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ABSTRACT 

Three studies were undertaken to assess the use of the Biokinetic swim bench in 

predicting maximum oxygen consumption ( V 0 2ma x) in swimming. The purpose of 

the first study was to determine whether a continuous (SBC ) or discontinuous 

(SBD) swim bench protocol would elicit a higher V02 m a x in competent swimmers. 

No differences were found for V 0 2 max when tested with either SBC or SBD. It 

was concluded that , from an administrative viewpoint, SBC should be used as 

testing time was greatly reduced. Study 2 compared SBC with tethered swimming 

(TS). A higher (p<0.001) V0 2max was elicited by the swimmers during TS compared 

with SBC. A prediction equation was produced : TS V 0 2max = (0.595 SBC V 0 2max ) 

+ 35.8 (sx,v=4.74). These results suggested that SBC V0 2max was not a valid 

measure of TS V02 max, and that SBC V0 2max was a poor predictor of TS V0 2max in 

elite swimmers. The final study compared arms only tethered swimming (TSA) 

with TS, and TSA with SBC. TS V02 max was higher than TSA V0 2ma x (p<0.01). No 

differences were found in submaximal V 0 2 scores between TSA and SBC. A 

higher V0 2ma x was found for TSA compared with SBC (p<0,005). The results 

suggested that the absence of leg kick reduced the active muscle mass during 

TSA. In addition, the inability of the swimmer to perform correct stroke 

mechanics reduced the active muscle mass during SBC. The reductions in muscle 

mass resulted in lower V 0 2max scores. 

Examiners: 
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Supervisor : Dr. Martin L. Collis 

PREFACE 

Preparation for many competitive sports involves a component that 

specifically stresses the cardio-respira tory capacity of an athlete. This stress is 

maximal in some forms of endurance exercise during which the energy for 

contraction is supplied primarily through aerobic metabolism (Holloszy, 1973; Fox 

and Mathews, 1981). Circulatory adaptations in response to exercise of prolonged 

duration result in increased capacity to take-up, transport and deliver oxygen to 

the working muscles. Maximum oxygen consumption ( V 0 2max), has been 

established as the most effective physiological variable for measuring the uptake, 

transport and utilisat ion of oxygen (Astrand and Rodahl, 1977). 

The importance of V 0 2ma x has been discussed in detail by Wenger (1981 ). A 

high V 0 2 max reflects an ability to resist fatigue, recover from exercise more 

rapidly and the capability to work at high rates for short periods of time, i.e., a 

gross measure of fitness. When monitoring training progress or performance 

potential for endurance (aerobic) competition, V 0 2m ax is the most commonly used 

criterion. 

An elite swimmer is concerned with stroke technique, speed and tolerance to 

fatigue (training and competition). Other measures may be more useful, such as a 

speed performance test, or anaerobic threshold determination. Therefore aerobic 

capacity (which is specific to a given situation and can be expressed as a % 

V 0 2max ) is probably more useful than aerobic power ( V 0 2ma x). However, at 

present, V 0 2max is used in monitoring the fitness progress of athletes 

(MacDougall et al., 1982) and is used by organisations such as the Canadian 

Swimming Association. In order to facilit a te comparisons between the swimmers 
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of the present study with others, and to develop an inexpensive and convenient 

test protocol, V 0 2max was chosen as the test standard. 

Adaptations to training can be evaluated using ergometry. The most 

extensively used ergometers are the treadmill and cycle. The treadmill has been 

shown to simulate running, and the cycle has been shown to simulate bicycling 

(Roberts and Alspaugh, 1972; Pechar et al., 1974). Therefore, when assessing 

physiological changes due to a particular mode of exercise, the ergometer specific 

to that exercise mode should be selected to impose the load. 

In order to obtain the highest V 02 max values, the largest muscle mass must be 

used throughout the test (Cardus, 1979). Treadmill running employs a greater 

active muscle mass, therefore, it is the most valid means for eliciting whole body 

V 0 2max (McArdle et al., 1973; Corry and Powers, 1982). However, if a mode 

specific adaptation is to be studied, other protocols may be more useful. Rowers, 

for example, can be tested on an ergometer specially designed to simulate the 

actual rowing motion (Martindale and Robertson, 1984). 

The most commonly used apparatus to determine V 0 2ma x in swimmers is the 

tethered swimming device. It allows the swimmer to swim in water without any 

forward movement. Instruments can be attached to the swimmer and 

physiological data collected at the poolside during the swimming exercise. 

However, setting up this equipment can cause many technical problems (e.g., 

moving expensive and fragile machinery on to the pool deck), therefore a dry-land 

method would be advantageous. 

Dry-land testing equipment has not been able to simulate the specific stroke 

mechanics utilised by a swimmer in water (Schleihauf, 1982). The use of arm 

crank ergometry to test swimmers is questionable, as the muscle contractions do 
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not adequately mimic swimming. 

It would appear that if the oxygen consumption of a swimmer is to be 

measured accurately by an ergometer, then the device must designed specifically 

to reproduce the joint actions, muscle mass employed and the power of the stroke 

in water. A machine known as the Biokinetic Swim Bench (Isokinetics, Inc.) has 

been recently developed as a dry-land training device, and has been purported to 

simulate the type of muscle contraction used by a swimmer in water (Flavell and 

Counsilman, 1981). 

If the Biokinetic swim bench (Figure 1) could be used as an ergometer, it 

would allow all the testing to be carried out in a controlled laboratory setting. 

However, exercise on the swim bench uses only arm actions, which depress 

V 0 2max due to the absence of leg action (M. Plyley and D. Smith, personal 

communications, October 1984). The work of both Holmer (1974c), which showed 

that the addition of leg kick to arm work produced high values for 

V0 2max compared with whole stroke, and Watkins and Gordon (1983) which 

highlighted the importance of leg kick in stabilising and streamlining the body 

during swimming, suggests that the swim bench may be inadequate as an 

ergo meter for testing swimming specific V 0 2ma x. 

Recent s tudies using a type of swim bench have found V0 2max scores which 

were lower than when using tethered or flume swimming (Holmer, 1974c; Swaine 

and Reilly, 1983; Gergley et al., 1984). In these studies the Biokinetic swim bench 

was not used as the testing device. Furthermore, it has been suggested that a 

discontinuous protocol should be used when testing activities involving a small 

muscle mass (Cardus, 1979; MacDougall et al., 1982). At present there is no 

consistency m the use of swim bench protocols, and differences in 

V 0 2max obtained when using a continuous versus a discontinuous swim bench 
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protocol have not been evaluated. 

Therefore, the purpose of the present studies were : 

1) to determine whether a continuous or a discontinuous swim bench protocol 

would elicit the greater V 0 2max value. 

2) to determine if the Biokinetic swim bench could be used as a valid measure 

of tethered swimming V 0 2max in elite swimmers, and to determine if the swim 

bench V 0 2max of a swimmer could predict tethered swimming V 0 2max. 

3) to determine the sources of error in prediction of tethered swimming 

V 0 2max from swim bench V 0 2max. 
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CHAPTER I 

DETERMINATION OF V 0 2MAX IN COMPETENT SWIMMERS WHEN USING A 

CONTINUOUS VERSUS A DISCONTINUOUS SWIM BENCH PROTOCOL 
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Abstract 

Maximum oxygen consumption ( V 0 2ma x) and maximum heart rate (HRmax) were 

determined in seven competent swimmers using a continuous swim bench protocol 

(SBC) and a discontinuous swim bench protocol (SBD). In both SBC and SBD the 

load was raised by increasing the resistance on the swim bench, with a 15 minute 

rest before the final load. During SBD, the work-rest ratio was 4:3 (minutes). 

Expired gases were measured every 30s using a Beckman Metabolic Measurement 

Cart (MMC ). No differences were found between SBD and SBC in V0 2max and 

HR max . High correlations (p <0•0l) were found between SBC and SBD for 

V 0 2max and HRmax. These results suggested that either SBC or SBD exercise 

protocols can be used to determine V 0 2 max in the swimmers of the present study. 

However, from an administrative standpoint, SBC is preferable when testing 

groups. 
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Introduction 

Tests predicting maximum oxygen consumption ( V 0 2m ax ) have been found to 

be specific to the exercise mode (Roberts and Alspaugh, 1972; Pechar et al., 

1974). The test can be either continuous or discontinuous, with a variety of 

loading progressions ( Card us, 1979). The results of physiological measurements 

can be affected in the testing situa tion by combinations of arm plus leg work 

(Reybrouck et a l., 1975; Bergh et al., 1976), test dura tion (McArdle et al., 1973; 

Pimental et al., 1984) and the rate at which the test is performed, for example, 

bicycle pedal frequency or stroke ra te (Sawka et al., 1983; Swaine and Reilly, 

1983). Thus, certain test procedures are more appropriate than others for a given 

situation. 

It has been suggested that when performing a V 0 2ma x test, a discontinuous 

protocol should be used with untrained subjects and where small (easily fatigued) 

muscle masses are utilised, whereas a continuous test should be used for tra ined 

individuals (Cardus, 1979; MacDougall et al. , 1982). But both continuous and 

discontinuous protocols are equally reliable in predicting V 0 2ma x when testing 

trained subjects on a treadmill and cycle (McArdle et al., 1973). However, 

comparisons between continuous and discontinuous arm protocols to predict 

V0 2max during a swimming mode of exercise have not been evaluated. 

Therefore, the purpose of the present study was to determine whether a 

continuous or discontinuous swim benc h protocol would elicit greater 

V0 2max values in competent swimmers. 
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Methods 

Seven trained swimmers (male=4, female=3), signed informed consent forms 

and were familiarised with the testing procedures. The subjects performed two 

separate tests to determine V 0 2max : 1) Biokinetic swim bench ergo me try 

continuous test (SBC), and, 2) Biokinetic swim bench ergometry discontinuous test 

(SBD). 

During SBC and SBD, the subjects were strapped to the swim bench to limit 

body movements, and hand gloves were worn for protection (Figure 1). Stroke 

rate (SR) was set by a metronome at 72 strokes per minute (spm), but dropped to 

64spm at the higher resistance settings. The SR was based on the mean SR 

obtained from a tethered swim performed by the swimmers in a preliminary test. 

SBC consisted of a 2 minute warm-up at setting 7 (low tension) followed by a 

setting increase every 2 minutes until setting 4 (high tension) was reached. A 15 

minute rest was taken to reduce the effec ts of fatigue (MacDougall et al., 1982), 

followed by a final load at setting 3 (Table 1). The same load progression was used 

for SBD, except work periods were of 4 minutes duration with a 3 minute rest 

after each work period (4:3 work-rest rat io) . An alternate arm pulling action was 

used during the swim bench tests, with an under-arm recovery. 

During the exercise tests, the subje cts breathed through a low resistance 

respiratory valve. Oxygen (02) and car bon dioxide (CO2) were collected and 

analysed by a Beckman Metabolic Measurement Cart (MMC) previously calibrated 

with gases of known concentrations. Physiological measures, including volume of 

expired air (VE), oxygen consumption ( V 0 ) , respiratory exchange ratio (R ) and 

heart rate (HR), were recorded every 30s. Prior to testing, body fat estimations 
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were performed according to procedures by Yuhasz (Carter, 1982). 

A correlated 't ' test was employed to determine whether significant 

differences existed between SBC and SBD for V 0 2ma x and HRmax when testing 

trained swimmers. In addition, correlation coefficients were computed for 

V o2max and HRmax . 

Results 

The physical characteristics of the subjects are shown in Table 2. The mean 

values ( means ±S.E.) for V 0 2max and HR max and levels of significance are 

presented in Table 3. The SBD V0 2ma x was 0·02 l·min- 1 or 2·8 ml·kg- 1 ·min- 1 

higher than SBC V 0 2ma x. In addition, the mean HRmax for SBD was 2 b•min - l 

higher than SBC HRmax. No statistically significant differences were found 

between the two protocols. The correlation coefficients were r=0·92 (p=0·00l), 

r=0•84 (p=0•008) and r=0•93 (p=0•00I) for V0 2max ( l•min- 1), V02 max ( ml•kg- 1•min- 1) 

and HRmax respectively. 

The mean maximal respiratory exchange ratios (Rmax) were l ·00 (SBD) and 

1·12 (SBC), indicating maximal effort by the subjects (MacDougall et al., 1982). 

The ventilatory equivalents ( VE/V0 2 ) a t V0 2max were 40·0 and 43•7 for SBD and 

SBC respectively. 

Discussion 

The purpose of this study was to de t e r mine whether a difference existed m 
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V0 2max as measured during either a continuous (SBC) or discontinuous (SBD) swim 

bench protocol. Both SBD and SBC V0 2max were comparable to previous data 

obtained from swimmers using swim bench ergometry (Armstrong and Davies, 

1981 ). The difference in V 0 2max measured during SBC versus SBD were found to 

be non-significant. This result offers evidence contrary to the suggested theory 

that V0 2max values may be depressed due to local muscle fatigue when using a 

continuous test (Cardus, 1979; MacDougall et al., 1982). Sawka and co-workers 

(1983) have also shown no significant differences in V 0 2max when using both a 

continuous and discontinuous arm test protocol. 

The difference in HRmax was found to be non-significant between SBC and 

SBD, and is in agreement with previous studies involving continuous and 

discontinuous protocols (McArdle et al., 1973; Sawka et al., 1983) The mean swim 

bench values for HRmax in this study (SBC=162 b·min-1 and SBD=164 b·min- 1
) were 

lower than the 171 ·b min-1 found by Gergley et al. (1984), when testing college 

male swimmers using a discontinuous protocol. However, in the latter study, the 

load was imposed by attaching weights to an arm pulley system. It is suggested 

that during arm recovery in the Gergley study, the muscles contracted in an 

eccentric manner, which increased muscle activity. The additional eccentric work 

may have raised HR, resulting in the 10 b·min- 1 difference found at HRmax 

between this study and that of Gergley. 

The correlation coefficients were significantly positive (p<0•0l ). The results 

showed that over 90% of the variance in SBC was associated with SBD. Both 

protocols, therefore, were reliable when predicting V 0 2max and HRmax. 

The VdV02 ratio indicated that ventilatory efficiency for 02 was 

approximately equal in both SBC and SBD. The limitation on V 0 2max imposed by 

VE, therefore, would be minimal between the protocols (Brooks and Fahey, 1984). 
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The 0·12 difference between SBC Rmax and SBD Rmax was non-significant. 

However, the observed values were characteristic of intermittent exercise. In a 

recent study (Neary and Wenger, 1985), a significantly higher lactate production 

was found during the continuous test compared with the discontinuous test. This 

suggested a greater contribution of anaerobic metabolism to the exercise (Essen, 

1978). The increased anaerobic work would result in a higher Rmax during SBD, 

whereas the recovery period during SBD allowed the lactic acid to be buffered and 

removed more readily, thereby lowering Rmax. This was indicated in the present 

study and by others (Astrand and Rodahl, 1977). Observation of both SBC and SBD 

during testing indicated that both tests were extremely demanding. The subjects 

stated that the SR of 72spm at the initial power output (PO) levels did not produce 

a stressful demand. However, at the high tension settings, the demand and 

subjective feeling of strain was too high to maintain the 72s pm SR. For future 

work with elite swimmers, the SR and the initial tension should be higher. 

Furthermore, the more highly trained arm musculature in elite swimmers may 

alleviate the feeling of strain at the high PO levels. 

When swim bench continuous (SBC) protocol and swim bench discontinuous 

(SBD) protocol were compared, no differences in V 0 2max and HRmax were found in 

the swimmers of the present study. From a time saving standpoint, therefore, 

SBC is recommended when testing groups of individuals on a swim bench 

ergometer. 
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Figure 1. Side view of the experimental setup for the Biokinetic swim bench 

protocol. 
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TABLE 1 

SWIM BENCH LOAD PROGRESSIONS 

Swim Bench Setting 

7 

6 

5 

4 

Rest 

3 

Time (min) 

2 

2 

2 

2 

15 

2 

12 



TABLE l 

MEAN AGE, WEIGHT (Wt), HEIGHT (Ht), TOTAL BODY FAT (TBF) 

AND LEAN BODY MASS (LBM) OF THE SUBJECTS 

Women (n=3 ) 

Men (n=4) 

Group (n=7) 

Note: 

A ge 

(yrs) 

21 

(0·6) 

25 

( 1 · 3) 

23 

{1 ·1) 

Wt 

(kg) 

58·7 

(0·8) 

72·8 

(3·3 ) 

66·8 

(3·3) 

Standard errors shown in parentheses 

Ht 

(cm) 

168·0 

(2· 1) 

176·4 

( 1 · 2) 

172·8 

(2·3) 

TBF 

(%) 

13·0 

{l ·3) 

8·1 

( 0·8) 

10·2 

{l ·2) 

LBM 

(kg) 

50·6 

(0 ·8) 

67•0 

(Z·7) 

59·9 

(3·6) 

13 



TABLE 3 

V 0 2MAX, HR.MAX, V dV 02 RA TIO AND RMAX 

RESULTS FOR SWIM BENCH DISCONTINUOUS (SBD) AND 

SWIM BENCH CONTINUOUS (SBC) ERGOMETRY (n=7) 

SBD SBC p 

v0 2max 2·32 (0·2) 2·30 (0 ·2) NS 

(l·min- 1) 

v02 max 31 ·8 (1 ·8) 34·6 ( l ·9) NS 

(ml•kg- 1•min- 1) 

HRmax 164 ( 8 ) 162 ( 6 ) NS 

(b·min- 1) 

VE/Vo 2 40·0 (2 ·0) 43·7 (2·3 ) NS 

Rm ax 1·00 (·05 ) l • 12 ( ·04) NS 

Note: 

Group means shown 

Standard error in parentheses 

'p' indicates significa nce of 't' test (p<0•0S) 

14 
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A COMPARISON OF V02MAX ATTAINED BY ELITE SWIMMERS 
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Abstract 

The purpose of this study was to develop a regression equation for predicting the 

maximum oxygen consumption ( V 0 2max) of an elite swimmer during tethered 

swimming from the V0 2max attained on a Biokinetic Swim Bench. Thirteen 

national and varsity swimmers volunteered to perform tethered swimming (TS) and 

continuous swim bench (SBC) tests to obtain V 02 max. A stepwise load increase 

every two minutes was used in both TS (by adding weights) and SBC (by increasing 

tension). Expired gases were measured every 30s using the Beckman Metabolic 

Measurement Cart (MMC). V 0 2max and HRmax were higher in TS than SBC 

(p <0•O0l and p<0•005 respectively). The VE/V02 rat io at V02 max was lower in TS 

compared with SBC (p<0•0l). There was no difference in Rm ax for the two tests. 

These data suggest that SBC V0 2max was not a valid measure of TS V0 2max. A 

positive correlation (r=0·59, p=0·0 1 7) was found between TS V 0 2max ( 

ml·kg- 1·min- 1) and SBC V0 2max ( ml·kg- 1·min- 1). A stepwise regression analysis 

yielded the following prediction equation (ml·kg - 1 ·min- 1
) : TS V 0 2max = 0·595 SBC 

V0 2max + 35·8 (sx.y=4·74). Although the prediction equation was statistically 

significant, the correlation coefficient accounted for only 35% (r2=0·35) of the 

common variance. Therefore, SBC V 0 2max was a poor predictor of TS V 0 2max in 

elite swimmers. 
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Introduction 

Maximum oxygen consumption or maximum aerobic power ( V 0 2max) is the 

most widely used indicator of the endurance potential of an individual (Cardus, 

1979; Shephard, 1984). Physiologically, V 0 2 max reflects the efficiency of the body 

to transport oxygen via the circulatory system (central component) and the 

efficiency of the muscle to utilise that oxygen in the ATP resynthesis process 

(peripheral component) (Holloszy, 1975; McCafferty and Horvath, 1977; McKenzie 

et al., 1978). 

V 0 2 max has been shown to be specific to the mode of exercise performed 

(Roberts and Alspaugh, 1972; Magel et al., 1975; Pate et al., 1978). The more 

specific the test to the actual exercise, the more accurate the measure of 

V 0 2max (Bonen et al., 1980; Magel et al., 1975 ). Tethered swimming (TS) is one 

such test procedure that has been shown to be both specific to swim trained 

individuals (Magel and Faulkner, 1967; Magel, 1970), and valid when compared to 

flume or free swimming (Bonen et al., 1980). However, technical problems can 

impede data collection in the water environment. It may be advantageous, 

therefore, to have a dry-land testing device that could be used in a controlled 

laboratory setting. 

The Biokinetic swim bench (Isokinetics, Inc.) was developed as a dry-land 

training machine for swimmers. The use of this swim bench as a testing device is 

prevalent in the literature, and has been used to monitor fatigue (Thornton and 

Flavell, 1981), power output (Costill et al., 1980; 1985), or for prediction of 

performance, especially in sprint swimming (Sharp et al., 1982). Armstrong and 

Davies (1981) used the Biokinetic swim bench to predict V0 2max in age-group 

swimmers, but no validation was made with TS. 
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The purpose of this study, therefore, was two-fold: 1) to determine whether 

swim bench V 0 2max was a valid measure of tethered swimming V 0 2max, and, 2) to 

determine whether V 0 2max elicited by a swimmer when using the Biokinetic swim 

bench could be used to predict the V 02max in a tethered swimming test. 

Methods 

Thirteen elite swimmers (male=8, female=S), signed informed consent forms 

and were familiarised with the testing procedures. The subjects performed two 

separate tests to determine V 0 2max : 1) tethered swimming (TS), and, 2) 

Biokinetic swim bench ergometry continuous test (SBC). 

The TS test required a pulley system allowing the swimmer to remam in a 

stationary position, yet work in a swimming mode at maximum rate (Figure 2a). 

During TS, a marker was placed on the pool floor, over which the subjects were 

required to swim, and remain in a stationary position. A metal framework was 

used to hang hoses from the Beckman Metabolic Measurement Cart (MMC) to the 

mouth piece on the swimmer (Figure 2b). 

The TS procedure required two separate swims. The first was to determine 

the maximum tether load (TLmax), where weights (in kilogrames) were rapidly 

added to the bucket until the subject was pulled back from the mark. Following a 

ten minute rest, the subject performed a progressive maximum test until 

exhaustion (i.e., until the weight bucket touched the base of the TS apparatus). 

The load progressions were based on the TLmax of each swimmer, and increments 

were made every two minutes (Table 4). The TLmax was divided into six load 

progressions. The warm-up load was approximately 1/3 of TL max ( 1/3TLmax), 
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followed by increments of 1/6TLmax (load 2 and 3), 1/8TLmax (load 4 and 5), and a 

final load increment of 1112TLmax. The freestyle swimming stroke was performed 

by the swimmers during TS. 

During SBC, subjects were strapped to the swim bench to limit body 

movements, and hand gloves were worn for protection (Figure 3). Stroke rate (SR) 

was set by a metronome at 76 strokes per minute (spm), but dropped at the higher 

resistance settings. The SBC SR was based on the mean swimming SR of the 

swimmers from four varsity swim meets. SBC consisted of a 2 minute warm-up at 

setting 6 (low tension) followed by a setting increase every 2 minutes until setting 

3 (high tension) was reached. A 15 minute rest was taken to reduce the effects of 

fatigue (MacDougall et al., 1982), followed by a final load a t setting 2 (Table 5). 

An alternate arm pulling action, with an under-arm recovery, was used during 

SBC. 

During the exercise tests, subjects breathed through a low resistance 

respiratory valve. Oxygen (02) and carbon dioxide (CO2) were collected and 

analysed by the MMC, previously calibrated with gases of known concentrations. 

Physiological measures, including volume of expired air (VE), oxygen consumption 

( V 02), respiratory exchange ratio (R) and heart rate (HR), were recorded every 

30s. Prior to testing, body fat est imations were performed according to 

procedures by Yuhasz (Carter, 1982). 

A correlated 't' test was employed to determine whether any significant 

differences in mean scores existed between the two tests for V 02max and HRm ax, 

ventilatory equivalent ( VE/V02 ) at V02ma .. and maximum respiratory exchange 

ratio (Rmax). In addition, a stepwise regression analysis was performed to 

determine whether SBC V 02max could predict TS V 02max. 
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Results 

The physical characteristics of the subjects (means ±SE) are shown in Table 6. 

Presented in Table 7 are the mean TS and SBC scores (±SE) and the 't ' test 

probabilities fo r V 02max, HR max, \7 E/V 02 ratio and R max. The mean TS V 02max was 

1·35 l·min- 1 or 19·6 ml·kg- 1·min- 1 higher than the mean SBC V02max ( p<0•00l). 

The mean HRmax was 12 b·min-1 lower in SBC than TS (p<0•005). The 0·04 

higher mean Rmax for TS compared to SBC was non-significant, but indicated 

maximal effort by the swimmers (MacDougall et al., 1982) in both tests. The SBC 

VE/V02 ratio at V02max was 6·5 higher than the TS VE/V02 ratio (p <0•Ol). 

At the lower submaximal loads, as the exercise intensity increased, the TS 

VE/V02 ratio decreased, but then increased at higher submaximal intensities 

(Figure 4). An opposite trend occurred during SBC, but the observed ratio did not 

fluctuate to the same extent as the TS ratio. 

The stepwise regression analysis indicated a positive correlation between TS 

and SBC V 02max ( ml·kg - 1 ·min- 1
) (r=0·59, p=0·0 17). The regression equation was 

TS V02max ( ml·kg- 1·min- 1)=(0·595 SBC V02 max ml•kg- 1·min- 1
) + 35•8 (sx,v=4•74). 

Discussion 

Maximum Oxygen Consumption. The mean TS V 02max score in the present study 

was in agreement with some previous TS studies (Magel and Faulkner, 196 7; 

Magel, 1970; 1971), but lower than in other s tudies (Holmer, 1974b) involving elite 

swimmers. When expressed as an absolute value, the mean SBC V 02max was 
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higher than previous work (Armstrong and Davies, 1981; Gergley et al., 1984). 

However, when expressed relative to body weight, SBC V0 2max was lower than 

other studies (Armstrong and Davies, 1981). In the latter study, the mean weight 

of the subjects was 55·5 kg (±13·4), lower than the swimmers in the present study. 

The V 0 2max for SBC was significantly lower than for TS. During SBC, 

increased resistance and hence increased muscular tension (motor unit 

recruitment) elevated the load, whereas in TS, the load was an elevated by SR and 

speed of contraction. The isokinetic muscle contraction that occurred during SBC 

resulted in a longer contractile period (especially a t high tension, slow speed 

settings), as indicated by SR. However, during TS, contraction time beca me 

shorter as the load was increased. Furthermore, in accordance with stroke 

mechanic theories (Counsilman, 1971; Barthe ls, 1978; Counsilman, 1981 ), the 

application of the hand of the swimmer in a sculling motion at a given velocity 

results in an exponential increase in force (f2) . Under these conditions, as the TS 

test progressed, small increases in motor unit recruitment were adequate to hold 

the swimmer in a stationary position. 

Clausen (1971) states that the optimum ratio of muscle contraction-relaxation 

(C-R) to facilitate a muscle pump action is 1:0·3. Once this value has been 

surpassed, blood pressure and local vascular occlusion reduce muscle blood flow 

(MBF). The reduction in MBF ultimately inhibits V 0 2max (Matsui et al., 1978). In 

the present study, a high C-R during SBC probably impaired MBF, whereas the 

muscle pump action during TS would have enhanced it. Thus increasing TS 

Maximum Heart Rate. TS HRmax was significantly higher than SBC HRmax 

(p<0•00l), and mean scores were representative of other trained swimmers (Magel, 

1971; Holmer, 1974b; Gergley et al., 1984). According to Rowell ( 1980), the 
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circulatory response to exercise is proportional to the motor unit recruitment. 

Greater HRmax scores have been demonstrated in arm-leg work compared with 

arm work (Bergh et al., 1976; Millerhagen et al., 1983), and during full-stroke 

compared with legs or arms only freestyle swimming (Holmer 1974a). Therefore, 

in the present study, the maximal circulatory capacity may have not been met 

during SBC (Saltin, 1971 ), resulting in a lower HRmax compared with TS. 

Ventilatory Equivalent. The VE/V0 2 ratio is an index of the efficiency of 

ventilation (Bhambhami and Singh, 1985). The ability of VE to increase is 

proportionally greater than V 0 2 during exercise, primarily due to an increase rn 

anaerobic metabolism (Whipp, 1978; Brooks and Fahey, 1984). Hence it is unlikely 

that VE limits V0 2max. The VE/V0 2 ratio for SBC decreased until a deflection 

point (Figure 4), where it showed a slight increase until maximal levels were 

reached. This was opposite to the TS VE/V0 2 and to the data of Bhambhami and 

Singh (1985). It has been demonstrated that breathing frequency is synchronised 

with SR or arm revolutions (Holmer, 1974b; Vokac et al., 1975). The SBC SR 

began at 76spm at a low V0 2, then remained at 76spm or dropped towards the end 

of the test, as the increments in VE fell during periods of high V 0 2• Moreover, 

the mean TS SR increased from 54spm to 102spm, with V 0 2 rising from 0·4 l ·min - l 

to 5·0 l·rnin-1 (Figure 5). The deflection point during TS coincided with the 

dramatic increase in SR, hence VE would have increased at a proportionally 

higher rate than V 0 2, thereby reducing the V E/V 0 2 ratio. In the present study, 

therefore, SBC SR imposed a restriction on VE which increased the SBC VE/V0 2 

at V0 2max, whereas the higher VE during TS may have enhanced TS 

V0 2max (Figure 5). 

Prediction of TS V 0 2max. The stepwise regression analysis revealed a positive 

correlation (r=0·59, p=O·Ol 7) between TS V0 2max and SBC V02 max, when expressed 
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relative to body weight. It should be stated that the correlation coefficient 

(r=0·59) represented only 35% (r 2=0·35) of the common variance. in TS. The data 

from the swimmers in the present study produced the following prediction 

equation: 

From a practical viewpoint, the standard error of prediction for the equation was 

too high to be of use for monitoring training progress, due to the low r 2 value. 

The above evidence suggested that SBC V0 2max was not a valid measure of TS 

V 0 2max, this being the result of restrictions imposed by the circulatory and 

ventilatory systems. In addition, SBC V 0 2max was not a useful predictor of TS 

V 0 2max in swimmers, and where possible, the TS protocol should be used. 
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Figure Za. Side view of the experimental setup for the tethered swimming 

protocol. 
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Figure 2b. Overhead view of the experimental setup for the tethered swimming 

protocol. 
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TABLE4 

AN EXAMPLE OF A TETHERED SWIMMING LOAD PROGRESSION 

Weight Added 

(kg) 

4·00 

2·00 

2·00 

1 ·50 

1 ·50 

1 ·00 

Maximium tether load (TLmax) = 12·00 kg 

Accumulated Weight 

(kg) 

4·00 

6·00 

8·00 

9·50 

11·00 

12·00 

Accumulated Time 

(min) 

O·O 

2·0 

4·0 

6·0 

8·0 

10·0 

31 
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Figure 3. Side VIew of the experimental setup for the Biokinetic swim bench 

protocol. 
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TABLE 5 

SWIM BENCH LOAD PROGRESSIONS 

Swim Bench Setting 

6 

5 

4 

3 

Rest 

2 

Time (min) 

2 

2 

2 

2 

15 

2 

34 



TABLE 6 

MEAN AGE, WEIGHT (Wt), HEIGHT (Ht), TOT AL BODY FAT (TBF) 

AND LEAN BODY MASS (LBM) OF THE SWIMMERS 

Women (n=5 ) 

Men (n=8) 

Group (n=l3 ) 

Note: 

Age 

(yrs) 

18·6 

(0·6) 

19·0 

(0·6) 

18·8 

(0·4) 

Wt 

(kg) 

64·4 

(5· 1) 

73·1 

(l ·1) 

69·7 

(2·3) 

Standard errors shown in parentheses 

Ht 

(cm) 

172·4 

(3·6) 

177·9 

(1·8) 

175·7 

(1·8) 

TBF 

(%) 

15· l 

(1·6) 

7·4 

(0·5) 

10·3 

(l ·3) 

LBM 

(kg) 

54•1 

(3·2) 

67·7 

(l ·1) 

62·5 

(2·3) 

35 



TABLE 7 

V 02MAX, HR.MAX, V dV 02 RA TIO AND RMAX 

RESULTS FOR TETHERED SWIMMING (TS} AND 

SWIM BENCH CONTINUOUS (SBC) ERGOMETRY (n=l3) 

TS SBC p 

v 0 2max 4·14 (0·6) 2·79 (0·6) ·001 

(l·min- 1) 

v 0 2max 59·4 (0·6) 39·8 (0·6) ·001 

(ml•kg- 1 ·min- 1) 

HRma x 184 ( 2 ) 172(2) ·005 

(b·min- 1) 

VE/Vaz 29·1 (1·1) 35·6 (1·4) ·01 

Rmax l · 16 ( ·04) 1·10 (·02) NS 

Note: 

Group means shown 

Standard error in parentheses 

'p' indicates significance of 't' test 

36 



50 

4 

30 
N 

0 
·> 
.......... 
w 

·> 20 

10 

2 3 
\/02 l-min- 1 

4 5 
w 
00 



39 

Figure 5. Diagrammatic representation of the changes in oxygen consumption 

(V 0 2) and ventilation (VE) during tethered swimming (TS) and swim 

bench ergometry (SBC). 
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CHAPTER ill 

A COMPARISON OF THE V02MAX ATTAINED BY ELITE SWIMMERS 

DURING TETHERED SWIMMING WITH THE LEGS IMMOBILISED, 

TETHERED SWIMMING WHOLE STROKE AND SWIM BENCH ERGOMETRY 
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Abstract 

In order to assess the physiological relationship between tethered swimming arms 

only (TSA), tethered swimming whole stroke (TS) and swim bench ergometry 

(SBC ), thirteen elite swimmers were studied. Subjects performed a V 0 2ma x test 

using a continuous test protocol, with load increases every two minutes. SBC was 

performed on a Biokinetic swim bench (Isokinetics, Inc. ). TS and TSA were 

performed in the water, with the legs immobilised during TSA. Expired gases 

were measured every 30s using the Beckman Metabolic Measurement Cart (MMC). 

The swimmers elicited higher scores during TS compared with TSA for V 0 2max 

(p<0•0l) and HRmax (p<0•0Ol). No differences were found for Rmax and the VE/V0 2 

ratio between the two protocols. Higher V 0 2max and V E/V 0 2 ratio scores were 

found for TSA compared with SBC (p<0•00S and p<0•05 respectively). No 

differences existed between TSA and SBC for Rmax and HRmax. In addition, no 

differences in submaximal V0 2 were elicited during TSA and SBC at the low and 

medium HR ranges. At the high HR range, TSA V0 2 was higher than SBC V0 2 

(p<0•005). The results suggested that the leg activity of the swimmers during TS 

compared to TSA significantly increased V 0 2max. When TSA and SBC were 

compared, the swimmers elicited similar sub maximal V 0 2 scores, which suggested 

that the size of active muscle mass was comparable in both tests. However, at 

maximal intensity, TSA V0 2max was significantly higher than SBC V0 2max. It was 

observed that muscle activity, primarily from arm recovery and trunk muscles, 

increased at maximum exercise levels dur ing TSA in order to maintain correct 

stroke mechanics. It was concluded that t he Biokinetic swim bench fails to 

reproduce tethered swimming V 0 2max values in elite swimmers because of a 

reduced active muscle mass caused by the absence of leg kick and a difference in 

stroke mechanics of the arms. 
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Introduction 

Specificity of testing has become increasingly important in sports science. 

Studies determining maximum oxygen consumption ( V 0 2max) have clearly 

indicated that the mode of exercise should be specific to the sport discipline of 

the individual tested (Roberts and Alspaugh, 1972; Magel et a l., 1975; Corry and 

Powers, 1982). In a study involving arm, leg and combined arm- leg protocols, 

Seeber and co-workers ( 1974) found significantly higher V 0 2ma x scores in the 

combined test. This suggested that an increased active muscle mass was 

responsible for the higher V 0 2ma x, a result supported by others (Bergh et al., 1976; 

Seeber et al., 1977; Millerhagen et al., 1983). 

In the previous study (Chapter II) a significantly higher V 0 2ma x was found 

during tethered swimming (TS) compared with swim bench ergometry (SBC). It 

has been hypothesised that the reduction in active muscle, due to the absence of 

leg action during swim bench ergometry, will depress V 0 2ma x scores (M. Plyley 

and D. Smith, personal communications, October 1984). 

No published studies have determined the contribution of arm work 

V 0 2m ax during TS and made a direct comparison to arms only tethered swimming 

(TSA). Furthermore, no studies have compared TSA and SBC to assess whether 

factors, other than the absence of leg kick, reduce V 0 2max scores. Therefore, the 

purpose of this study was to determine whether differences existed in 

V 0 2m ax when swimmers exercised using TSA compared with TS. In addition, a 

second purpose was to determine if differences existed in sub maximal oxygen 

consumption ( V 0 2)between TSA and SBC. 
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Methods 

Thirteen elite swimmers (male=8, female=5), signed informed consent forms 

and were familiarised with the testing procedures. The subjects performed three 

separate tests to determine maximum oxygen consumption : 1) Tethered 

swimming arms only (TSA), 2) Biokinetic swim bench ergometry continuous test 

(SBC ), and 3) tethered swimming whole stroke (TS). 

Both TS and TSA required a pulley system allowing the swimmer to remain in 

a stationary position, yet work in a swimming mode at maximum rate (Figure 6a). 

A marker was placed on the pool floor, over which the subjects were required to 

swim, and remain in a stationary position. A metal framework was used to hang 

hoses from the Beckman Metabolic Measurement Cart (MMC) to the mouth piece 

on the swimmer (Figure 6b). During TSA the legs were immobilised with two 

rubber straps, secured at the ankle and knee levels. In addition, floats were held 

in place by the swimmer, at the calf and thigh levels. 

The TSA and TS procedures required two separate swims. The first was to 

determine the maximum tether load (TLmax), where weights (in kilogrames) were 

rapidly added to the bucket until the subject was pulled back from the mark. 

Following a ten minute rest, the subject performed a progressive maximum test 

until exhaustion (i.e., until the weight bucket touched the base of the TS-TSA 

apparatus). The load progressions were based on the TLmax, and increments were 

made every two minutes (Table 8). The TLmax was divided into six load 

progressions. The warm-up was approximately 1/3 of TLmax (1!3TLmax), followed 

by increments of 1/6TLmax (loads 2 and 3), 1/ BTLmax (loads 4 and 5) and a final load 

increment of 1112TLmax. The freestyle swimming stroke was used during TSA and 

TS. 
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During SBC, subjects were strapped to the swim bench to limit body 

movements, and hand gloves were worn for protection (Figure 7). Stroke rate (SR) 

was set by a metronome at 76 strokes per minute (spm ), but dropped at the higher 

resistance settings. SBC SR was based on the mean swimming SR obtained from 

four varsity swim meets. SBC consisted of a 2 minute warm-up at setting 6 (low 

tension) followed by a setting increase every 2 minutes until setting 3 (high 

tension) was reached. A 15 minute rest was taken to reduce the effects of fatigue 

(MacDougall et al., 1982), followed by a final load at setting 2 (Table 9). An 

alternate arm pulling motion, with an under-arm recovery, was performed by the 

swimmers during SBC. 

During the exercise tests, subjects breathed through a low resistance 

respiratory valve. Oxygen (02) and carbon dioxide (CO2) were collected and 

analysed by the MMC, previously calibrated with gases of known concentrations. 

Physiological measures, including volume of expired air (VE), oxygen consumption 

( V 0 2), respiratory exchange ratio (R) and heart rate (HR), were recorded every 

30s. Prior to testing, body fat estimat ions were performed according to 

procedures by Yuhasz (Carter, 1982). 

A correlated 't' test was employed to determine whether any significant 

differences in mean scores existed between TSA versus TS, and TSA versus SBC 

for tests for V0 2max and HRmax, Rmax and ventilatory equivalent ( VE/V0 2 ) at 

V0 2max. In addition, maximal and submaximal V0 2 data for TSA a nd SBC were 

compared using a 't ' test procedure. 

Results 
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The physical characteristics of the swimmers (means ±SE) are shown in Table 

10. Presented in Table 11 (TSA versus TS) and Table 12 (TSA and SBC) are the 

results for the correlated 't' tests and mean scores (±SE) for V 0 2max, HRmax, Rma x 

' ' ' . 1 1 
and VE/V0 2 ra tio at V 0 2max. The TSA V0 2max was 0·9 l·min- or 12·9 ml·kg- ·min 

- l lower than TS V0 2max (p<O•0l and p<0•00l respectively). The 13 b·min- 1 lower 

HRm ax during TSA was also significant (p<0•0l ). The differences in Rmax and 

VE/V0 2 ratio at V0 2ma x (0·05 and 1·8 respect ively) were not significantly different 

between TSA and TS. 

The mean scores for TSA V0 2max were 0·45 l·min- 1 or 6·7 ml·kg - l ·min- 1 higher 

than SBC V0 2max (p<0•005). No differences were found for the mean HRmax and 

Rmax, the latter reflecting maximal effort by the swimmers (MacDougall et al., 

1982) in both TSA and SBC. The ventilatory equivalent ( VE/V02 ) at V0 2ma x was 

4·7 lower in TSA than SBC (p<0•05). 

Figure 8 shows the results of the submaximal V0 2 data expressed at 

submaximal HR ranges. No significant differences occurred at the low and 

medium HR ranges, but a difference did exist at the high range (p<0•005 ). As 

exercise intensity increased, the SBC V E/V 0 2 ratio increased until the higher 

tension settings were reached, where the rat io decreased (Figure 9). The opposite 

trend occurred during TSA, but the observed ratio fluctuated more than in SBC. 

Discussion 

TSA versus TS. The mean TS V 0 2ma x was in close agreement with previous studies 

(Magel and Faulkner, 1967; Magel, 197 1). The TSA V0 2ma x was considerably lower 

than fullstroke work, but was similar to the data of Holmer (1974) when 
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comparisons between arm only freestyle swimming were made. TSA was the same 

test as TS, except the contribution of leg kick was eliminated. Therefore, the 

significantly lower V 0 2max score for TSA compared with TS was due to a lower 

active muscle mass. This result has also been demonstrated in swimming (Holmer, 

1974) and in combined arm and leg studies (Secher et al., 1977; Millerhagen et al., 

1983). An increase in active muscle mass (primarily by slow twitch fibres) results 

in both an increase in V0 2 (Ivy et al, 1980), which also drives HR (Cardus, 1979). 

This is supported by the higher HRmax in TS. 

No differences were found between TSA and TS for VE/V0 2 at V0 2max, which 

suggested that ventilation imposed a minimum restriction on V0 2max (Brooks and 

Fahey, 1984). In addition, the VE/V0 2 ratios for TSA and TS were low compared 

to previous studies involving trained swimmers (Magel et al., 1975; Gergley et al., 

1984), but higher than others (Bonen et al., 1980). Furthermore, when the ratios 

from the present study were compared to other exercise situations (McArdle et 

al., 1973; Bhambhani and Singh, 1985), they were found to exhibit high economy of 

ventilation, i.e., a low volume of air ventilated per unit volume of oxygen 

consumed. Therefore, the elite swimmers in the present study were highly 

efficient at acquiring and utilising oxygen. 

TSA versus SBC. A significantly higher V 0 2max was found in TSA compared with 

SBC. Gollnick (1982) suggested that when muscular tension was raised above 20% 

of maximum voluntary contraction (MVC), arterial occlusion occurred, resulting in 

lower muscle blood flow (MBF), and reduced the volume of oxygenated blood that 

reached the working muscles. It was possible that the 20% MVC criterion was met 

earlier during SBC than TSA, creating a greater reliance on anaerobic energy 

sources. The early demand imposed on the swimmer during SBC would induce 

fatigue more rapidly than in TSA, and the result would be a lower V0 2max. 
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An increase in active muscle mass results in an increased HR, with a 

corresponding linear increase in V 0 2 (Rowell, 1980). Figure 3 shows that a 

significant difference (p<0•005) existed between SBC and TSA for V0 2 at HRmax 

only, which suggested a greater muscle recruitment during TSA towards the end of 

the test. 

A number of differences existed which could account for the similarities in 

sub maximal V 0 2, but higher V 0 2max in TSA. Firstly, swimmers were tightly 

strapped to the swim bench, limiting all body movements to only the arms and 

upper shoulder region. When exercise commenced in TSA, only arm work was 

required to maintain a stationary swimming position. Therefore, only the arm 

muscles were used in both TSA and SBC during the initial power output (PO) 

levels. Furthermore, a greater muscle recruitment occured in TSA (upper 

shoulder for arm recovery phase, trunk muscles to aid the propulsive phase) to 

maintain correct stroke mechanics (Counsilman, 1971; Barthels, 1978) and 

increased PO towards the end of the test. Thus a higher V 0 2max in TSA. 

The primary mechanical disadvantage of the swim bench exercise is the 

elimination of the sculling action (Schleihauf, 1982). In the present study that 

body roll was an important factor in TSA as it allowed the swimmer to apply force 

over a large distance while accelerating the arm, thereby maintaining the correct 

sculling action (Counsilman, 1971; 1981 ). During SBC, the arms of the swimmer 

moved at a constant velocity, and stopped prior to the pulling action. Therefore, 

during SBC a greater energy requirement would be necessary to overcome inertia, 

and decrease mechanical efficiency. 

An increase in active muscle mass during TSA should elicit a higher HRmax. 

Since no significant differences were found between TSA and SBC, other 
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factors must have either elevated HR during TSA or depressed HR during SBC. 

Face immersion bradycardia (Magel et al., 1982) may have been responsible for 

lowering TSA HRmax. Furthermore, in the absence of a water environment to 

dissipate heat, the increase in body temperature would increase SBC HRmax (Fox 

and Mathews, 1982). Cardus (1979) suggested that at maximal exercise HR is 

rarely linear with V 0 2 , and can level off (negative acceleration). So even with a 

higher V 0 2max during TSA compared with SBC, HRma >< be as high in SBC. 

The VE/V0 2 ratio at maximum level was significantly higher in SBC than in 

TSA (p <0•05), which suggested a lower ventilatory efficiency for the swim bench 

exercise. The observed trend for SBC VE/V0 2 (Figure 9) was uncommon in tests of 

V0 2max (Bhambhami and Singh, 1985). The low SR with a low breathing frequency 

(Holmer, 1974) during SBC, may have suppressed VE, while exercise demand 

increased v 0 2 (low V E/V 0 2 ratio) at the higher PO. The opposite trend occurred 

for TSA, in which the SR increased to over l 00spm (as opposed to <76spm for SBC), 

which produced a high VE/V0 2 ratio. This indicated that SBC did not allow the 

body to function physiologically in the same manner as in the TSA protocol. 

In the comparison of TSA with TS, leg musculature was found to significantly 

contribute to V 0 2max. When TSA and SBC were compared, sub maximal V 0 2 was 

similar in both tests. However, at maximum intensity, additional muscles, 

especially those of the hip and upper shoulder, were recruited, and increased TSA 

V 0 2max to a significantly higher level tha n SBC V 0 2max. In addition, a more 

specific stroke replication was possible in TSA than SBC, resulting in earlier 

fatigue during SBC. 
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Figure 6a. Side view of the experimental setup for the tethered swimming 

protocol. 



Az:BUCKET 
8 = MARKER 

A 

~ -~ 
8 

U1 
w 



54 

Figure 6b. Overhead view of the experimental setup for the tethered swimming 

protocol. 
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TABLE 8 

AN EXAMPLE OF A TETHERED SWIMMING LOAD PROGRESSION 

Weight Added 

(kg) 

4·00 

2·00 

2·00 

l ·50 

l ·50 

l ·00 

Maximium tether load (TLmax) = 12·00 kg 

Accumulated Weight 

(kg) 

4·00 

6·00 

8·00 

9·50 

11 ·00 

12·00 

Accumulated Time 

(min) 

O·O 

2·0 

4·0 

6·0 

8·0 

10·0 

56 
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Figure 7. Side view of the experimental setup for the Biokinetic swim bench 

protocol. 
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TABLE 9 

SWIM BENCH LOAD PROGRESSIONS 

Swim Bench Setting 

6 

5 

4 

3 

Rest 

2 

Time (min) 

2 

2 

2 

2 

15 

2 

59 



TABLE 10 

MEAN AGE, WEIGHT (Wt), HEIGHT (Ht), TOTAL BODY FAT (TBF) 

AND LEAN BODY MASS (LBM) OF THE SWIMMERS 

Women (n=5) 

Men (n=8) 

Group (n=l3) 

Note: 

Age 

(yrs) 

18·6 

(0·6) 

19·0 

(0·6) 

18·8 

(0·4) 

Wt 

(kg) 

64·4 

(5·1) 

73·1 

(1·1) 

69·7 

(2·3) 

Standard errors shown in parentheses 

Ht 

(cm) 

172·4 

(3·6) 

177·9 

(l ·8 ) 

175·7 

(l ·8 ) 

TBF 

(%) 

15·1 

(1 ·6) 

7·4 

(0·5) 

10·3 

(1·3) 

LBM 

(kg) 

54·1 

(3·2) 

67·7 

(l·l) 

62·5 

(2·3) 

60 



v 0 2max 

(l·min- 1) 

v 0 2max 

( - 1 -1 ) ml·kg ·min 

HRm ax 

(b·min- 1) 

VE/Vo2 

R max 

Note: 

TABLE 11 

V 02MAX, HR.MAX, V dV 02 RA TIO AND RMAX 

RESULTS FOR TETHERED SWIMMING (TS) AND 

TETHERED SWIMMING ARMS ONLY (TSA)(n=l3) 

TS TSA 

4·14 (0·6) 3•24 (1·8 ) 

59·4 (0·6) 46·5 (2·1 ) 

184 ( 2 ) 171 ( 3 ) 

29·1 (1·1) 30·9 (0·9 ) 

1 · 16 ( ·04) 1·11 (·02 ) 

Group means shown 

Standard error in parentheses 

'p' indicates significance of 't' test 

61 

p 

·01 

·001 

·001 

NS 

NS 



TABLE12 

V 02MAX, HR.MAX, V dV 02 RA TIO AND RMAX 

RESULTS FOR TETHERED SWIMMING ARMS ONLY (TSA) AND 

SWIM BENCH CONTINUOUS (SBC) ERGOMETRY (n=l3) 

TSA SBC p 

v 0 2max 3·24 (1·8) 2·79 (0·6) ·005 

(l·min- 1) 

v02max 46·5 (2· 1) 39·8 (0·6) ·005 

( - 1 - 1) ml·kg ·min 

HRmax 171(3) 172(2) NS 

(b·min- 1) 

VE/Voz 30·9 (0·9) 35·6 (1·4) ·05 

Rmax 1·11 (·02) 1·10 (·02) NS 

Note: 

Group means shown 

Standard error in parentheses 

'p' indicates significance of 't' test 

62 
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Figure 8. Submaximal V 0 2 (ml·kg - 1 ·min - l) responses during tethered swimming 

arms only (TSA) and swim bench ergometry (SBC), expressed at a 

given submaximal HR (b·min - I) range. 
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Figure 9. Diagrammatic representation of the changes in ventilatory equivalent 

(V E/V 02) during tethered swimming arms only (TSA) and swim 

bench ergometry (SBC). 
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SUMMARY 

No differences existed in V0 2max when competent swimmers performed exercise 

to exhaustion using a continuous (SBC) or a discontinuous (SBD) Biokinetic swim 

bench protocol. From an administrative standpoint, therefore, SBC should be used 

when testing groups of individuals. 

Tethered swimming (TS) V 0 2max was significantly higher than swim bench (SBC) 

V0 2max (p<0•00l). This result indicated that SBC V0 2max was not a valid measure 

of TS V 0 2max in elite swimmers. In addition, a stepwise regression analysis 

showed that SBC V0 2max was a poor predictor of TS V0 2max when testing elite 

swimmers. 

In a comparison of TS and tethered swimming with the legs immobilised (TSA), a 

higher V 0 2 max was elicited by the swimmers during TS. It was concluded that a 

higher active muscle mass was responsible for the difference. A significantly 

higher V02 max was found when TSA was compared with SBC, but no differences 

existed in v0 2 at the submaximal power outputs. This suggested that at maximal 

effort in tethered swimming, a greater active muscle mass was recruited due to 

more correct stroke mechanics (primarily by trunk and shoulder musculature), 

thereby increasing V 0 2max. 
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FURTHER RESEARCH 

1) Further research utilising swim bench ergometry should involve a protocol in 

which SR increases throughout the test. When using the Bioknetic swim bench, 

initial loads should be set at a high tension and low SR, but increased by raising SR 

and lowering tension. This will allow the a swimmer to duplicate the SR and 

breathing patterns elicited during TS. 

2) A swim bench, which more precisely duplicates the in water stroke mechanics, 

needs to be developed. It is difficult to mimic the sculling action, but the arm 

acceleration phase can be reproduced on a dry-land machine. 

3) When a new swim bench is developed, studies similar to the present one should 

be performed to determine whether a higher correlation can be found between TS 

and SBC, compared to the correlation between TS and SBC in present study. In 

addition, information will be obtained as to whether stroke rate or the type of 

muscular contraction limits swim bench V 02 max ( i.e., comparisons between the 

two types of swim bench can be made). 

RECOMMENDATIONS 

1) Given the present situation of V 0 2 max being the standard indicator of the 

fitness level of a swimmer, this thesis was designed to find a cheaper more 

accessable method of predicting V0 2max in swimming. Tethered swimming was 

found to be the most valid measure when compared with swim bench ergometry, 

therefore it is recommended that for future testing and monitoring of elite 

swimmers, a tethered swimming protocol should be utilised. 

2) Most elite swimmers, such as those in the present study, have a V 0 2max of 60 

ml·kg- 1 ·min- 1 and above (55 ml·kg- 1·min- 1 for female swimmers). What becomes 
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of upmost importance at this level is swimming technique and experience. 

Therefore, testing V0 2max in elite swimmers may not be appropriate. What would 

be more important are tests of tolerance to fatigue and swimming speed (e.g., 

performance swims). 
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APPENDIX A 

INFORMED CONSENT FORM 



UNIVERSITY OF VICTORIA 

INFO RMED CONSENT 

FOR 

PHYSIOLOGICAL ASSE SSMENTS 

School oi Ph ysical Edu cation 
721 -8373 

In order to assess physiological fun ct ion{s) the following labora to ry as sess­
ments will be perfonned: 

Lab 
I nit ia l 

Subject 
I ni tia l 

Submaximal 

You will exerc ise on 
maximum heart rate. 
will be measured: 

Cardio-Respiratory Function 

an ergometer at 75% of predicted 
The following indicated variables 

a) ventilatory re sponses c) thennoregulatory 
responses 

b) heart rate responses d) other _____ _ 

Maximal Cardio-Respiratory Function 
You will exerc ise on an ergometer with progres sively 
increasing loads to elicit maximal responses in the 
following indicated variabl~ 

a) oxygen consumption c) ventilation 

b) heart rate d) other _____ _ 

Submaximal and/or Maximal l~usc ular Contractions 

You will perform submaximal or maximal muscular contractions 
in the following modes: 

isometric isotonic _isokinetic eccentric 

Blood Chemist ry 

Blood samples may be taken prior to, during, or post­
exercise by: 

a) ven i puncture b) finger tip prick 
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Lah 
In i Lia 1 

Suil .i ec t 
I 11 it 1 a 1 

Body Compo si tion 

Lean body ma ss and percent body fat may be assessed by: 

a) anthropomet ri c measures b) body densiomet ry 

Tests will be administered by qualified personnel under 
the direc t superv i s ion of the i nvestiqato r (s). 

Blood samples will be taken by a qualified laboratory 
techni c ian or registe red nurse. 

Training will be monitored by the investigator(s) or 
trained assistants. 

Test and training data and results will be treated in 
a confidential manner and used only to desc ribe group 
respon ses . 

Absolute confidentiality of individual results will be 
main tai ned unl ess speci fi c approval has been gi ven to 
other use of the material by each subject , or guardian 
where ne cessary . 

While it is hi ghly unlikely that a subject should be 
inju red or taken ill during a te st or training session, 
lab personnel are trained in emergency procedures and 
emergency equi pme nt is on- site at all times . 

All laboratory activity will be comp leted proximal to 
medical and/or paramedical assistance. 

The maximal exercise loads imposed will not exceed those 
which might be expec t ed of an athlete during sports 
performance. 

I have read the above and agree to participate in this research project/ 
fitne ss appraisal at my own risk. I regularly take part in strenuous physical 
acthity at least as intense as these tests. I realize that I may expect a 
thorough explanation and/or demonstration of any procedu res and that I may 
terminate participation at any time in any or all procedure s of my own volition. 

Having voluntarily assumed participation and the risks thereof, in the 
project, I hereby disclaim and release the University of Victoria, its agents, 
servants or employees, including all personnel involved in the research project 
fitness appraisal from any and all liability that might otherwise arise as a 
result of my participation as a research subject in thi s study/or fitnes s appraisal. 

NAME: DATE: 
(please print) 

SIGNATURE: 

I, the undersigned guardian, am guardian of-~---,----,---,-,----,--~~-,--• 
the i ntended subject. I have discussed the experimentation with the subject and 
have read the material supplied by the experimenters. I agree on behalf of the 
subject to permit his/her participati on on the terms and subject to the waiver 
and release of the University of Victoria hereinbefore set out. 

GUARDIAN'S SIGNATURE: 
(where appli cable) 

DL:gs 
84/10/ 25 
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APPENDIX B 

PAR-Q FORM 



• ••"I 1< " ' •'"- I H JI r,. I ii I LA I HI ~ 

1'11\'SICAL Al7WIT\' R~:AOINESS l)IIESTIONNAIRE (PAR-())• 
4 Self-administered ()ut'slionnKire for 4dulls 

PAR-0 is designed to help you help yourself. Many health benefits are associated with 
regular exercise. and the completion of PAA-0 is a sens ible first step to take if you are planning 
to increase the amount of physical activity in your life. 

F0< most people physical activity should not pose any problem "' hazard . PAR-0 has been 
designed to identify the small number of adults 10< whom physical activity might be inapp,opriate 
0< those "'ho should have medical advice concerning the type of activity most suitable f0< them. 

Common sense is your best guide in answering 1hese few questions . Please read them care­
fully and check the 0 YES 0< NO opposite the question i f it applies to you . 

YES NO 

0 D 1. Has your doctor ever said you have heart trouble? 

0 0 2. Do you frequently have pains in your heart and chest? 

0 0 3 . Do you often feel faint Of have spells of severe dizziness? 

0 0 4. Has, doct0< ever said your blood pressure was too high? 

0 0 5 . Has your doct0< ever told you that you have a bone 0< joint problem such as arthritis 
that has been aggravated by exercise. or might be made worse with exercise? 

0 0 6. ts there a good physical reason not mentioned here why you thouto not follow an 
activity program even If you v,anted to? 

DD 7. Are you over age 65 and not accustomed to vigorous e~erc lse7 

If you haw not recently done ao, consult with 
your pe<10MI physician by telephone or In person 
BEFORE Increasing your physical activity and/0< 
taking a fitness test. Tell him what questions 
you answered YES on PAR-0, "' show him your 
copy. 

After me<llcal evaluation. seek advice from your 
physician u to your auitabflity 10<: e unrntrlcted physical activity, probably on 

a gradually Increasing basis . 
e res tricted or supervised activity to meet 

yOUf specific needs, at least on an tnltlal 
basis. Check In your community 10< spec ial 
pr09rams or services. 

answered accurately. you have 
reasonable assurance of your present suitability 
for : .A GRAOUATEO EXERCISE PROGRAM -

A gradual increase in proper exercise pro­
motes good fitness development while mini­
mizing or eliminat ing discomfort . 

e AN EXERCISE TEST - Simple tests of fit­
ness (such as the Canadian Home Fitness 
Test) 0< more complex types may be under­
tail:.eo if you so desire. 

• 0-•lope,d tiy the Brltitih C"'lumobie Mtniflry of Heelth . Conc-ptuel,zed end cr1t1Qued by the M ul1~1K 1pl in~y Advt.Ory Boerd ori E•erc,w (MA.Bf) 

Ttenlolation, fet:H'OChK1ion er.id u- in it. entirety i1 encour...-,d . Mod1t,cati,on1 Oy written P<91'"'"1t0n only . Not to b e uMd f or com m<1rc .. 1 adve,1i,in 9 

In order to 10l icl1 bu•ineN trom t he public . 
Ref«enc• : PAR -0 V•ll<Mtion R•pof'l , Bri1llh Cotumbl• Min lS1.rv of H•Mtti . "4e ,- . 1978 . 

• PrOduc-.d b'f th• 8ti1i9"t Colurnbta M 1ni1tTV oi H-llh end th• D•~rtmen1 of N t llone l H-ht, & W'•lf••• 
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Review of Literature 

The complexity of the metabolic and mechanical functions occurring during 

exercise has resulted in a vast number of testing procedures, capable of measuring 

these functions with great accuracy. Certain exercise situations allow the 

collection of reliable data to be a relatively straight forward process, e.g., 

treadmill running. However, as the mechanical nature of the exercise becomes 

more complex, additional problems arise. A good example of this is swimming, 

where both the stroke patterns and the water environment make data collection 

more difficult. 

The purpose of this review is to discuss the relevance of oxygen consumption 

( V 0) and maximum oxygen consumption ( V 0 2m a x) with regard to exercise in 

general, and with specific reference to swimming. A review of ergometry and 

testing protocols will be followed by a discussion of swimming specific test 

procedures. 

Aerobic Metabolism 

The endurance capacity of an individual centres around the ability of the body 

to transport oxygen to the muscles and the ability of the muscles to utilise that 

oxygen (Rusko et al. , 1978). V 0 2ma x has become the most commonly used test of 

endurance capacity in an individual (Astrand and Rodahl, 1977; Fox and Ma thews, 

198 I; MacDougall et al., 1982). It has been suggested that V 0 2max is the single 

best predictor of endurance performance and power output. (Miyamura and 

Honda, 1972; Burke et al., 1977; Thomson and Scrutton, 1978; Rusko et al., 1978). 

However, even though high correlations have been found between power 

output and V 02 m ax ( Cos till et al. , 1973), considerable controversy exists as to the 



77 

limiting factors on V 0 2max. Ultimately, V 0 2max is genetically determined (Saltin 

and Astrand, 1967), but before this 'genetic ceiling' is met, other factors may be 

involved. It would seem likely that V 0 2 should be limited by the availability of 

L 
oxygen, but research has indicated contradictory evidence. Kaijser ( 1971) utilised 

~ 
a gas mixture of 100% oxygen and found a similar oxygen extraction to that with 

an ambient gas mixture. Similar results were obtained by Doll and co-workers 

(Hollozy, 1973), where high oxygen tensions (Po2) were found in venous blood 

during exercise. However, Weitman and co-workers (Weitman et al., 1978) found 

that a gas mixture of 100% oxygen significantly increased V0 2max. 

Another factor is the ratio of NAD+ /NADH in the cytoplasm and the 

mitochondria itself (Wenger and Reed, 1976; Newsholme, 1977; Holloszy, 1975). 

NAD acts as a carrier for hydrogen ions through the mitochondrial membrane as 

well as throughout the electron transfer chain. A low NAD+ /NADH ratio is 

required in the cytoplasm, whilst a high ratio is necessary in the mitochondria. If 

these criteria are not met, fatigue will occur, inspite of a high Po2 in the 

muscular blood supply. 

It has also been postulated that muscle fibre type and fibre size may limit 

oxygen consumption (Holloszy, 1975; Astrand, 1978). Slow twitch fibres (SO) may 

have fully utilised their oxygen capacity, and the high Po2 in the venous blood may 

be due to a relatively high percentage of fast twitch fibres (non-oxidative). 

Subcellular Adaptation 

A number of adaptations occur as a result of increasing the capacity of an 

individual to consume oxygen through endurance training. Both the size and 

number of mitochondria in muscle increase (Holloszy, 1973; 1975; Gollnick, 1973), 

resulting in an increased ability to oxidise free fatty acids (FF A) and spare muscle 
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glycogen stores (Gollnick, 1977). 

Further subcellular changes occur with regard to mitochondrial enzyme 

concentrations and activity (Holloszy, 1973; 1975; Houston, 1982; Fox and 

Mathews, 1982). Succinate dehydrogenase, aconitase and malate dehydrogenase 

are three of the tricarboxylic acid cycle enzymes (Lehninger, 1975) that increase 

in quantity from 35% up to as much as 200% (Holloszy, 1975). These enzymes are 

essential in transferring hydrogen ions (H+) to the electron transport system, 

where the cytochrome carriers continue the transfer until terminal oxidation 

occurs. Increases in mitochondrial cytochrome 'c' have been found as a result of 

training. Activities of the other cytochromes are difficult to analyse as they are 

tightly bonded to the mitochondrial membrane (Lehninger, 1975). 

Circulatory Adaptation 

The subcellular adaptations discussed above augment the V 0 2 of an individual. 

Concurrent with these changes are systemic adaptations which have been found to 

be peripheral and central in nature. A study involving one legged training showed 

an increased capacity of the central circulatory system as a result of peripheral 

stimuli (Saltin et al., 1976). During exercise in the trained leg, a significantly 

lower quantity of lactate was produced, glycogen depletion was reduced, and 

oxygen extraction was greater, than in the untrained leg. However, V 0 2 max in the 

untrained leg was increased as a result of training. The conclusion was drawn that 

training one leg increases the total circulatory capacity of an individual, thereby 

offering a training effect on the non-exercised leg. 

The size of the muscle mass used during exercise has been found to have a 

major effect on the central circulatory adaptation. In a comparison between the 

cycle (BE) and treadmill (TM) ergo me t er, V 0 2, cardiac output ( Q) and arterial 
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venous Oz difference (a-v)Oz was significantly lower in the BE test (Miyamura and 

Honda, 1972]. Further studies have consolidated these findings, indicating that 

the larger mass involved was responsible for the differences (McArdle et al., 1973; 

Pechar et al., 1974). 

In addition to comparisons of running and cycling, the influence of arm 

exercise on V 0 2 has been of interest. Recent studies have confirmed that due to 

the smaller muscle mass utilised during physical work, V 0 2max during arm exercise 

compared to leg was approximately 75% of leg work (Vokac et al., 1975, Thomson 

and Scrutton, 1978). Simarly, Reybrouck and co-workers (Reybrouck et al., 1975), 

found arm V 0 2ma x to be 68% of leg and 60% of combined arm/leg 

V0 2max respectively. 

Some discrepancy exists regarding the effect of arm work on Q, HR, and VE. 

Reybrouck et al ( 1975) showed V 0 2, Q, VE and HR to be higher in arm exercise 

than leg exercise during submaximal work. However, other research has shown 

the reverse situation (Vokac et al., 1975). However, there appears to be general 

agreement as to the physiological adjustments at maximum work loads; 

1) maximal workload of arms is 50-60% of legs (Vokac et al., 1975) 

2) V 0 2max in arm work ranges between 60-80% of legs (Secher and 

Oddershede, 1974; Vokac et al., 1975; Reybrouck et al., 1975; Thomson and 

Scrutton, 1978; Corry and Powers, 1982) 

3) myocardial oxygen requirements are greater in upper rather than lower 

body exercise at submaximal and maximal workloads (Amundsen et al., 1980). 

Mechanical Load Factors 

Maximal oxygen uptake, as previously defined (Astrand and Rodahl, 1977), is 

an important component in all swimming events (Bonner, 1980; Houston, 1978). 
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V 0 2max, therefore, is an important criterion to assess with regard to maximising 

performance. Previous research indicates that swimmers have an elevated 

V 02 max, resulting from a large muscle mass used to overcome resistive (drag) 

forces and to maintain stability in the water (Holmer, 1974c; 1982; Astrand, 1978). 

The buoyant force is that which acts in opposition to the weight of the 

swimmer (Hay, 1978). The heavier the swimmer, the greater the buoyant force 

required to prevent sinking. However, body weight is composed of materials (e.g., 

muscle, bone and fat) of differing densities (or specific gravities). Depending on 

the ratio of these materials, a greater or lesser sinking effect will take place. Fat 

is very light (specific gravity approximately 0·8), therefore a swimmer with a high 

percentage of fat was more likely to float than a lean swimmer, and less muscular 

exertion will be used on body support (Dobeln and Holmer, 1974). 

Movement through water produces additional resistive forces. Hay (1978) 

highlighted three important forces; a) surface drag, turbulence (loss of energy) in 

the fluid layer immediately surrounding the swimmer, b) form drag, resistance 

with the relative oncoming flow of water, caused by the cross-sectional area of 

the body, and, c) wave drag, waves produced at the interface between the water 

and air. These three forces are collectively known as 'body drag' (Di Prampero et 

al., 1974). 

Body drag is largely determined by body shape and size. Skilled swimming 

technique can reduce some drag by adopting correct streamlined positions, but 

body size has been shown to be important with regard to V 0 2 ( Di Prampero et al., 

1974). Furthermore, as swimming velocity increases, drag increases as a squared 

function (Counsilman, 1968). At high speeds, therefore, body drag is the main 

resistive load, and mechanical efficiency (largely determined by stroke technique) 

becomes of greater importance. 
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According to East (1970), 94% of a swimming race is spent stroking, whilst 6% 

is spent on starts and turns. This high percentage emphasizes the importance of 

stroke rate (SR) and stroke length (SL) in maximising efficiency. Kornecki and 

Bober (1978) suggest a shorter duration of the stroke cycle to maximise efficiency 

in butterfly. This agrees with previous findings (East, 1970) where elite butterfly 

swimmers were characterised by a high SR and long SL compared to non elite 

swimmers. 

From a mechanical viewpoint, maximal force should be applied over the 

greatest possible distance and time i.e., low SR and high SL (East , 1970; Hay, 

1978; Craig and Pendergast, 1979). This would require great strength and power in 

arm musculature which top swimmers possess, but most swimmers do not. The 

combination of low SR and high SL, therefore, would result in local muscular 

fatigue. 

It is generally agreed by the above mentioned authors that submaximal 

velocities are achieved by a low SR and a high SL, but at maximal swimming 

speeds the reverse combination occurs. Recent data are not ava ilable in this area, 

and advances in stroke technique may have altered this relationship. 

Cardio-Respiratory Adaptations to Swimming 

As a result of the above mentioned forces, central and subcellular adaptations 

occur similar to those found as a result of endurance running or cycling. These 

include enhanced enzyme systems in both the cytoplasm and nucleus of a muscle 

cell, increased capillarisation, increased FFA turnover and an increase in muscle 

fibre area, particularly the SO and fast oxidative glycolytic (FOG) fibres (Astrand, 

1978; Costill, 1978; Houston, 1978). 
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The stresses imposed on the cardio-respiratory system differ from running, 

primarily as a result of the water environment. Respiration is affected by 

swimming stroke (SR), as the SR increases, so does respiratory frequency (Holmer, 

1974c; Kipke, 1978). 

It has been suggested that respiration and lung capacity may limit v02 during 

swimming. Dynamic (or airway) and elastic lung resistances are increased during 

swimming (Deroanne et al., 1971). This inevitably causes a reduction in lung 

capacity, due in part to a decrease in vital capacity and bronchial diameter. In 

addition, underwater expiration must overcome high pressure and is therefore 

prolonged, whilst inspiration is shortened. 

These respiratory difficulties, however, do not affect oxygen saturation in the 

blood, or the extraction by muscle. It has been found that swimmers have a 

greater pulmonary diffusing capacity than other athletes due to a larger 

pulmonary bed (Magel and Anderson, 1969). Consequently, oxygen extraction is 

high, resulting in a lower (a-v)02 at maximal work loads (Dixon and Faulkner, 

1971; Deroanne et al., 1971; Kasch, 1978). 

The lower V 02max found in swimming compared to running or cycling is mainly 

accounted for by the circulatory system. Blood flow during swimming is directed 

to the intestinal organs and the skin as well as to working muscles, therefore the 

opportunity to extract oxygen is decreased (Holmer, 1974c). Maximal Q , SV and 

HR are lower during swimming hence the availability of oxygenated blood is 

lowered (Magel and Anderson, 1969; Dixon and Faulkner, 1971; Holmer, 1974c). 

Holmer (1974c) has suggested that the lower maximum heart rates found during 

swimming compared with running may be a result of breath holding or face 

immersion. More recent data supports this theory (Magel et al., 1982). Finally, 

the support offered by water to the swimmer results in less muscular action to 
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maintain stability and less oxygen is consumed (Holmer, 1974c). 

Efficiency and Energy Output 

The more efficient the stroke mechanics, the lower the v0 2 at any given 

swimming velocity (Holmer, 1974c). Data on elite swimmers reveal the mean 

• 1 
V 0 2 max for the four strokes to be 4·34, 4·49, 4·4 7, and 4·65 l·min - for freestyle 

(FR), butterfly (BF), breastroke (BR) and backstroke (BK) respectively (Magel and 

Faulkner, 196 7; Magel, 1970; Cunningham and Eynon, 1973; Holmer, 1974a; 1974c). 

These results conflict with the present world best times, with the exception of FR 

(Table 12). It is possible that recent advances in swimming technique would 

account for the descrepencies between V 0 2 and the relative efficiency of the 

other three strokes. For example in butterfly developments in the kick timing, hip 

action, arm recovery and the hand pitch during the push phase of the arm pull, 

have culminated in a more fluent stroke action, thereby minimising drag and 

maximising efficiency. 

A similar principle exists for backstroke and breastroke, although the latter 

has seen the greatest changes in the last four years. In BR, there is an 

exaggerated hyperextension of the back to aid the kicking action, and the kick 

itself involves an orientation of the knees and thighs which greatly reduces drag. 

Recent data on oxygen consumption of the four strokes is not available, but it 

would seem likely that V 0 2max values would differ from those previously stated. 

The contribution of the leg kick and arm stroke have been studied in relation 

to both the effect on propulsion (i.e., velocity) and oxygen consumption (energy 

efficiency). In all four strokes, V 0 2 was greatest in leg kick alone, but swimming 

velocity was lower than both whole stroke and arm work (Holmer, 1974c). The 

exception was BR, in which leg, arm and whole stroke were closely matched with 



TABLE 1 

WORLD RECORDS FOR MEN SWIMMING l00M AND ZOOM (1984) 

RECORD TIME, MEAN SWIMMING VELOCITY AND THE PERCENT AGE OF 

FREESTYLE VELOCITY ARE SHOWN 

STROKE DISTANCE 

(m) 

FR 100 

zoo 

BK 100 

zoo 

BR 100 

zoo 

BF 100 

zoo 

0·49· 36 

1·47·44 

0·55·19 

1 ·58·86 

l ·Ol ·65 

2·13·34 

0·53·08 

l ·57·04 

VELOCITY 

(m.sec - 1) 

2·03 

1 ·86 

1 ·81 

1 ·68 

1 ·6Z 

l ·50 

1 ·88 

1 ·71 

Perf or mane es in 5 0-metre pools since Jan 1, 1 984 

Official Results of the 1984 Olympic Games (LAOC, 1984) 

FR=Freestyle 

BK=Backstroke 

BR=Breastroke 

BF=Butterfly 

% 

100·0 

100·0 

89·2 

90·3 

79·8 

80·6 

92·6 

92·4 

84 
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regard to V 0 2 and velocity. Also, at a given velocity, arm work alone elicited the 

lowest V0 2 in all strokes. V0 2 peak and maximum velocity was always greatest 

in whole stroke. 

In terms of efficiency, Holmer (1974c) found FR arm action to be the most 

efficient, followed by whole stroke and leg kick. In BR there was a low average 

efficiency, and indicated why BR is the slowest of the four competitive strokes. 

Watkins and Gordon (1983) suggested that leg kick did not directly contribute to 

propulsion in freestyle, but indirectly helped by stabilising the trunk and 

streamlining the body. It is probable that a similar case exists for BK and BF, 

whereas BR would gain considerable propulsion from the legs. 

Training the Aerobic System 

V 0
2
max can be elevated through training. In a mne week endurance training 

programme utilising a bicycle ergometer, Davies and co-workers (1979) showed a 

25% increase in V 0 2max. In active individuals, increases are more difficult, and 

training intensities of at least 75% HRmax have been necessary to elicit any 

change (Burke and Franks, 1975 ). The magnitude of any V 0 2max increase is 

related to initial fitness, intensity, duration and frequency of training (Fox and 

Mathews, 1981; Astrand and Rodahl, 1977). In addition, the mode or specificity of 

training, as well as recovery, are critical (Magel et al., 1975; McCafferty and 

Horvath, 1977; Gergley et al., 1984). 

Swimming training is mostly interval in nature, where high intensity work 

loads are interspersed with frequent rest intervals. Competition swim training has 

been shown to enhance all the subcellular and central functions previously 

discussed, with a subsequent increase in V 0 2max ( Houston, 1978). The specific 

adaptations resulting from swimming training were well illustrated by Holmer 
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( 1972b) in a study of identical twins, one of whom was involved in competitive 

training. In the arm swimming test, the trained twin had a 49% greater V 0 2max, 

and performed at a greater velocity. In swim tests on all four strokes, plus arm 

and leg work only, the trained twin elicited a V0 2ma >< of at least 24% greater than 

the non trained twin. 

Determination of V 0 2max : Testing Protocol 

When testing V 0 2ma x, the instrument used must be specific to the exercise 

mode, and it must be a reproducible and valid measure. Subcellular and 

circulatory responses are specific in nature (McCafferty and Horvath, 1977). A 

number of studies have emphasized that the ergometer used to measure these 

responses was specific, e.g., tethered swimming (TS) apparatus to measure 

physiological adaptations to swimming, or a cycle ergometer to measure responses 

to cycling (Roberts and Alspaugh, 1972; Magel et al., 1975; Pechar et al., 1974; 

Eriksson et al., 1978). Recent data suggested that TS was equally valid in 

predicting V0 2max as the swim flume and free swimming (Bonen et al., 1980). 

Validity of a measure is lowered when the test does not require the use of the 

same muscle groups or a similar technique to that used in the actual exercise. In 

a V0 2ma x test using the arms, Bar-Or and Zwiren (1975) found the reliability of an 

arm test to be r=0·94. The subjects used the same muscles each time, therefore 

the arm test was a reliable measure of arm V 0 2ma x. However as a test of whole 

body V0 2ma x, validation with the Treadmill was only r=0·74. Using the arm 

cranking test for swimming V 0 2max, therefore, may not be appropriate as it does 

not simulate the swimming arm action. 

Three types of protocol are present ly used in tests of maximum oxygen 

consumption; 1) a continuous test with a set workload, 2) a discontinuous test with 
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increases in workload, and, 3) a continuous test with increases in workload 

(Astrand and Rodahl, 1977; MacDougall et al., 1982). Selected studies suggest 

that a continuous test with increases in workload tax the cardiorespiratory system 

to a maximum (McArdle et al., 1973; Kasch et al., 1976). When using smaller 

muscle groups a discontinuous protocol has been suggested (Cardus, 1979; 

MacDougall et al., 1982), to prevent fatigue acting as a limiting factor in 

obtaining maximum values. The present study (Chapter I) suggested that either a 

continuous or a discontinuous test could be used. 

Swim Bench and Tethered Swimming Ergometry 

The swim bench ergometer is presently used as a testing device for muscular 

strength and power (Costill et al., 1980; Thornton and Flavell, 1981; Sharp et al., 

1982; Swaine and Reilly, 1983). These studies have shown a high correlation with 

sprint performance and muscular power, as well as determining ideal power curves 

for each stroke. 

Armstrong and Davies ( 1981) used the swim bench to test V 0 2max with a 

discontinuous protocol. Values obtained were 66% of the TM V0 2max. Similar 

results were found by Gergley and co-workers (1984) where swim bench values 

49.9% below the TM. No published data exist in which swim bench work has been 

been compared with a swim specific protocol. 

Summary 

Many subcellular adaptations occur as a result of training which increase the 

oxygen utilisation capacity of an individual. It is unlikely that 02 availability 

limits V 0 2max during swimming. It is more likely a result of the inability of the 

cells to remove H+ions. Cardio-respira tory adaptation allows the oxygenated 

blood to be transported to the working muscles more efficiently. 
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In water, an individual has to overcome a greater resistive force than on land. 

This force is affected by body shape, body composition and swimming mechanics, 

which in turn effect V 0 2• The measurement of V 0 2max in swimmers is often 

performed by using a tethered swimming test, however, the swimming flume and 

free swimming are a lso used. The swim bench has been developed as a training 

device, but at present it has not been used to predict V 0 2maJ< in swimmers, or been 

compared to a swim spec ific V 0 2ma x test. 
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