who demonstrated this greater efficiency up to maximuam levels.

The evidenee available from these investigations suggest that similar maximal
acrobic performance values may be achieved in the field and in the laboratory.
However it should be noted that Pugh (1974) and Ricei and Leger (1983) have
ilentificd that these similar task are subjeet to differences in mechanical elliciency
especially at low work rates which suggests that the encrgy cost al submaximal loads
may not necessarily be identical with respect to the cardiorespiratory stress these loads
impose. “This point must considered when reviewing the different protocols used in the
analysis. In all cases presented a traditional progressive multi~stage test protocol was
used i which the subjects pedalled at a similar cadence through the whole test and
where the workload was increased oy added mechanical resistance. In comparison,
the field protocols required that the subjects increase their speed in order to achieve an
inereased work stress, executed by changes in cadence and zear combination.
However, changes in cadences and gear ratios have been shown 1o resull in variations
in physiological elficiency for a given work load (the mechanism involved will be
discussed later). With reference to the ergometer, Croissant and Boileau (1984)

identificd from individual comparisons of eyelists on a cycle ergometer that signilicant
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differences in steady-state vO?2 ranging from 10 to 29% for differemt combinations of
rate and load at a constant power are possible. A review ol the different laboratory
cycling protocols revealed that most of the studies utilized different cadences and losd
increments. With respecet 1o ficld cycling Pugh (1974). Ricei and Leger (1983) and
Marion and Leger (1988) have identilied that when VO?2 is expressed as a function of
cycling speed, it is evident that a curvilinear relation exists. ‘This relation stigpests that
the ceonomy of cycling indoors in a laboratory sctting may not be similar to tha

achieved while cyeling outdoors, especially at submaximal loads.

The importance of understanding how cach system works its respective
environment belore it is tested with a different setting, method and demand is
highlighted by these studies. "The Taet that similar MYO2 values were achieved cannot
be the single criteria for establishing the soundness of a test pratocol for testing
purposes and establishing submaximal load comparisons, Marion and Leger (1988)
determined that since no signilicant dilference was observed between track and
ergoeyele peak V02, the use of the 80 revemin! protocol tor laboratory evaluation of
racing cyclists was a valid test lor eyclists. This conclusion may be valid with respect
1o the determination ol maximal acrobic capacity but not necessarily valid for
establishing similar responses in the licld where efficiency changes oceurs at pedalling

speeds above or below optimal.

Factors Affecting Physiological Responses In Cycling.

Pedalling Rate.

‘The available studics reveal a degree of discrepancy in the identilication of an
optimum pedal speed. Barlier work suggests that pedal frequencies as low as 40 - 6()

rpm are most eflicient. Tlowever such values do not explain how cyclists can maintain
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cadences as high as 90 - 110 rpm for long periods and at some points reaching 130 rpm
or even higher. Seabury et al. (1976) investigated the interrelationship. Three college-
age male subjects rode a Monark ergometer at 8 pedalling rate (30 -120 rpm) and at 4
power outputs (0, 300, 1000, 1200 kgm-min!). VO2 determinations were made and
and using measured RQ, gross energy expenditure was derived.  From their analysis it
was [ound that a most efficient pedalling rate exists for cach power aulpul studied,
The most efficient pedalling rate increases with power output I'rom 42 rpm at 25()
kam-min~! o 64 rpm at 2000 kgm-min~! and the inerease in energy expenditure
observed when pedalling slower than "most elficient” is more pronounced at high power
ountputs than at low outputs, 1t was observed that there was an appreciable interaction
between pedal rate and power output but the most eificient rate was significantly lower
then previonsly reported values. The lindings of Gaesser and Brooks (1975) also
yiclded decreasing efficiency with increments in speed. In both cases, this decrease in
clliciency at the higher pedalling speed may have been due 1o the unskilied riders used
m the study. It has been observed that unskilled riders. especially at high specds,
employ excessive body movement. Their lack of spinning technique accounts for
mechanical inefficiency which contributes to o greater energy cost. In contrast the
skilled cyclist pedals smoothly at high rpm without engaging muscle groups which do

not contribute to pedalling speed (Faria, 1984).

Hagberg et al. (1981) investigated the effect of pedalling rate on submaximal
responses of competitive cyelists. As such, the objective of the study was to investigate
the effects of pedalling rate on (he cardiovascular, respiratory and metabolic responses
of competitive cyclists to a workload requiring 80% of their maximal VO?2 uptake
(VO? max) while riding their road racing bicyeles on a treadmill 1o simulate
competitive eycling. The same responses were also measured during a series of trials
with no external load being imposed on the cyelists 1o assess the effect of varying the

rate of limb movements independent of external work rate. In the loaded situation,
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subjects rode at a gear ratio that was ascertained individually to be their optimum.  As
well, each subject rode the treadmill 2-gear ratios above and 2 gear ratios below. On
the sccond phase of the experiment, the no load eycling, the eyelists rode their bikes at
30% MVOZ at 60, 75, 90, 105 and 120 rpm. The chains were removed from the
bicycles to ensure that the only work done was that involved in moving the legs and
turning the pedals. The resubts of the study showed that under no load conditions.
VO2, VI and HR rose signilicantly with increasing pedal frequencies from 60 rpm o
120 rpm. With respect 1o VO2 this represented an inerease (rom 7.5 ml'kg'l-min‘l 1o
19.3 ml-kg™T-min! and HR values changed from 74.3 bpm to 104.8 bpm. ‘The
unloaded cycling series shows that simply maving the legs more requently does have a
significant effeet on many of the parameters. With respeet to the loaded eyeling, it
was noted that with regards to the majority of the parameters, the changes in response
mereased with those gear ratios above and below the optimal levels. I other words,
the values obtained for the cyelists preferred gear reflected the lowest levels (average
values) with respect to vO? (L-min1y at the preferred pedal Trequeney a value ol 3.99
L-min~! was obtained. ‘I'he faster pedal Irequencies elicited a value of +11.3% above
the preferred value with +3.5% with slower pedal frequency. Heart rate was 1796
bpm at the preferred Irequency with values of +5.1% and +1.5% lor (aster and slower

pedal frequencies respectively,

The data demonstrates the importance of maintaining similar cadence from one
task to another. For as it can be noted, increases in energy cost are not due 1o
changes in workload but duc 1o a different cadence been used in the protocol. Faria el
al. (1982) demonstrated similar conclusions.  In their study each cyelist performed two
six minute rides at each of three pedal rates (60, 100, 130 rpm) at two power oulputs
(800 and 1800 kpm). The gear used was kept constant. “The task was performed on a

motor driven treadmill with road racing bicycles. During cach ride heart rate and
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oxygen consumplion were measured cach minute throughout the ride, Constant power
output was mantained throughout the work period.  “Fhe analysis revealed that at low
power outpit VO2 rises lincarly with respective values of 3138, 33.57 and 40,98
ml-keLmin! for pedal rates of 60,90, and 130 rpm respectively. Faria el al. have
demonstrated that the effeet on clficiency of changing the pedal rate while the load is
held constant s negligible an high power outputs. There appeared to be a significant
advaniage in employing a high pedalling rate at high power ontput. “The faster
pedalling rate yiclded o smabler oxygen cost 1or the racing cycelist. Conversely. at high
power vutput, oxygen consumplion decreased with increasing pedal rate with values of
S0.31. 54.78. and 53,50 mlkg™lmin! pedal rates ol 60, 90, and 130 respectively.
The importance of conserving both pedal rates and power output change when
comparing two similar tasks is stressed by these results. This Tact was also concluded
by Coast and Wedeh (1985) who stated "there was a need Tor making the procedure of
wserics ol tests that B the subjects being used and not or the convenience of the
mvestigators”. Coast :m'(l Weleh identified in their stdy that both TIR and VO2 dilfer
significantly among pedal rates at equal power outputs. As well, it was shown through
the results of the progressive test that both heart rate and YO2 inereased lincarly at
cach pedal rate at increasing power outputs. As well, at cach power oulpul an
optimum frequency was noted and that this optimum cadence inereased with mnereasing
power output. Unlike the previous studies, those results were demonstrated on 2

muadified stationary bike.
Posture.

The ability to sustain prolonged work is dependent upon an adequate supply of
exygen to the working muscles. The mechanisms of high oxygen transport are allected

by body position during work (Bevegard et al.. 1963). Faria et al. (1978) noted that
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cyeling posture is an important determinant of performance in cyeling. They noted that
cyclists generally assume two common saddle postures:

1) sitting semi-upright on the saddle with the hands resting on the uppermost portion of
the handlebars.
2) sitting on the saddle while assuming a deep forward lean with 1he hands resting on

the drop portion of the wrned-down handlebars.,

I was shown in the data analysis that all maximal values. MVO2 and maawork
wure signilicantly dilfferent from top bar position 1o the drop bar position. Heart rate
however, remained constant from one condition to another. In terms of numerical
differentiation. it was noted that maximal oxygen uptake (ml-kgT-minT 1y measured Tor
the two cyeling postures varied as much as 21%. Similarly, the drop bar position
showed inereased total work output and work output per kilogram of hody weight by
16.7% and 28.5% respeciively, The authors indicate that this is strong evidenee 1o
mdicate that drop bar position enhanees the individuals capacity 1o perform museulat
work.  Submaximal response, PWCT70, showed that VO2 inereased by 4.08
n‘nl'kg'i'min'l or 10% increase in the drop bar position. Converselv. HR did not
change ana remained similar in both positions. These results of the experiment
revealed that submaximal response to eyeling is significantly dilferent from top bar
position to drop bar position. These data demonstrate that bady posture during cycling
15 crucial for optimum performance and is an important variable 1o consider when
physiological comparisons of similar tasks are made, such as those by Hagherg et al.,
(1978); IFaria et al., (1982) and Ricei and Leger (1983) where proper cyeling form was

not maintained during task performance on the stationary ergometer.



Toe Clips.

Important consideration must be accorded to such mechanical parameter as the
tse ol toe-clips or cleated shoes. Davis and Thall (1981) noted that through proper
apphication cleated shoes may increase pedalling efficiency and that the trained cyelist
can henefit from there use. They Tound that the use of cleated shoes relards latigue of
the quadriceps muscle group. By allowing more flexor mosele utilization during the
backstroke. cleated shoes distributes the workload and alleviates the peak load
demand on the guadricep group. Both Ribis] et al. (1982) and Brodowicz et al. (1982)
examined the physiological signilicance of toe-clips use. Brodowicz ¢t al. examined
the elfect of toe clips use during eycle ergometry on the anacrobic threshold of
competitive and non-competitive cyelists, Competitive cyclist exhibited a significaant
increase in VO2 max at anacrobic threshold when using toe-clips. This difference was
ol identifivd to be significant in non-competitive cyelists. Ribisl et al. (1982) showed
that competitive cyclists demonstrated a signilicam deerease in the rate of pereeived
exertion witly the use of toe clips, A stenificant increase in VO2 max was also
ubserved, These findings suggest the obvious benelits that are associated with the use
of toc clips and identilies the sensitivity associated with training responses. Unlike
noncompetitive cyelist, elite competitive eyelist can demonstrale variations in clficiency
ximply with the use of toe clips. This point is supported by the work of Moltat and
Sparling (1985). "They noted that the use of 1o clips resulted in lower UXYgen costs

(non-signilicant) at a given submaximal response than without toe clips.
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Crank Arm_Length.

The Tength of the erank arm has been suggested o be an important parmmeter
i the achicvement of optimal efficiency in eycling, Carmichael ot al. (19323 found
that was indeed the case. Pedalling efliciency was found to vary with upper leg length
ata fixed crank length. Using 9 clite eyelists, Carmichacl ¢t al. examined the effects
of varicd crank fength on VO2 and HR. These evaluations were made at constant
power output and pedal speed. The eyeling bouts were of 6 minutes duration a
approxiuiately 75% VO2max employing cach of 6 crank fengths (150, 1ot 1760, 180,
190, 200 ). The optimal crank length which was considered to be that which
resufted in the lowest VO2 was found 1o correlale signilicantly with upper leg length.
An important conclusion suggested that the crank length on most commerciaily
available bicycles and ergometers is probably too long for most cyelists, Unlike the
Findings of Carmichacl et al., Conrad and Thomas (19383) determined the prediction of
optimal crank arm length cannot be determined from the length of o segment.
Howcever the crank lengths used varied only between 165 1o 180 mm.  Inerements of
only 2.5 mm were tested at a constant workload equivalent to about 80% of VO2max.
Since no differences among any ol the 7 crank lengths was shown with respeet to
VO2max. it was concluded that differcnt crank arm lengths within the range tested do
not influcnee cyeling efficiency. However there was an insignilicant increase in VO2

between inerements,

Seat Height.

The effeet ol bicycle seat height variation has been investigated in terms of the
mechanical clficiency associated with varions seat heights. Tt has been suggested that
sackdle height can alter a cyclists ability 1o perform and maintain a given power output.

Laurenee Shennum and deVries (1976) investigated the effects of varying saddle
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heights on v during bicycle ergometer work at varying workloads. ‘Ihe experiment
saddle beights used in this study were 100%, 103%. 106%, 109% and 110% of the
measured leg bngth rom ischium o tloor. The workload protocol was set at 3 minute
intervals for SO Watts and increasing by 25 Watts up 1o 200 watts at pedal rate of 60)
rpim. VO was shown o inerease with cach increase in saddie height. The most
cfficient height identified by the lowest VO2 was found 1o be between 100% and 103%.
It was concluded that in fight of the data and carlier data showing power outpul (o be
maximized at 104%. the saddle height of choice should be approximately 103% to
104% of leg length. Nordeen-Snyde.977) identilied similar trends. “The difference
between the mean VO2 at the 100 and 105% saddle heights were found 1o be
significant a1 the 0L05 level of probability, A positive variation of 5% in saddle height
produced a greater increase in VO2 at he high saddle height than the decrease which
ocerred as aresull of donegative 5% change in seat heiaht. Analysis of kinematic
patterns of the lower limb indicates that a major adaptation Lo increasing saddle height

oceurs and this was demonstrated (o oceur at the knec.,

The information presented suggests that variations in physiological TUSPONSES,
as measured by VO2 and 1R calenlations will difTer, if indeed the tasks are not clearly
simulated. Although comparison of cycling protocols were available, the data related
primarily to MVO2 and litle emphasis was placed on the submaximal responses.
There was some degree of uncertainty demonstrated with the use of HR as a method of
cquating work stress. “The inconsistencies demonstrated in the literature suggests that
this methodulogy can be modified by a number of factors, indicating the possibilitics

for crrors in estimating from heart rate values.



Mechanical Responses in Cycling.

Force Kinetics during Cycling.

A definitive and uselul method of measuring the external foree that muscular
action creates is made possible through the use of strain ganges. These devices are
glied to structures of the bicycle, such as the erank or pedals. When these structures
defonm under pressure or foree the gauges also deform. Interfaced with these patges,
measuring cquipment provides the researcher with a continnous auput of foree ar
torque. “Through this application of scientilic instrumentation it becomes possible 1o
determine exactly how a cyclist is applying foree at a particular time during pedalling.
This information may then be used o help discern the components of pedalling

requency (Faria, 1984).

The Torees and moments exerted during eyeling can be refiably and accurarely
measured cither by strain gaoges applicd along the erank arms or measured by
different types of strain gauges applicd 1o the pedal (Erieson and Niscll, 1988).
Valuable information pertaining to the performance characteristics while pedalling
have been established from such studies. For many years it was thought that cyclists
had a distinet advantage over their fellow compelitors when using lock in type pedals,
lor it was believed that cyclist pull-up during the pedal eyele. Hoes et al. (1968) were
one of the lirst group of researchers to speculate from their study that toe elips may not
help the eyelist pull-up. 1t was stated that toe clips on the pedals are probably not
used as much as it was first believed and that its uze was most likely in effeet during
sprints or uphill climbs. Turther study into this conclusion resulted in similar results by
Davies and Hull (1933} and contirmed by rescarch by Maclean and Lafortune (1988).
In their study, MacLean and Lafortune used a purpose-built cycle ergometer with

frame geometry identical to that used in contemporary road racing bicycles. The crank
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was cuipped with a strain gauge in order to measure the component of foree acting at
right angles to the right hand bicyele crank. Specifically, their results indicated that
the pupular notion that cyclists pull-up in the recovery portion of the pedal stroke
thereby producing positive torque throughout the pedal eyele was demonstrated to be
untrue. Lven when the subjects were given biomechanical feedback of their cycling
patterns, it was nofed that the negative torque was still present. However, trends for
lower peak positive and negative torgue, and reduced duration of negative lorgue were
also displayed. "The net effect was a decrease in the absolute workload required lor

the somie task.

Pafortunce et al. (1983) reported important differences in the patiern of foree
application on the pedals in a groap of US National team cyelists. Foree application
and movement patterns of the top 6 male 4000m pursuit riders in the USA and the
female 3000m world champion were studied during simulated all-out competitive rides
of 4 min 45 sces. The eyelists rode a racing bicyele mounted on 2 road emulator.

Data were collected online from bath legs during 4 periods of the ride. Average power
outpit ranged lrom 331 10 449 watts with cadence between 103 and 126 rpm.

Lalortune et al. Tound that during the first 180 degrees of the pedalling cycle the riders
were between 69 and 79 % cffective in their foree application. Right and Lelt
asymmetries were found in total toree applicd, work done and pedal angle, The mean

work asymmetry was found to be 4.3%.,

The effective use of strain gauge represents a source of valuable information.
Maclean and Lafortune (1988) have demonstrated the benefit of direet application of
this information for training purposes. ‘The value of strain gauge devices do also
represent a source of information that can be exploited by exercise physiologists. As it

is well known, the execution of a task like eyeling requires the reertitment ol a specilic
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number of muscle groups. As the intensity of the task varies so does that number of
motor units activated (o perform the work change{Brooks and I'ahey, 1984). As the
activity continues the stress associated with the task stimulates the cardiopulmonary
system by continuous neural input controlled by the sympathetic and parasympathetic
processing systems (Brooks and Fahey, 1984). 11 is well documented that the stress
associated with a given load is represented by an adjustment of the ca diovascular
function, specilically HR and VO2. “This adjustment has been shown 1o be
representative of a lincar response with increasing workloads. “Thus Tor the exercise
physiologist, the use of strain gauge devices in combination with physiological
information, as TR, under various load situations while eyeling in the field can provide
vitluable information. This information could serve 1o document typical workloae

situations during training programs and competitive events.

Kustlinger ¢t al. (1984) noted that foree outputs can be correlated to measured
work levels. They noted that up to 280 Watts, the mean peak lorce of all subjects + as
fincarly correlated o workload, while a further increase of workload led to
curvilinear increase of peak force. They also noted that foree as measured by strain
ganuges on the crank could be used 1o distinguish between elite cyclists and non-cyclists,
When compared o the non-cyclist, elite cyelists showed peak values that were
significantly lower at all levels of workload. “I'he authors identificd that lower peak
values in the dynamic foree records are accompanied by a lower VO2 at the same
workload level and a higher maximum workload in the exercise test. This indicated an
improved mechanical efficiency. As such, it is evident that a process lor describing
physiological profiles of cyclists in the field exists and can ofTer practical information
to exercise physiologist. Similarly, Croisant and Boileau (1984) identified the
importance ol oblaining such information. "Their investigation concluded that the

cnergy cost ol bicyele ergometer work is not lincarly refated 1o the work output but



78

rather depends on the rate and foree with which the work is accomplished suggesting
that identilying foree patterns in cycling is an important parameter of analysis in the

cvaluation of physiological cost 10 work.
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CHAPTER 3

METHODOLOGY'.

Introduction.

The primary objective was to determine if the work lToads indicated by TIR on
two laboratory ergometer tests are comparable to work loads performed a1 ceual heart
rates in the field. Work was represented both indireetly as oxygen consumption and
direetly by the measurement of rotational force measured in the erank (PCT and

ACTg0) (this concept will be developed subsequently in this chapter).

‘The basic researceh design was to measure VO2 max and lactate threshokd using
two methods of resisting pedal rotation (treadmill riding and race ergometer). Phis
serves two purposest 1) provided a basic comparison of physiological response 1o the
two laboratory protocols; and 2) indicated the 1IR/VO?2 relationship relating 1o Lactate
Threshold (BT that can be used for extended rides in the lield.  Following these
determinations, three, ten minute Tield rides were used at TIR established as 10% V( )32
lower than, equal to and 10% greater than 1T, Measurements of \-/()2, PCT and

AC T were made.,

The Subjects.

The subjeet population was made up of male volunteers who were active eyclists
and have had some competitive experience. The total number of subjects in this

experiment was S,
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Subject Qrientation.

Each subject was introdueed 1o the laboratory prior to the actual laboratory
mvestigation in order to provide them with the necessary information and an
opportunity to try out the exercises at low intensity.  Instruction and procedures for
cach ol the test protocols was reviewed. Safety concerns were thoroughly discussed
and onee the subject had received all of the necessary information, they were asked to

participate and sign a consent form which outlined all procedures and risks.

Procedure for Exercise.

Testing Protocol.

Testing required 4 laboratory sessions and one Tickd session. The Tirst two
periods were necessary to determine the subject’s maximal oxygen uptake (VO2
maximum) on cach of the twa separate tasks: treadmill eyeling (ICYand race
crgometer eycling (RE}. The information was subsequently used to establish the
workload _.tensities for the subject's Tollowing visits. The remaining 3 testing periods
were used o evaluate steady state response both in the ficld and laboratory settings.
The Tield test was conducted at work rates equivalent too L', E'T - 10 % and 11 +
10% (see appendix H). The cadence used for cach work rate was reproduced to
simulate corresponding work situations in the faboratory for all three tasks. Those

workloads performed in the ficld were simulated in the laboratory.

A period of 48 hours was maintained between successive MVO? measures.
For alb steady state test periods a period of 24 hours was given between cach task.
However, all three work loads for a given task were performed in the same test period
with a 20 minute rest period alloted between cach load.  All tests for a given subjuct

were completed within a two week period in order 1o minimize the eltects of training.
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Measuring VO2 Maximum.

The procedure to determine each suhjucl.\‘l VO2 maximum followed a continnous
progressive work test protocol for all three cycling tasks, “The subject was allowed 1o
practice on the treadmill at 2% grade and 20 mph in order to determine the
appropriate cadence and gearing which would allow a 30 to 60 min endurance training
ride. This produced a sublaciate threshold performance. ‘The treadmill eyeling test
was performed on a standard racing bike at the same cadence and gearing established
during the practice ride and progressed by increasing grade by 0.5% increments at one
minute intervals Irom an initial grade of 2%. Velocity was maintained at 24) mph until

maximum VO2 had been achieved and then reduced for recovery riding.

The race ergometer VO2 maximum tests followed comparable test procedures,
(usually about 90 rpm} at an initial load cquivalent to that load cajceulated Tor the
treadmill test (sce appendix G). Work increments for both RIS and 'T'C were similar.
All caleulations were made based on 'T'C calealations so as to mateh the protocols in

terms of the work stess produced by cach condition.

Anaerobhic-Lactate Threshold.

Micro samples of finger-tip blood were taken at the end of cach work load
during the RE max test and used in conjunction with Ventilation, VO2, VCO2, and
ventilatory equivalents for 02 and CO2 (V/VO?2, V/VCO2) to estimate thresholds for

subsequent subuaximal workload tests,
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The Submaximal Work Test.

Measuring Steady State Loads in the Field.

The subject was reguired to rvide a specially equipped race bike in the field al
three work intensities 11 - 10% VO 1F and 1.1 + 10%VO2 as determined from the
maximal acrobic performance tests. Heart rate values were nsed as indicators for (he
work load intensity (Refer to appendix H for a complete deseription). Each work Toad
was verformed at a steady pace for a 10 minute interval. The eyclists were allowed to
choose their own gear combination For the performance of cach work load but were
asked 1o use the same cadence (monitored on the bike by a cyglmnclcr) used during
the VO2 max tests. Finger tip blood samples were taken at 1 and 3 minute post

CXCTCING,

Steady State Laboratory Test,

The subjects were required to perform three work intensities on cach of the
three tasks (R1D and 'TCY similar 1o those work rates performed in the field (1.7,
1 T-10% V02, I.'I'-H(]'%:\.’()Z). The subjects were required 1o cyele at a constant rate
for a period of 1 minutes, Pedal frequencies utilized in the ficld to complete cach of
the work loads were used in the completion of the laboratory tests. Proper work load
settings (ie. treadmill speed, ergometer tension belt) were caleulated using these ficld
values {or frequency (see appendix F and G lor proper caleulation procedures).

Finger tip blood samples were taken at 1 and 3 min post exeretse.

wquipment and Collection.

Al testing and data collection were performed in the Department of Human

Kinetics at the University of Ottawa. ‘The treadmill eycling test was performed on a
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Quinton treadmill equipped with & rubberized surface. Speed and gradient changes are
manually adjusted. Maximum speed capability is 25 mph with a maximum gradient
change of 40 degrees. "Fhe racing bike used for the '1°C protocol was a Grandis Ttalian
racing bike equipped with adjustable Dura-Ace handle bars and Look lock-in pedals.

The seat was adjustable both vertically and horizontally,

The race bike ergometer task was performed on a racing bike (Bridgestone) in
which the gear chain was dircetly hooked up to the Tront wheel ring gear of a Monark
crgometer. As such, it was possible (o use the brake loading system of the Monark
crgometer to control the workload. Both the mounted racing bike and Monark
ergomeler were mounted within a metal frame which allowed the two bikes to act as a
single system. “The handle bar and seat were both adjustable vertically and
horizontally in order to allow precise measurement comparability with the racing bike.
The pedals were equipped with Look lock-in pedals 1o allow the cyelist 1o use riacing

shoes,

For the TC and RIL tasks, a specially build crank was instatled in order to
measure the foree acting on the arm crank. The strain gauges were located at both the
anterior and posterior sides of the crank arm (85 mm from axel Grigin (see appendix
1> Tor specilications). Only the forees normal 1o the crank axis in the plane of crank
rotation were recorded. It would have been neeessary 1o measure forees in the other
two planes in order to account for all the energy expended on the erank (ie: to account
for rotational torque about the crank axis and for force parallel 1o the erank axis):
however, this partial measurement of foree, and the caleulation of impulse and work to
which it leads, were only used for comparative purposes between the lield and three
laboratory ergometer apparatus results. ‘Thus, comparisons relating only 1o relative
differences in the rotating foree of the ¢rank rather than to absolute dilferences

between conditions were performed.
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With respect 1o the analysis of the physiological responses for both the max and
submax iest protocols, TR was recorded by means of o wireless transmission device.
The data collection in the heart rate microcomputer was then transferred direetly by
means ol computer interfacing to a data analysis program developed by Polar Fiectro

Finland (Appendix B).

Metabolic determination and gax analysis (VO2) was undertaken by an open
circuit method. The cyclist was hooked up 1o o two way non-rebreating, ‘T-shaped
valve which directed expired gas to an 8 1, mixing box from which continuous sampling
of O and CO2 was done. Similarly, inspiratory volumes were collected for the Tull
testing period (see appendix C for more detailed information).  Lxpired gases were
also collected direetly into a Collins chain compensated gasometer (o verify

caleulations ol oxygen consumption for the Tast 30 seconds of cach work intensity.



Analysis.

The data collected for the submaximal cycling protocols during cach 30
sceonds of the 10 min constant work periods were analyzed. 'The mean values for T1R,
VO2, PCT and AC “Tan Tor the 3 eyeling tasks (FFCL R and 'TC) at cach of the three
workloads (11, I'T-10% VO 11-10% VO2) wc.ru analyzed using o one factor

experiment with repeated measures.

The Tindings from these analytical procedures made it possible 1o determine if
response patterns elicited at submaximal levels were comparable among the three
experimental conditions. Specitically, it was possible 1o verily the reliability of HR as

an indireet measure of absolute workloads during cycting.

The information derived rom PCT and AC T gy values made make it puossible to
determine il o constant relationship existed between the various physiological
parameters at constant work rates. “This knowledge provided the information required
(o assess the validity of measuring PCT and AC g during cyeling as o means of

identifying work load thresholds directly in the field setting.

——



Appendix B
CARDIOVASCULAR ANALYSIS AND MONITORING

PROCEDURE

TR was recorded by means of a wireless transmission device. "This heart rate
microcomputer allowed recording ol HR for the full duration ol ali test protocols. The
system offered a memory capacity which was sufticient to colleet sample intervals ol 5
sceonds. The model used was a Sport “Fester PE-3000 by Polar Electro Fitness
Technology of Finland. The data collection in the heart rate microcomputer could then
be translerred direetly by means ol computer connection to a data analysis program

developed Tor this heart rate microcomputer by Polar Eleetro Finland.
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Appendix C
METABOLIC ANALYSIS AND MONITORING PROCEDURES

An open ctrenit method was used for all laboratory task investigations. ‘The
cyelist respired via a two way non-rebreathing, ‘I'shaped valve,  Inspiratory volumes
was recorded i a Morgan Ventilometer Mark 2. "I'he colleeted gases entered into an 8
I mixing box Trom which about 0.6 1/min is passed through a tube containing calcium
sullate, At this point. analysis of (02 and CO2 is made direelly by the Amtek $-3A
Oxygen Analyzer and the Amtek CD-3A Carbon Dioxide Analyzer. Output from the
gas analyzers and volume recorder was integrated with the Pulmonary 1ixercise System
Software produced by S and M Instruments and Phystodyne Instrument. Data was
analyzed and stored every 30 seconds. For purposes of verilication, expired gases
were collected direetly into a Colling chain compensated gasometer in order to

citlenlate oxygen consumption for the last 30 sceonds of cach work level.
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Appendix D

DATA ACQUISITION SYSTEM FOR FORCE OUTPUT

(1) "The specially built crank apparatus was used lor alf test protocols,

(2) "The strain gauges were located on the anterior and posterior sides of the right
crank arm, 85 mm [rom the axe] origin (total length ol crank arm = 170mm).

(3) The strain gauges are part of a modificd wheatstone bridge.

(4) The crank system received the clectrical signal (voltage signal) from the strain
gauges (foree output). The system had o voltage o frequency generator to prepare the
signal for (ransmission.

(8) "The Toree signal was then transmitted as an 80 10 Y0 K1z FM sigial to an antenna
placed around the crank axcl of the crank arm.

(6} "The Torce signals and angle were then prepared for recording by means ol a
modulating unit contained in a water bottle. “The unit has a "time Base Generator
system which prepared the signal for recording by arranging the signal on a basic
timing track compatible lor recording on tape.

(7) "The force signal was received into this unit as an an 80 to 90 K1z I'M signal and
was reduced by a factor of 10 (ic. 10 8 10 9 Kliz) in order to make it compatible with
commercially available recording apparatus.

(8) These signals were then recorded by means of a portable tape recorder carried on
the riders waist (Sony Walkman stereo cassette recorder Model WM-D3).

(9) The tape recorder records 1 channel of force and 1 channel of angle information,
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(H) Fhe intormation stored on tipe could then be analyzed by means of o convertey
which ic established the vignaly s analog voltages.
(11) A dara acquisition system (( ampag model and hybnd softwarer ther translated
the signal 1o digital zs the basis for sttistical and graphical compatisons.
(12} A program which was developed specifically for these data (iltered amd measnred

cach impulse or curve that had been recorded on an mdividaal or cusnlaiine basis,

Postertor Strain Gauge

H(’Jfff‘r"-,

A

Transferable Crank Apparatis



Appendix E
METHOD TO CALCULATE MAXIMUM AEROBIC POWER (VO2

MAX)

Procedure:

The following sequence of events were followed tor cach subject with the option
of altering initial workloads on an individual basis.
(1) Have subject sit on the bicyele and initiate memory on the TIR monitor (1713000,
(2)  Appropriate settings are made Tor the initial workloads as deseribed in appendix
I and G,
{(3) Subject should be on the mouthpicee prior 1o the onset of the test, allowing tissol
tank to wash out residual tissot tank gas by having the expired air flow through the
tank.
(4) 'I'issor tank thermometer, deflection scate, room thermometer, and barometer are
monitored Tor cach work load. V1 is also determined at 30 see intervals by a
metabolic circuit (appendix ).
(5)  Upon completion ol workioad, the subject is allowed to rest for an least five
minutes (ie: to TIR < 120 bpm) before attempting a supramaximal load (i deemed
necessary by a lack ol a plateau during the progressive test).

(6) VO2 calculations conform to the basic formula: VO2 = (VIxFIO2) - (VEXF102)
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Appendix F
WORK LOAD CALCULATION FOR RACE ERGOMETER

CYCLING

‘Ihe submaximal work loads were caleulated by the following equation:
Power = Kg x 6 meters X rpm
where kg is the tension placed on Tree-wheeling 1y wheel to inerease the resistance
associated with eycling, mis the distance iy meters cavered by bike in one ull rotation
of the pedal position from 0 degrees about a 360 degree radins: and rpm s the number

ol revolutions per minute,
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Appendix G

WORK LOAD CALCULATION FOR TREADMILL CYCLING

For the treadmill cyveling protocol, work was caicalated based on the following
R

equition:
Work={weight-velocity-sin 8)=(0, 185 kp-velocity)={ho0md 34 kp-min-ﬁ\‘-\?)
Where work was measured in kpm per minute, weight was that of the evelist and his
bike in kilograms. velocity was the speed of the treadmill in meters per minate, and 0
was the angle of the treadmill bed. The tirst term of the above cquation estimaltes the
waork required to maintain the cyelist's stationary position at a given grade and specd
on the treadmill. “The second term 0,185 kp+ velocity, estimates the rolling friction
created by viscous [riction. it is a also function of the 1ype of surface. the deformation
ol the tire, the type of tire. the tire pressure, and various bearings in the driving
apparatus of the bicycle. The third term. 0.000434 kpomin-ihbvelocity’, estimates the
resistance created by surface friction: it is a function of the tvpe ol surface, the
deformation of the tire. the type ol tire. the tire pressure. and various bearings in the
driving apparatus ol the bicycle. A [ourth term. which includes the cube of the velocity
would be necessary if the cyclist was encountering wind resistance. however, this factor
is unecessary in our equation since the cyelist is virtually motioniess. 11 has heen
shown on two separate occasions (Hagberg et al., 19730 Hagberg et al. 1930} that the
use of the above cquation results in reliable and accurate predictions of power

associated with known VO2 consumption values.

TR



Appendix H

TESTING PROCEDURE FOR FIELD EVALUATIONS

The following sequence of events was used lor each subject.
Uracedure:
(1) Work load and heart rate values were determined rom the maximal acrobic
performance test. These values were based on the determination ol the Tactate
Threshold (1.1). 1.1 - 10% V¢ 2 and 11 +10%VO? (see example below),
(A)
where LT = 80% of VO2 maximim,
L T-10%VO?2 = 70% of VO3 maximuam,
11 l(l':fi.\-’()l = Y0% ol \‘/()2 maximum,
(13

2% of VO2 maximum = 179 bpm,

0% ol VO2 maximum = 163 bpm,

!

90% of VO2 maximum = 192 bpm.

(2) The subjeet sat on the bicyele and the TIR monitor memory program was initiated.
(3} The subject eycled at his preferred gear ratio up to the desired HR and once this
HR had been achieved within the first few minutes ol the work load, the subject
maintained this work rate by monitoring the heart rate monitor placed on the wrist
(model PEIOOD Sports Tester) until the 10 minute work span has expired.

(4} ALY minutes and 30 seconds of the work load the subject switched the valve

mechanism to initiate a 30 second collection interval.
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(5) At the 10 minute mark of the work load the subject switched the valve 1o a closed
position to ensure that the expired gases colieeted in the Donglas Bag were properly
contained lor analysis,
{(6) "Phe subject were then stopped and the coliceted gases were measured, A sample
was retained for analysis by o metabolic cirenit (O2 and CO2 analyses were made by
the Amtek 5-3A Oxygen Analyzer and the Amick CD-3A Carbon Dioxide Analyzer).
(7)  Using a volumetric reader (Cowan Parkinson Diry-Gas Meler measurement), the
volume ol expired gases collected Tor the 30 second period was determined. with
compensation lor the analysis sample which had been extracted.
{8} Ambient temperature and barometric pressure were recorded.
(V) The procedure was repeated for all ather work loads with intervening 20 minute

rest perods between cach ride.



Appendix |

EQUIPMENT FOR FIELD TESTING

The following cquipment was required for proper metabolic (VO32),
cardiovasenlar (HR) and mechanical (PCT and ACTg)) evaluation of steady state
warkloads in the field:

(1) A Douglas Bag (Warren 15 Collins, Boston Mass.) was used for gas collection
with a 100 Litre capacity.

(2) A Dry-Gas Volumetric analyzer (Cowan Parkinson Measurement) was used o
measure volume of expired gases (Litres - 1),

(1) Mylar balloon bags were used for the temporary storage of gas samples,

(4)  Breathing apparatus (the type ased in this study is o SCUBA type) and nose clip.
(5)  Switching valve apparatus for controlling collection intervals. The valve used Tor
the the study was a three-way system: an input connection (1), an output direet 1o the
atmosphere (O1) and an output to Douglas bag (02). Switching the valve circulates
expired gases 1o Ol or O2 (see appendix S). ‘Tube diameter was 0.04 m.

(6)  Large laboratory spiral tubing for expired gases: 0.4 m length bose running Irom
breathing apparatns to the (1), 1.0 m length hose running from (02) collection output
ol switehing valve unit 1o the Donglas bag.

(7} Rear bike support device to install wind deflector apparatus in which the Pouglas
bag was contained. ‘The wind deflector s, J to protect the Douglas bag lrom the
effects of the wind (see appendix T).

(8)  Tleart Rate monitor - model P1:3000 - Sports Tester by Llectro of Finland.

(V) Specially butlt erank device for foree output.

-5
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(10) Solar cyclometer for the measurement of cadence (Cat Eye - model CC-2000).



Appendix J

RACE ERGOMETER. CALIBRATION PROCEDURE

Calibration of the systems was completed 1o ensure that the resistance
calenlated in kg was equal 1o that value in kp (kilopounds). The procedure required
that the teasion belt be removed. A large volumetric Task was then placed on the
existing spring and distilled water was added in inerements of 0.03 kg 10 correlate kg

values with kp values (note: | gram = 100 m1 of Ha()),
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Appendix K

CALIBRATION PROCEDURE FOR CRANK APPARATLUS

The erank apparatus was calibrated by a statie calibration procedure. The crank arm
was placed at a Y0 degree position to the horizontal. Sampling was done with the

unloaded crank and when it was loaded by 10 lbs increments to a maximali loading of
120 1bs. The calibration factor was immediately caleulated by the available software.,

Calibration procedures were followed prior to cach test session.

The crank torque information was evaluated based on the delined calibration
Factor and the base line used Tor all caleutations wax designated Tor the purpose of this

study as the average minimmm point calenlated for the sample period,
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Appendix L

RAW DATA VO3

Tuble 10: Raw data \‘/()2 - (111]'kg'1'miu'])

Ke RE TC FC RIE Tc FC RE TC

subject

i

1 41.3 46.1 49.5 47.6 51.6 55.6 53.4 59.4 58.2
2 36.3 42,0 41.2 45.3 45.4 54.4 53.1 54.4 56.0
3 52.5 55.5 49.9 61.3 61.7 56.7 70.7 61.9 59.6
4 38.1 45,4 51.1 47.8 55.4 54.4 60.1 59.2 58.1
5 30.7 48.0 47.2 46.8 50.5 48.8 59.5 57.5 56.7
6 29.8 48.7 50.4 43.0 57.0 55.4 54.4 62.5 60.5

7 39.3 45,

i

47.8 47.9 46.1 51 8 64.2 52.1 56.6

8 46.3 47.4 47.9 45,9 51.1 52.4 53.0 54.6 60.5

Note: FC = field cycling RE = race ergometer cycling
TC = treadmill cycling
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Appendix M

RAW DATA ACTg

Table 11 Raw data AC T - Nos

FC RE TC FC RE TC FC RE TC
sub LT LT supra LT

§ 79 167 154 93 169 171 118 172 171
2 201 185 148 170 157 140 199 174 170
3 125 122 NA 132 130 NA 135 145 NA
4 164 126 156 176 172 157 140 174 161l
5 227 104 140 199 117 133 218 144 174
6 217 161 161 251 168 162 159 166 164
7 178 179 182 164 181 175 216 188 182
8 221 160 172 183 160 196 220 164 178

Note: FC = field cycling RE = race ergometer cycling
TC treadmill cycling

I
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Appendix N

RAW DATA PCT

Tuble 12: Raw data PC'T - (N)

#C RE TC FC RE TC FC RE TC
sub LT LT supra LT
I

! 185 428 389 230 450 447 301 432 465
2 471 453 354 403 382 334 491 403 403
3 339 361 NA 370 406 NA 394 457  NA
4 397 327 371 440 397 384 353 408 418
H 580 394 333 504 316 298 581 351 392
6 427 381 380 195 414 391 415 428 427
7 110 430 404 391 444 403 511 538 436
8 500 404 421 472 419 476 523 436 450
Note: FC = field cycling RE = race ergometer cycling

TC = treadmill cycling
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Appendix O

FIELD AND LABORATORY TEMPERATURE DATA

Table 13 "Temperature Dala

Field Race Treadmill
Cycling Ergometer Cycling
1
Temnp 18.0 23.0 23.0
BP 765.5 739.6 7451
2
Temp 29.0 23.0 23.0
BP 765.5 739.7 742.3
3
Temp 22.5 23.0 23.0
BP 754 .0 750.5 743.79
4
Temp 11.0 23.0 20.0
BP 753.0 743.7 734,72
5
Temp 12.0 21.5 23.0
BP 758.0 745.87 PN
6
Temp 7.0 20.0 24.0
BP 756.0 751.1 Ta2T
7
Temp 15.0 20.0 19.0
BP 749.0 751.1 748.4
8
Temp 7.0 20.5 20.5
BP 745.5 757.3 741.83
Note: Temp = ambient temperature - degrees celsius(°C)
BP = barometric pressure (station pressure)

in mmHg
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Appendix P
LACTATE THRESHOLD CURVE - SAMPLE CALCULATION

The following ligure demonstrates the basic methodology used for describing the 3
work intensities for use during this study. Lactate values during a progressive worl:c\ test
were utilized to define the Lactate threshold as described on page80and appendix H.
The 3 work intensities indicated below by the 3 vertical lines are representative of

workloads equal to LT-10%VO2(a), LT(b) and LT+10% VOa(c).

RACE ERGOMETER MAXIMAL TEST

HEART RATE
185 - BLOOD LACTATE L 14
180 4 /
F12 8
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L
170 4 / a
-10 ¢
165 D
160 1 F 8L
A
155 4 ¢
J F 6T
150 A
145 4 ’/’,B’ T
4 E
140 1 B/E/B'
135 1 P
130 4
125 . . . . . . . . . . , —F 0

TINE minutes
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Appendix Q

VO2 REPEAT MEASUREMENTS - PILOT STUDY DATA

The following figure represents repeated measures of VO2 taken in the field. The
system utilized was the same system o collection described for use in this study
(appendix I). A discontinuous incremental work test was followed were the subject
was required to remain at a given gear ratio and increase cadence in order to increase
the workload. The figure demonstrates consistency of measure showing the reliability
of the system during different collection periods. The variations seen are reflective of
the changes in wind conditions and temperature observed over the different test

periods.

FIELD OXYGEN CONSUMPTION REPEATS
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Appendix R

CONSENT FORM

Informed Consent Letter

i < understand that the purpose of this research

project is toinvestigate the physiological responses associated with cyeling on three
seperate cycling conditions at submaximal and maximal workloads and authorize the
Department ol Kinanthropology at the University ol Ottawa (o administer and conduel

these exercise tests, wder the direetion of Glen Kenny.,

I also understand that the term submaximal work applies to this research project
asy cyeling for each ol the three eycling conditions, treadmill eycling (1C), stationary
race bike ergometer (RE) and field eyeling (FC) at three diltferent workloads
cyivalent to LT-10% VO, 1T and L1+ 10%VO2 at which T will cyele for a period of
10 minutes at cach of these workloads and then I will be given a 20 minate rest period
belore the next workload is performed.  As well, T understand that the term maximal
work will apply in this study to, the act of riding for two cycling conditions (T'C, R1:)
up to a point of full physical exertion induced by a progressive increase in the work
performed over time. Lunderstand that it is likely that 1 will experience some local
muscular [atigue, dryness of the mouth and throat, and an increased resistance to
breathing: although every effort will be made to conduet the test in such a way as to
minimize discombort and risk. However, Tunderstand that just as with other types of

dizgnostic tests there are potential risks associated with an exereise test, These
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inelude episodes of transient lightheadedness., Tainting, chest discomfort, leg cramps
and very rarcly, heart attacks. T recognize that a medical examination prior fo

performing exercise testing s advisable,

I have agreed 1o perform both the submaximal and maximal cycling test on the
treadmill with the provision that at Jeast 2 spotters will be watehing me through the full
extent of the test period. Tagree 1o allow the rescarcher to place a PE30O0 heart rate
monitor and transmitter unit on me. As well [ agree 1o allow the researcher to place
me on a two-way non-rebreathing, ‘I-shaped valve so as to allow lor gas collection and
analysis. 1 also agree 1o allow capillary blood samples to be drawn by micropuncture
from a finger-tip during the maximal race egometer cycling as well as Tollowing cach
waorkload 'cpismlc on the REDTC and FFCconditions and realize that T may experience

a shight pricking sensation when blood samples are collected.

Finally I agree that T will be asked to perform 1o the best of my ability. Yer T ully
realize that I reserve the right to discontinue my activities as o subject at any time
during this entire research project. As well Tunderstand that the resulis ol my

performance will remain in the strictest confidence between the researcher and myscell.

Signature of subject:

-

Witness: Date:




Appendix S

SWITCH VALVE SYSTEM

I (input valve from SCUBA valve)

air flow direction

when valve is

closed

4

[N

~— air flow direction when valve

mechanism is activated

— Switch

— Stopwatch

if——> Chest Plate

—> 02 valve (output vaive to
Douglas bag)

O1 valve (output valve to atmosphere)

- 107 -



Appendix T
OXYGEN COLLECTION SYSTEM IN THE FIELD

Air flow streaming effect
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