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ABSTRACT 

The Critical Velocity (CV) concept was applied to simutated rowing to determine the most accurate CV for 

the prediction of 2000 metre velocity; the best predictor of 3000 rnetre velocity; and, the effect of model 

and distance on the CV estimate. Six randomized maximal exertion trials on separate days were followed 

by a simulated 2000 m race on a Concept II model C rowing machine. Three mathematical models were 

applied to 4 distance combinations resulting in 12 different CV estimates. The analyses showed that the 

type of model influenced the CV estirnate, and longer distances were the more stable estimate regardless 

of model. The closest prediction of actual3000 m velocity was provided by using al1 6 distances combined 

with the linear distancehime model. It was concluded that the prediction of actua12000 m velocity was 

most accurate with a nonlinear mode1 and medium to long distance sets. 
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CHAPTER 1 

INTRODUCTION 

Monod and Scherrer (1965), proposed that an individual possesses a "critical" power output in 

muscular contractions and " when the imposed power is inferior or equal to the critical power, exhaustion 

cannot occur." Thus critical power (CP) is defined as the asymptote for the relationship of power output 

and time and is equal to an intensity where fatigue does not impede muscular work (Monod & Scherrer, 

1965). Maintenance of CP may be regulated by the availability of the predominate substrate used during 

the performance. If the load or resistance was great enough to predominately utilize high energy, 

intramuscular phosphagens, the CP value will be regulated by the availabiiity of ATP and PCr in the 

muscle. If CP was determined for loads which incur an aerobic response to the imposed trial loads then 

maintenance of CP would be primarily limited by the availability of glycogen and/or accumuIation of 

fatigue related metabolic by products. Therefore, CP can be both intensity dependent and substrate or 

metabolically dependent. 

The field of CP research stems from this original premise and has rnany applications in a variety 

of different performance environments. One of the applications developed from CP research was Critical 

Velocity (CV). Critical Velocity can be disthguished from CP by the substitution of velocity far power 

output therefore using velocity as the criterion measure. Critical Velocity can be defmed as the 

maintenance of a maximal average velocity over a given distance or time. Wakayoshi, Ikuta, et al. (1 992) 

extended this definition by irnplying that CV was an intensity that can be maintained for a very long time 

without exhaustion. Critical Velocity research has primarily focused on sports where body weight is non- 

supported (Le. mnning) or semi-supported (Le. swimming). At present, no published research has been 

done involving CV and a fully weight supported sport such as rowing. 

Maximal oxygen consumption (VO, max) testing, a gold standard of aembic fimess, has only been 

used as an inference of perfomance (Hermansen & Saltin. 1969). Rowen are known to have high V O ~  

max scores (Secher, 1993) yet the ability to assess aerobic power and its relationship to rowing 

performance has been limited. Critical Velocity parameter estirnates forrned through maximal exertion 

tests of short duration may provide a more valid indicator of rowing performance than b, max. The 

assessrnent of rowing performance using CV parameter estimates may benefit rowers a number of ways: 

rowers are able to monitor aerobic fitness in a field setting (ie. if CV increases 1 decreases inferences can 

be made about aerobic fitness); CV may be a good predictor of actual performance (Wakayoshi, Ikuta, et 



al. 1992), and CV may be used as a tool for quantifying intensit. (Montani, Nagata, deVries. & Muro. 

198 1). 

Critical Velocity estimates are based on maximal exertion trials and have been shown to predict 

performance over a given race distance ( Kranenburg & Smith, 1994; McDermott, Forbes, & HiIl, 1993). 

However, the accuracy of CV as a predictor of performance has been questioned by a number of 

researchers ( Hill, 1993; Pepper, Housh, & Johnson, 1992), who report that CV has a tendency to 

overestimate performance. The validity of CV could be questioned by such results but it seems that 

methodological enor such as trial duration and or the appropriateness of the mathematical mode1 used 

would contribute to the over prediction in CV, not the concept itself. Critical Velocity theory has unique 

values for each sport and inferences can only be drawn in the performance environment that the CV 

parameters were developed. 

The sport of rowing uses a 2000 metre t h e  trial on a stationary rowing machine as an established 

off the water mark of performance and has also been developed as an international event (Concept II Ergo 

Update, 1995). In rowing, it bas been used to aid in athlete selection, boat seat selection and to monitor 

training. The use of pacing strategies for this 2000 metre indoor event would aid the rower in achieving 

the maximal average rowing velocity to produce the fastest tirne. Detemining CV for the 2000 metre 

rowing performance race could be used as a tool to create a critical Pace for each individual. Therefore 

validation of CV as an accurate predictor of actual average velocity over 2000 metres is important. Most 

researchers have used a minimum of three, short ( less than 50% of the predicted distance ) maximal 

exertion performance trials ( Clingeleffer, McNaughton, and Davoren, 1994) to produce their CV estirnate. 

The convention of perfonning trials less than half of the predictive distance may contribute to the 

inaccuracies seen in CV research. The 2000 metx race has been shown to be an event relying primarily on 

the aerobic energy system to supply the majority of ATP energy for the distance. Therefore longer trials 

(ranging above and below 1000 metres) which have a greater contribution from the aerobic energy system 

should be used. 

The other major determinhg factor in accurate prediction of CV has been the mathematical model 

used. n i e  three mathematical models most widely used in research investigations are, a nonlinear model 

and two linear models. The non !inear model utilizes the variables velocity (y mis) and tirne (x axis). The 

linear models are similar and bot. utilize a time component on the x axis (model 1 utilizes t h e  as whole 

number, mode1 2 has t h e  as a fraction (Iltirne)). As well, model 1 has a distance variable versus mode1 2 

which utilizes a velocity unit on the y axis. In a performance setting, the mathematical model serves two 

purposes: to calculate values for the relationship between the performance and physiological parameters 

and, more importantly, to predict velocity over the selected race distance. Presently, there is no research 

which has compared the accuracy of different mathematical models in combination with different tength 



mal sets to predict velocity over 2000 rn in rowing. 

Statement Of The Problem: 

Tfiere is no CV mode1 at this t h e  that accurateiy predicts simulated rowing performance over 

2000 metres. 

Ouestion 1: 

Do the three mathematical CV models produce statistically different values (Le. utilizing al1 six 

trials)? 

Nine different CV values were generated From 3 sets of trial lengths (200,400,600, 800 {short); 

400, 600, 800. 1000 (medium); 600, 800, 1000, 1200 (long)) each used in 3 different mathematical 

models (Iinear distance-tirne, Iinear velocity- l/time, and nonlinear velocity-time) to answer the following 

questions: 

a) What are the main and interaction effects for mathematical models and length of trials? 

b) Which CV estimates are statistically not different fiom actual velocity over 2000 m? 

Ouestion 3: 

What is the relationship arnong 2000 rnetre velocity, maximal oxygen consumption and the most 

accurate Critical Velocity value (deterrnined by no statistical difference between Critical Velocity and 2000 

metre velocity)? 



Research Hv~otheses: 

It was hypothesized that: 

Hvpotheses 1: 

AI1 CV models wi1l produce statistically different values for Critical Velocity. 

Hvpotheses 2: 

a) A significant interaction effect will be seen as well as a main effect for both mode1 and len,ath 

of trials. 

b) The critical velocity parameter estimate created from the long combination of trials (600, 800, 

1000 and 1200 rnetres) and the linear velocity -Mime mode1 will most accurately predict actual 

performance velocity during a 2000 rnetre simulated rowing race. 

m~otheses  3: 

Maxima1 oxygen consumption will account for most of the variability in prediction of 2000 metre 

velocity. 

Justification: 

The efficacy of CV research lies in the absence of tools for estimating, analysing and predicting 

performance. Presently the use of heart rate moniton, anaerobic threshold and V O ~  m a  testing are the 

most popular means of analysing fitness, predicting performance, and prescribing training. Al1 are only 

inferences of mie performance, for example having the highest h2 max does not necessarily suggest that 

the best performance will occur. Criticaf Velocity can be estimated fiom short duration maximal exertion 

performance trials and may provide a more accurate indication of predicted performance over a given 

distance. 



a) Al1 subjects performed al1 of the trials with maximal physicaI and mental best efforts. 

6) Fimess levels of the subjects did not change over the six weeks data was collected. 

C) Extemal stressors such as exams and sickness did not contribute to intra subject variabitity. 

d) Physical activity pnor to the trial on that day did not influence performance. 

e) Time of day did not play a role in performances. 

f) Hydration and energy stores were sirnilar throughout the study for each subject. 

g) Biomechanics of the rowing stroke did not influence the performance of each subject over the 

different trial lengths (i.e. a subject did not change his stroke pattern due to fatigue regardless of 

the trial length). 

Limitations: 

a) Three out of a possible five mathematical models were used to create the CV estimates. 

b) The results rnay only be applied to simutated rowing not open water rowing. 
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CHAPTER 2 

REVTEW OF LITERATURE 

Critica 1 Power: 

Initial Research: 

The initial research involving Critical Power concepts utilized synergistic muscle groups in the 

leg. Monod & Scherrer ( 1965) found that when the imposed resistance \vas equal to the power asymptote 

of the hyperbolic relationship between power output and time, fatigue could not occur. Moritani, Nagata, 

deVries, & Muro (198 1) applied the initiai concept put forth by Monod et al. (1965), using cycle ergometry 

to correlate ventilatory threshold to CP in an anernpt to provide evidence of the metabolic nature of CP. 

Nagata (198 1) used positive change in Electromyographic (EMG) tracings as a marker of muscular fatigue 

in the quadriceps. Increased voltage-the ratio correlated significantly to changes in the EMG tracings 

during cycle exercise. DeVries, Moritani, Nagata, & Magnussen (1982) also showed that cycIing at 4 supra 

maximal power outputs to fatigue created positive changes in the EMG tracings. Each work Ioad had a 

distinct voltage-the value and when plotted gave R2 of 0.9 - 0.99. The y-intercept of this relationship was 

CP (corresponded to no significant changes in EMG activity in the exercising muscle). Correlations 

between CP and both fatigue threshold (significant change in EMG tracings) and anaerobic threshold 

(increase in ~e / ~0~ with no systernatic increase in ~ e /  V C O ~  ) were found to be r = 0.87 (p<O.O 1) 

(DeVries, Moritani, et al.). DeVries et al. (1987) created a test to measure PhysicaI Work Capacity at 

Fatigue Threshold (PWCft) utilizing EMG tracings on exercising quadriceps muscles. By cycling at 

different submaxhai trials, one of the work Ioads was found to have a volage time relationship with a 

positive slope. This workload was deemed the PWCft and had a test-retest reliability coefficient of r = 0.94 

(p < 0.05). A significant difference in work loads was found between Onset of Blood Lactate 

Accumulation (OBLA) and PWCft (p < 0.05). CP deterrnined from two different trials (linear Wlim - TIim 

model) and PWCft had a correfation of r = 0.67 ( pcO.05) (DeVries, Tichy et al., 1987). It was reported that 

mean power outputs for PWCft and CP were not significantly different. ActuaI mean power outputs were 

not published so no cornparison of the difference in actual power outputs can be made. 



Critical Power Validation: 

A recent review articte (Hill, 1993) examined current concepts in CP research. Conclusions that 

CP was an effective tool for prediction and an inference of aerobic power must be interpreted cautiously. 

Hi11 stated that most error in CP testing was due to the number of trials used and the mathematical mode1 

chosen. Much CP research has involved validation of the parameter to other known physiological and 

physical values. A senes of abstracts on CP validity found that CP was highly correlated to both mavimal 

power output (r = 0.9 1, p < 0.0 1) and hl max (r = 0.84, p c O.@!) (Talbert, Smith, & Hill, 199 1); was 

subject to a leaming effect between trials (trial 2 mean power output > than trial I by 10 watts) (Smith & 

Hill, 1993; Smith, Hilf, & Talbert, 199 1) and was a reasonable estimate of maximal sustainable power 

output which could be maintained for 90 minutes (Scarborough, Smith, Talbert, & Hill, 199 1). Smith & 

Hill (1993) also found evidence of a gender bias in both the initial and secondary trials for determination of 

CP. The males had significantly different correlations than females (r = 0.9 [trial #1]; 0.92 [trial#2] for 

males and r = 0.64 [trial # 11; 0.8 [trialCt2] for females, p> 0.00 1). As well, an age bias has been reported in 

regards to the physiological responses at CP when comparing young (mean age = 24.5 years) to elderly 

men (mean age = 70.7 years) (Overend, Cunningham, Paterson, & Smith, 1992). ft was s h o w  in young 

men that ventilation, blood lactate, and arterial carbon dioxide continued to change over 24 minutes of 

cycling at CP, but these parameters were stable in the elderly group (Overend et al.). The elderly group aIso 

had a CP approximately 5 % higher than the younger group when expressed as a percentage of maximal 

power output (Overend et al.). 

The importance of Housh, Housh, & Bauge's (1989) work underlies the major criticism that CP 

overestimates pedonnance and time to exhaustion. Housh et al. found that CP overestimated time to 

exhaustion based on 4 trials and power outputs ranging From 172 - 360 watts. Mean time to fatigue at CP 

was 33 minutes, not significantly different from the preset predicted time to fatigue of 60 minutes. 

Statistically there was no significant difference, but the error was large (27 minute difference in actual 

versus predicted time) when applied to a performance environment (Housh et al.). In an aaempt to correct 

for some of these gross inaccuracies of CP predicting time to fatigue, Morton (1994) suggested ramp 

protocols for determination of CP would allow for a more accurate prediction when forming CP parameter 

estimates. Morton showed that mean CP was 16 1 watts, significantly lower than previous CP estimates 

(Housh et al.). In theory Morton's analysis would provide a more conservative CP estimate, and 

consequently a p a t e r  time to exhaustion although Morton does not actually perfom a time to fatigue test 

at CP. Kolbe, Dennis, Selley, Noakes, & Lambert (1995) reported on the inaccuracies of CP in predicting 

running times over a variety distances. It was concluded that CP estimates are most highly correlated with 

10 kilometer race times (r = 0.85, p> 0.000 1) but are overall poor predictors of running times in male 



distance m e r s .  The ability to accurately form CP estimates has been based fargely on the number of trials 

used to form the CP estimate. Two studies, one involving kayakers (Clingeleffer, McNaughton, & 

Davoren, 1994a) the other utilizing cycle ergometry (Housh, Housh, & Bauge, 1990) both concluded that 

two mals or power Ioadings are suficient to accurately form CP estimates. Each study found no statistical 

difference with CP values derived fiom w o  trials versus CP determined from more than two trials. Morton, 

Green, Bishop, & Jenkins (1997) recently have concluded that ramp protocol estimates do not differ 

significantly from constant power trials for determination of CP. The ramp protocol was favoured by 

Morton et al. for two reasons: subjects preferred the ramp protocol and secondly there was better 

motivation to provide a maximal effort in each trial. 

Anaerabic Threshold And Critical Power: 

An initial investigation involving the relationship of CP and blood lactate found that maintenance 

of CP in cycle ergometry over 60 minutes was only achieved in 2 out of 8 highly trained cyclists (Jenkins 

& Quigley, 1990). Steady state blood lactates were reported at 8.9 mm01 in the last 20 minutes of the CP 

test and it was concluded that CP was an effective way to assess exercise intensity (Jenkins & Quigley). 

Cornparisons of CP lactate levels to concentrations of lactate at Onset of Blood Lactate Accumutation 

(OBLA) (Housh et al., 199 1) or Maximal Lactate Steady State (MLSS) (McLellan & Cheung, 1992) both 

found CP lactate levels greater than MLSS (Individual Anôerobic ThreshoId, [[AT]) or OBLA in cycle 

ergometry. McLellan & Cheung found a signiftcant difference in PO occurring at IAT (235 Watts) versus 

CP (265 Watts); Housh et al. found CP to occur at 230 Watts which was greater than the 180 Watts which 

elicited OBLA, Clingeleffer, McNaughton, & Davoren (1994b) stated that CP was significantly higher than 

OBLA (4 mm01 of blood lactate) in trained male kayakers. Clingeleffer et al. concluded that CP and 

Anaerobic Threshold were signifîcantly different physiological points in kayaking. In a related study 

Stegman & Kinderman (1982) found that trained rowers rnaintained an intensity equal to their individual 

anaerobic threshold (steady state 4 mmol) for 50 minutes. A recent study with trained cyclists (Petersen, 

Dressendorfer, & Stickland, 1996) defrned Critical Aerobic Power (CAP) as the maximal sustainable 

power output over a 20 km simulated cycling time trial. CAP occurred at a power output equal to 85 % 

vo2 max and a mean blood lactate of 7.2 mm01 for the 20 km mal. Jenkins & Quigley found a sh i la r  

mean blood lactate of 8.9 mm01 in the last 20 minutes of exercise at CP over a 30 minute cycling trial. 



Critical Power And train in^: 

A number of studies have investigated the influence of training on CP values and associated 

respiratory or metabolic indices. Gaesser & Wilson (1988) investigated the effects of interval and 

continuous training on CP detemined d u ~ g  cycle ergometry in 14 males of average titness. 00th interval 

and continuous groups showed an increase in CP values with the interval group improving 33 watts versus 

the continuous group (27 watts). Training consisted of 3 times a week for 6 weeks with the interval group 

performing 10 x 2 minute intervals at a power output equal to VO= rnax per training session. The 

continuous group cycled at 50 % +O, rnax for 40 minutes per session 3 times a week for 6 weeks. Loads 

were not corrected over the six week period and attendance was 100 % for each group. CP was equal to 75 

% of peak and was shown to have stable ~ e ,  blood lactate and h, measurements (Gaesser & Wilson). 

Jenkins & Quigley (1992) found an improvement in CP values after 8 weeks of cycle ergometry training. 

The effects of moderate intensity endurance training showed a significant positive increase of 59 Watts 

fiom initial CP values, whereas the control group had no significant improvement. The trained group was 

able to maintain a power output of 242 watts (pretraining = 190 watts) over 40 minutes of cycling, the 

controls were lhited to a 16 watt increase in their 40 minute cycling trial (194 watts,[pre]; 210 

watts,[post]).The increase in controls power outputs was attributed to a learning effect gained from the 

initial cycling trials (Jenkins & Quigley). The effect of 6 weeks of resistance training on tirne to exhaustion 

at CP and AWC in cycle ergometry was reported by Bishop & Jenkins (1996). Anaerobic work capacity 

was sensitive to resistance training (Pre- 2 1 SM, Post- 29.0kJ, ~ ~ 0 . 0 5 )  but endurance ability (time to 

e.xhaustion at CP; Pre- 1 S7Os, Post- 17 I7s, p<O.OS) was not influenced by weight training in the 16 male 

subjects (Bishop & Jenkins). 

A recent study involving speed skaters (Smith, Lefort, & Kranenburg, 1994) sbowed no 

significant increase in CP afkr a 10 day taper program (volume decreased by 20% f'rom the previous 6 

week training Load). Significant increases were observed in Ariaerobic Work Capacity (AWC) (23%. 

p<O.OS) and maximal lactate concentrations (IO%, p< 0.06) at CP over the 10 day taper. Possible 

explanations of why CP did not significantly change indude; testing occurred on a cycle ergorneter (sport 

specificity) and inadequate reduction in training volume to see any positive increases in CP values. Poole, 

Ward, & Whipp (1990) compared changes in different physiological parameters and CP values after 7 

weeks of intense cycle ergometry training and did show similar results to previous research (Gaesser & 

WiIson). Ten x 2 minute intervals were undertaken each session, 3 times per week for seven weeks at an 

intensity equal to 105 % of their initiai tolerable b i t  for 2 minutes of exercise. Increases in lactate 

threshold (24%) peak, h, (1 5%) and CP (1 5%) were seen although A WC was not significantly different 

p s t  training. CP represented the upper power limit at which VO, and blood lactate rernained stable and 



intensities above CP would result in imminent fatigue due to a falling blood pH and a variable b, (Poole 

et al.). 

Criticai Velocitv: 

A recent adaptation of the power-duration relationship, replaces power with distance in the 

various CP equations to predict tirne over a given distance. The relationship between distance and time has 

many similar qualities to the power-time relationship and has been coined Critical Velocity (CV). The 

distance-the relationship can be used for nvimming, running, triathlons, cross country skiing and rowing. 

Critical VeIocitv And Swimmine: 

A number of factors in a sport environment need to be controlled before CV theories can be 

applied. The sport of swimrning is aptly suited to Critical Velocity for a number of reasons: controlled 

environment, duration of swimming events, and ease of measurement for the parameters distance and time 

in CV trials. Initialfy, Wakayoshi, Ikuta, et al. (1992) sought to determine CV's validity as an index of 

swimming perfomance. Subjects swam in a swim flume at six different water velocities ranging fiom 1 .S 

to 1.7 m-s-'. Time to fatigue was then recorded at each velocity, distance was calculated, and CV values 

were created based on the slope of relationship between distance and time over the 6 different speeds. CV 

correlates for velocity at Onset of Blood Lactate Accumulation (vOBLA), and VO- , max were r = 0.9 

(pcO.0 1) and r = 0.1 (ns), respectively. Due to the significant correlation between vOBLA (4 mm01 blood 

lactate) and CV, it was concluded that CV was a good index for monitoring swimming performance. As 

well, CV has few of the negative methodoIogical or economic factors associated with lactate threshold or 

ventilatory threshold testing (Wakayoshi, Ikuta, et al., 1992). Following the initial study, CV was applied 

in a pool setting by Wakayoshi, Yoshida, Udo, et al. (1992). A cornparison was done between CV 

parameters formed by swimrning at maximal intensity over 4 different distances in the pool versus 4 

different velocities in the swim fiume. There was no significant difference between the CV in the pool and 

CV in the fiume (1.555 m-s -'; 1.543 rn-s -' respectively) but both CV values were greater than the vOBLA 

calculated at 1.494 rns-l. With no significant difference between the two CV values Wakayoshi, Yoshida, 

Udo, et al. (1992) concluded that CV may be a valuabte tool for assessing endurance perfomance in the 

pool using time measures created from actual distances swum. Wakayoshi, Yoshida, Kasai, et al. (1992) 

found with trial lengths of 50, LOO, 200, and 400 metres to create the CV estimate (with 17 male 

swimmers), that a correlation between CV and velocity over 400 metres was significant (r = 0.99, p<O.O 1). 

This high correlation was due to the fact that 400 metres was used both to create the CV estimate and as the 



cornparison velocity calculated from the 400 metre distance. As well the results indicated that CV was a 

good index of swimming performance and a marker of fatigue threshold (Wakayoshi, Yoshida, Kasai. et 

al., 1992). A follow up study (Wakayoshi et al., 1993) validated CV as an indice of Maximal Lactate 

Steady State (MLSS) using only two trials (200m and 400m) to form the CV Iine of best fit. Following CV 

determination trials each subject was required to wim three 1600 metre trials one each at 98%, 100% and 

t 02% of their predetennined CV. Blood lactate was taken every 400 metres to determine steady state of the 

lactate profile. At 100% CV, a steady state of approximately 3 3  mm01 was found whereas at 102% CV a 

progressive rise in blood lactate was shown. It was concluded that CV was a significant physiological 

marker of MLSS in male swirnmers based on 2 point determination of CV. Data collected for the National 

Swimming Program (Smith, 1992) supported the research of Wakayoshi, Yoshida, Udo, et al. (1992). 

Smith, found that swimming trials of 1200,600,200 and 50 metres created a CV parameter estimate 

similar to the velocity over the 1200 mette trial (CV = 1 JO6 m.s -' versus actual 1.333 m-s -'). HiII, 

Steward, & Lane (1995) applied CP concepts with young swimmers (age range 8- 18 years, N = 86) using 

three different CV models and a variety of different trial lengths (determined by the age of the swimmer). 

The linear distance-time model gave the highest correlation between the velocity of the longest tria1 (V 

long) swum (not used to form the CV esthate) and the CV pariuneter estimates. 

Critical VeIocitv And Runnin~:  

Validation of CV in running was done by Hughson, Orok, & Staudt (1984) using a linear power 

Iltime model adapted to replace power output with velocity on the y axis. Correlation coefficients of r = 

0.979 to 0.997, p< 0.05 were found based on trials run at 6 different velocities ranging frorn 19.2 to 22.4 

km-hrl set to fatigue the subject between 2 - 12 minutes. It was concluded that CP modelling was a valid 

estimate of running performance (Hughson et al.). Pepper, Housh, & Johnson (1 992) used a non-linear 

velocity-the model to predict time to exhaustion at CV. Theoretically, CV has been defined as the 

maximal sustainable velocity which can be held for a very long time which Pepper et al. believed 

corresponded to 60 minutes. By having subjects nin to fatigue at velocities ranging fiom 12-88 to 2 1.74 

km-hr' CV estimates were created. Subjects then completed trials to fatigue at 70%, 85%, 100% 1 t 5% 

and 130% CV. At 100% CV tirne to fatigue occurred in 16.4 minutes, a 43.6 minute difference fiom the 

predicted time to fatigue of 60 minutes. At 85% of CV. time to fatigue was 55 minutes which would 

indicate that based on the velocities used to form CV, performance and tirne to fatigue were overestimated 

(Pepper et al.). Using the sarne model as Pepper et al., McDermott, Forbes, & Hill (1 993) applied treadmill 

running and CV estimates (Hughson et al.; Pepper et al.) to outdoor running using trials of 400, 800, 1600, 

5000 and 10,000 rnetres. The 3 shortest trials were used to form CV estimates and showed no statistical 



difference between actual versus predicted tirne over 10,000 metres (4 1.04 min {predicted) ; 43 -29 min 

(actual)). Ability of CV to accurately predict times over 10,000 metres (McDermott et ai.) nuuiing outside 

were supported by Kranenburg & Smith (1994). Kranenburg & Smith tested nine highly trained males 

asked to perform trials of 907,3267.5, and 408 1.5 metres forming CV estimates based on those trial 

Iengths. CV was estimated at 29 1 rn-min-' and had no significant difference when compared to race speed 

over 9.8 km (293 m-min-'). Over a marathon distance Florence & Weir (1997) found that CV (estirnated 

from 4 treadrnill tests and a linear distance - time model) was significantly correlated to marathon fulishing 

time (Rw.76, p<O.OS). The sipificance of marathon finish t h e  and CV was overshadowed by the gross 

difference in actual marathon speed for the 12 subjects (3.07 m-s-') versus predicted speed (CV = 4.43 rns- 

') (Florence & Weir). Kachouri et al. (1996) most recently examined the difference in CV parameters when 

estimated fiom continuous triah versus intermittent work within each trial. The continuous protocol 

consisted of running to fatigue at 95% and 105% of the velocity elicited from an initial running test called 

the Montreai Track Test (vMTT) (total t h e  and distance recorded). The interval protocol consisted of 

running to half of the total distance of the continuous trials at each intensity (95 and 105% vMTT) with a 

rest equal to the time taken to run half the continuous distance. The subject then resumed the intensity and 

repeated the protocol until exhaustion. Total accumutated distance was greater in the interval protocol but 

CV for interval versus continuous protocol(4.6 m-s '' {continuous); 4.56 m-s" { interval)) was not 

significantly different. It was concluded that the method employed to create the CV parameter does not 

effect the parameter value. 

Treadmill testing and track running are both used in CV research ta create parameter estimates. 

Norris & Smith (1996) examined the difference in biological load fiorn treadmilI to track running in 12 

university age recreational male ntnners. Blood lactate measurement was used as the marker to determine 

equivalency of load in the two running modalities. Track testing occurred at 3 different inteosities 

conesponding to 88,94 and 100% CV for 6 minutes each trial. Blood [actate was taken irnmediately post 

exercise to determine concentration at that intensity. Treadmill testing occurred at 3 different grades (O, 1, 

and 2%) for each intensity (88,94, and 100% CV) with a duration of 6 minutes per trial. It was concIuded 

that at 1% grade on the treadmill the equivalent energy expenditure would occur on the track at any of the 

given intensities. The reliability of treadmill testing was questioned by Hill et al. (1996). In a single 

treadmill test at 300 m-min'' to fatigue various physiological parameters were analysed. In a retest at the 

initial test speed VO, kinetics ( t h e  constant of the response) were unchanged but differences in VO: max 

(50 {test 1) versus 48 ml-kg-'-min -' {test 2)), and time to exhaustion (140 seconds {test 1 ) versus 1 17 

seconds {test 2)) were significantly different. 



Critical Velocitv In Other Sriorts: 

Other performance settings where CV theory has been utilized include speed skating and rowing. 

Smith & Noms (1996) had nine male and s i .  female speed skaters participate in a study where 5000 metre 

(3000 m for females) and 1500 metre times had significant correlations to MLSS, VO, max and Masirnum 

Work Done in 3 Minutes (MW2M). Critical Power testing was utilized to determine the appropriate loads 

needed for each subject in the MW2M using cycle ergometry. Testing for both the VO? rnax and Maximum 

Work Done in 2 Minutes were done on a cycle ergorneter whereas the MLSS testing was done while 

skating on ice. Fifteen hundred metre times had significant correlations to MW2M (r = .98 {males) and r = 

0.9 {females), p<0.05) and 5000 rnetre times for males and 3000 metres for fernales had significant 

correlations with MLSS (r = 0.096 {males) and r = 0.99 {females), p<0.05). A rowing study by Kennedy 

& Bell (1996) found that the predictive ability of CV parameters for 2000 metres in simulated rowing was 

excellent. Predicted time over 2000 metres was 400 seconds versus actual t h e  of 4 10 seconds for 18 male 

rowers. Zaryski, Smith, & Wiley (1994) compared event speed to CV parameter estimates in Olympic 

distance triathlons. The ability to predict times for each leg of the triathlon was good for swimming (event 

speed = 10 1.8% of CV) and the cycling portion of the triathlon was performed at 97.8% of predicted CV 

for the 9 male triathletes. Running was approximately 5% off the predicted velocity for the run, and error 

was attributed to the length of the trials used to fonn each parameter estirnate. 

Anaerobic Work Capacity: 

CV or CP research has primarily focused on the aerobic nature of parameter estimates (Le. 

significant correlations to IAT, MLSS, OBLA, ~0,rna.x) or the ability to predict endurance performance. 

CP models create not only an aerobic measure but also a y-intercept value (linear distance- tirne model) 

that seems to correlate with Anaerobic Work Capacity (AWC) or the amount of work done witfiout oxygen 

(CP models). Anaerobic Work Capacity is best defined as the distance travelled or work performed using 

the energetic reserve of muscle without any predominate contribution of oxygen to supplement the 

rephosphoryiation of ATP. 

The purpose of many investigations in the CP (CV) area stems fiom the question "does anaerobic 

metabolism play a roIe in endurance performance"? Initial investigations include Bulbulian, Wilcox. & 

Darabos (1986) who calculated the arnount of anaerobic work in Joules based on 3 trials to fatigue on the 

cycle ergometer. A linear work tirne model was used to calculate AWC (y-intercept) in Joutes, values 

ranging fiom 8000 to 28 400 Joules. Subjects ran an 8.05 km running trial at maximum intensity and 

AWC contributed significantly (58% total shared variance) to predicting race performance in the 8.05 km 



m. Conflicting results (Housh, Johnson, Mcdowell, Housh, & Pepper, 1992) found that anaerobic running 

capacity (y-intercept) had Iittle correlation to peak plasma lactate (r = 0.06, ns). Based on 4 treadrnill trials 

to fatigue (formation of CV parameter estimates), a Iinear distance-the mode1 and a maximal running trial 

to illicit peak blood lactate (tirne to fatigue = 65 seconds at 9% grade) the ability to predict or infer 

anaerobic running capacity was weak (Housh et al.). Validation of AWC as a marker of anaerobic ability 

was done by Jenkins & Quigley (1991) in cycle ergometry. CP values were elicited fiom 3 maximal trials 

of 300,350 and 400 watts; anaerobic capacity values were measured fiom 5 one minute maximal exertion 

trials each separated by 5 minutes rest where total anaerobic work was calculated by the cumulative values 

of each of the 1 minute work bouts. Correlation of the y-intercept value garnered fi-om the CP model versus 

the vatue from the anaerobic work test were significant (r = 0.074, p<0.05). Biood pH at the end of 

anaerobic work test was also significantly related to AWC (r = 0.92, pc0.05). It was concluded that the 

capacity for high intensity interval work was well represented by the y-intercept or AWC. Hill & Smith 

( 1993) believed that oxygen deficit was the most acceptable measure of anaerobic capacity and used cycle 

ergometry with CP modelling to validate AWC. Mean values for the 26 subjects had a significant 

correlation of r = 0.77, p4.O 1 between the two estimates of anaerobic capacity; AWC based on CP testing 

and oxygen deficit gamered fiom the CP trials. Building on the theory that AWC may be highly correlated 

to oxygen deficit Hill, Rose, & Smith (1993) and Hill & Smith (1994) both found that use of different 

models to predict AWC gave large variations in the values formed. Linear power-tirne, linear work-time 

and nonIinear power-the models al1 gave mean values for the 26 subjects which were different. Ttie 

Standard Error of Estimate (SEE) was high (> 20%) between values gained fiom the 3 models, showing 

that the type of rnodel used to form the AWC value was important. Effects of training on estimates of 

AWC (Jenkhs & Quigley, 1993) was done with 8 male subjects (trained group) and 7 controls in cycle 

ergometry. The purpose was to examine the effects of 8 weeks of repeated high intensity interval exercise 

(60 second work bouts at maximum intensity were done 5 times per session with 3 sessions per week) on 

the initial estimate of AWC (linear work-the model). The traincd group had significantly different AWC 

and CP values post training (AWC, +6.6 id; CP, + 18 Watts). It was determined that AWC estimates are 

sensitive to intense interval exercise and evaluation of anaerobic capacity can be interpreted fiom CP 

testing. It m u s  be noted that although there are relatively few published reports in the area of AWC 

validation, there are a number of CP snidies that have looked at AWC as an aside to the primary purpose 

of the study (validation of CP). 



Critical Power Models: 

Monod & Schemr (1965) used a linear work-the mode1 to form parameters for CP and AWC. 

This model has been the standard on which other modeb were based and haç been used as the most 

appropriate modet for a number of research investigations ( Housh et al., 199 1 ; Jenkins & Quigley, 1992; 

Kolbe, Demis, Selley, Noakes, & Lambert, 1995; Overend, Cunningham, Paterson, & Smith, 1992). 

Modification of the linear work-the model to a linear work- 1 / time model changed the value of CP from 

a dope to a y-intercept estimate. The conversion of tirne to a fractional value allowed the larger time 

values to be closer to the axis of origin. Longer trials become more hfluential with this rnodel (more 

conservative estimate of CP). The third popular model has a hyperbolic relationship between power output 

and tirne and was deemed the nonlinear power-time model. The power asymptote (CP) is the upper limit of 

sustainable power over a very long tirne. Many researchers have used this model and rationalized its 

usefulness (McLellan & Cheung, 1992; Moritani, Nagata, deVries, & Muro, 1981; Poole, Ward, & Whipp, 

1990; Talbert, Smith, Scarborough, & Hill, 199 1). Other models recently introduced include a modification 

of the hyperbolic model (Peromet & Thibaut4 1989), an exponential rnodel (Hopkins, Edmond, Hamilton, 

Macfarlane, & Ross, 1989) and a 3 parameter non-linear model (Gaesser, Carnevale, Garfinkel, Walter, & 

Womack, 1995). Validation of the exponential model (Hopkins et al.) in short running events had the 

fotlowing conclusions. As a model the fit of al1 data was strong, although caution was stressed in accuracy 

of the model if the length of the shortest CP trial was iess than 10 seconds. Hopkins et al. fond  

correlations between 30 second Wingate test (cycle ergometry) and AWC values were significant (r = 0.73- 

0.8 1, p<0.05) concluding that the exponential model may be a usehl tool for inferring anaerobic ability. 

Gaesser, Carnevale, Garfinkel, & Walter (1990) stated that the two linear models and the nonlinear model, 

gave different CP values. n i e  nonlinear mode! gave the rnost conservative and accurate estimation of CP 

with the h e m  models both overestimating performance(Gaesser, Carnevale, GarfinkeI, & Walter, et al.). 

Smith & Hill (1992) felt that the mal1 sample size (n = 5) of the Gaesser, Camevale, Garfinkel, and 

Walter, et al. investigation was the determining factor in the different CP values. Therefore using 47 

subjects Smith & Hi11 showed no difference in CP values (189.5 Watts (Nonlin pt), 190 Watts {Lin p llt), 

189.7 Watts (Lin pt t)) formed from the same 3 models as the Gaesser et al. study. 

Gaesser, Camevale, Garfmkel, Walter, & Womack (1 995) compared 5 different models in the 

estimation of CP and f o n d  a three parameter model (addition of a parameter called Maximal Instantaneous 

Power {Pmax)) gave the most accurate values for CP (CP correlated to VT in al1 models ). Effect of pedal 

cadence on CP estimation was done by Camevale & Gaesser ( 1  99 1) and Hill, Smith, Leuschel, Chasteen, 

& Miller (1995). Carnevale & Gaesser initially reported that based on CP done at 60 versus 100 rpm 

(nonlinear power-time modet) the 60 rpm trials gave CP estimates 2 1 watts greater than the 100 rpm trials. 



It was concluded that the 60 rpm gave a better estimation of aerobic ability and a more accurate value for 

CP. HiII et al. (1995) used a similar protocol to the Carnevale & Gaesser (199 1) investigation but added a 

variable rpm protocol as well. The results indicated that a variable cadence (individual choice of cadence 

within each test) when perforrning the CP trials gave the most accurate and diable CP values when 

forrned with three different CP models. At variable cadence CP was no more than 2 watts different between 

the 3 models used. Morton & Hodgson (1996) in a recent review article add the following points 

concerning modelling : the hyperbola has the best fit of data for trial lengths of 2 - 15 minutes but the 

modification of the basic formula increases accuracy of CV and ailows data fitting to range from 5 seconds 

to 2 hours. 

Related Topics And Research: 

Critical power and cntical velocity research are based on a variety of different fundamentals 

including pacing strategy and prediction of performance. The ability to create pacing strategies in a 

performance sening is important for many reasons. Foster, Schrager, Snyder, & Thompson ( 1994) 

reviewed the importance of pacing as it relates to performance. Recommendations on pacing over the 

duration of an event include creating models that start to account for fatigue as duration increases. In CP or 

CV research the ability to best predict performance or create pacing strategies rnay lie with the exponential 

mode1 which includes a tirne constant and does not have a completely iinear relationship. An associated 

test of aerobic ability was done by Boulay, Hamel, Simoneau, & Lortie (1984). A simple protocol of one 

cycle ergometer test 90 minutes in length in which total work was calculated was done with thirty subjects. 

Reliability of the test was high (r = 0.99, p<O.O1) and has good predictive ability of aerobic capacity (ie. 

the higher the total work in 90 minutes the greater the aerobic ability). 

The predictive ability of CP and CV is usefui but other parameten such as b, at threshold and 

velocity at threshold have also been used to predict or monitor performance. Recommendations by BiIlat 

(1 996) for interpreting blood lactate values as a measure for training rowers include training at or above 

threshold will have a positive effect on physical fitness. Prediction of marathon times based on velocity at 

which anaerobic threshold were elicited (Rhodes & McKenzie, 1984) found that predicted time for a group 

of 18 male ntnners for the marathon was only 103 seconds different from actual time (2:53:49 {predicted), 

2 5 2 0 6  (actual)). CV and CP have been correlated to velocities at which threshold occur (IAT, OBLA, 

MLSS) but rarely to CIO, max. Significance of Velocity at VO, max (vVrnax) as an indicator of aerobic 

power and running performance was shown in a recent review (Billat & Koralsztein, 1996). An interesting 

relationship exists at 90, mm: the higher one's V O ~  max the smaller the tlim at the velocity which elicits 

that ~ 0 , m a x .  This relationship may be due to the positive relationship between h , m m  values and the 



velocity at which ~ 0 , m a x  would occur. The velocity at which someone with a large VO, max could nin 

would be greater than someone with a smaller value, imparting that the faster velocity would incur greater 

anaerobisis and not tolerate the velocity as well as the lower mz max value. Hill & Rowell(1996a) found 

that based on 5 definitions of vVmax each deterrnined by a distinct method, the values were significantly 

different. Values ranged fiom 247 mamin-' to 267 m m i d  sipiQing the uniqueness of each protocol in 

definhg the velocity at which ~0,rnax occurs. Hill & RoweII(1996b) in a related article found that tirne 

to exhaustion (tlim) at vVmax was not a good indicator of anaerobic capacity in subjects. Anaerobic 

Threshold (44 %) and oxygen deficit (26%) in cornbination accounted for only 70% of variability 

associated with tlirn at vVmax (Hill & Roweil, 1996b). Hill's interest in anaerobic capacity, oxygen deficit 

has created a better understanding of the processes at work during high intensity short duration exercise. 

Hill (1 996) has found that calcuIation of oxygen deficit through 4 maximal intensity cycle ergometry trials 

creates values not significantly different fiom the conventional sub-maximal methods used to obtain 

oxygen deficit data 

Summarv: 

The area of "CRITICAL" testing has many applications in the sport performance setting. 

Parameter estirnates can be usefit1 in monitoring changes in performance, inferring physiological 

parameters without expensive equipment, and prediction of performance times. Most research in the area 

involves Critical Power testing, Critical Velocity testing, andlor formation of Anaerobic Work Capacity 

values. 

Criticat Power testing was originally perforrned on synergistic muscle groups (Monod & Scherrer. 

1965) and applied to cycle ergometry work (Moritani, Nagata, deVries, & Muro, 198 1). Critical Power 

research has been Iimited to specific modalities (primarily cycling) and has traditionalty used very short 

hi& intensity trials to create Critical Power estimates (Morton, 1994). Protocols using very short trials to 

create Critical Power estimates often over predict performance (Housh, Housh, & Bauge, 1989) and create 

fatigue at Critical Power more quickly than emimated ones (Jenkins & Quigley, 1990). By defrnition, 

Critical Power is the upper Iimit of sustainable power output only leading to fatigue after a very long time 

(Monod & Scherrer, 1965) contrary to the findings in the foIlowing studies (Housh et al., 1989; Jenkins & 

Quigley, 1990; McLellan & Cheung, 1992; Morton, 1994). Methodological considerations as to why 

Critical Power overestimates performance include using trials that are too short to create a conservative 

estimate of power output over a prolonged period of time and use of appropriate models to form the 

parameter. Most Critical Power methodotogy involves a minimum of 2 trials (maximum 5 trials) at 

maximal intensity with a predetennined protocol to end the trial (eg. to exhaustion or until a predetermined 



drop in power output or pedal cadence was seen). Motivation of the subject to perform numerous trials at 

maximal intensity may play a role in detemination of values, and use of highly trained athletes (lenkins & 

QuigIey, 1990) versus Moritani et al. (198 1) using average fitness college students provides different 

values for Criticai Power. Critical Power testing can be practical when very short trials are used to fom the 

CP value. Consequently short CP triaIs lead to a greater error in predicting long pedormances, therefore 

caution must be used when selecting mal lengths for the purpose of predicting performance. 

Validation of Cnticai Power and Critical Velocity as a marker of aerobic ability has been found by 

a number of researchen (Housh et al., 199 1; Poole, Ward. % Whipp, 1990; Talbert, Smith, Scarborough, & 

Hill, 199 1) but may overesthate specific aerobic parameters such as [AT (McLellan & Cheung, 1992), 

Anaerobic Threshold (Clingeleffer, McNaughton, Si Davoren, 1994b), and OBLA (Wakayoshi et al., 

1993). Generally Critical Power and Critical Velocity estirnates correlate significantly with indices of 

aerobic fitness, but often the CV value has overestimated the aerobic marker. 

Critical VeIocity research has been used in a variety of sports including swimming, mnning, 

triathlons, and a prelimhary study of rowing. Prediction of performance in Critical Velocity research has 

found significant correlations between pararneter estimates and velocity over 400 metres in swimming, r = 

0.864, pcO.0 1 (Wakayoshi, Ikuta, et al., 1992), predicted and actual rowing times over 2000 metres, r = 

0.95, pcO.05 (Kennedy & Bell, 1996), predicted and actual mnnhg times over 10,000 metres, r = 0.97, 

p<O.OO 1 (McDermott, Forbes, & Hill, 1993), critical versus event speed over 9.8 kilometres running, r = 

0.93, p<O.OO 1 (Kranenburg & Smith, 1994) and predicted versus actual event speed in an Olympic distance 

triathlon, r = 0.82, p<0.05 (Zaryski, Smith, & WiIey, 1994). Being able to predict performance in timed 

events such as swimming, ruming, rowing and triathlons would be important for aiding sport performance. 

Due to the two parameter nature of Criticai Power rnodels a second value, Anaerobic Work 

Capacity has been created. It has been shown to be an accurate assessrnent of anaerobic ability (Hi11 & 

Smith, 1993) and was used as a marker of performance in short duration events (Hopkins, Edmond, 

Hamilton, Macfarlane, & Ross. 1989). Validity of Anaerobic Work Capacity has been questioned and is 

currently being investigated as an accurate marker of anaerobic work. The effect that the CV or CP model 

has on deteminhg the CV or AWC value seems to be important and much research has revolved around 

this question ( Gaesser, Carnevale, Garfiiel, & Walter, 1990; Hiil, Rose, & Smith, 1993; Smith & Hill, 

1992). Primarily, 3 models have been used to create pararneter estimates (linear work-time, linear power- 

I/tirne, and nonlinear power-the) but the addition of a 3 parameter nonlinear model and an exponential 

model have contributed new directions to the area. Further research invoIving the validation of such 

models is needed and the use of multiple models in providing CV parameter estimates should be 

investigated. Other related fields share commonalities with Critical Power and Critical Velocity testing. 

The study of ventilatory parameten, CO, max and blood parameten to assess. predict and monitor 



performance are large and distinct areas of research. Borrowing concepts and ideas from other areas will 

continue to m e r  CP and CV research and contribute to the body of knowledge in the area of spon 

performance. 
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CHAPTER 3 

A COMPARISON OF CRITICAL VELOCITY ESTIMATES TO ACTUAL 

VELOCITTES IN PREDICTING SIMULATED ROWiNG PERFORMANCE 

Introduction 

Critical Velocity has been used as a simple and inexpensive method to predict maximal average 

veIocity in a variety of sports: swimrning (Wakayoshi et al., 1992), running (Pepper, Housh & Johnson, 

1992; Kachouri et al., 1996; Kranenburg & Smith, 1994) and triathlons (Zaryski, Smith & Wiley, 1994). 

Any application of CV concepts has been based on the simple Iinear relationship between total work done 

and time to exhaustion at that work load (Monod & Scherrer, 1965). McDowell, Kenney, Hughes, Housh, 

& Johnson (1988) applied the CP total work-time model to distance and t h e  values by reptacing the 

dependent variable (total work) with total distance (linear distance-time model). Wakayoshi et al. ( 1992) 

utilized this model for swimming and found a strong correfation (R2 = -999, pCO.0 1) between distance 

swam and time to exhaustion in swimmers. Such a strong correlation suggested that CV was an excellent 

predictor of t h e  (velocity) over a predetennined distance. As well CV has been conelated to physiological 

parameters including Maximal Lactate Steady State (MLSS) for swimming (Wakayoshi et al., 1993) and 

VO, max for mnning (Pepper et al., 1992) but may overestimate the Individual haerobic Threshold (IAT) 

(McLellan & Cheung, 1992) or MLSS (Jenkins & Quigley, 1990) when CP was utilized in cycle ergometry 

(Jenkins & Quigley; McLellan & Cheung). Previous resmch frorn our laboratory has found a significant 

difference between actual(4 IO seconds) and predicted (400 seconds) times for sirnulated rowing over 2000 

metres fiom a critical veIocity estimate based on the linear distance-time model and one set of trials (250, 

500,750, 1000 metres) (Kennedy & Bell, 1996). Other CV rnodels include linear distance-l/time initiatly 

proposed by Hughson, Orok, & Staudt (1984) and the nonlinear velocity-time mode1 initially proposed by 

Moritani, Nagata, deVries, & Muro (198 1) but later modified by Pepper, Housh, & Johnson (1992) to fit 

distance and time parameters. Presently there has been no CV mode1 which accurately predicts simulated 

rowing performance over 2000 metres. 

The standard race distance for rowing is 2000 m and the energy requirements of this type of 

performance include having a well devetoped aerobic system, strength and anaerobic fitness (Secher, 

1993). Mean race times for male rowers over a simulated 2000 meter race range from 6-8 minutes and at 

present there are few pacing strategies to predict and or enhance performance in rowers. Therefore, the 

purpose of this study was: a) to analyze the effect of different models on CV estimates, b) detemine the 



main and interaction efTects of CV estimates produced by 3 different CV models and 6 different trials c) to 

test the accuracy of 12 CV estimates (produced by 3 different rnodels in combination with 4 different sets 

of trials) to predia 2000 meter velocity in simulated mwing and d) assess the relationship of CV and VO: 

max in predicting 2000 meter velocity. 

Subiects: 

Subjects were recmited fiorn the local rowing club and university rowing population. Al1 subjects 

were male (N= 16) and had a minhum of 1 year rowing experience. Subject Characteristics are provided in 

Table 3- 1. Ail subjects signed a consent fonn prior to testing and the study had ethical approval by the 

Faculty of Physical Education and Recreation, University of Alberta (see Appendix D). 

Critical Velocitv Trials: 

Critical Velocity parameter estimates, were limited to no longer than 60% of the predicted 

distance (2000 m) for two reasons: convention was to utilize trials no longer than 50-60 % in formation of 

CV estimates and tials longer than 50% have associated metabolic and fatigue factors that make the trial 

burdensome (Clingeleffer, McNaughton, & Davoren, 1994). The present investigation utilized a series of 6 

trials. The distance of the CV trials were 200,400,600, 800, 1 O00 and 1200 metres and were randomly 

assigned for each subject. A 2000 metre time trial to detemine actual2000 rnetre velocity was also 

performed. Time(s), average stroke rate, split time 1500 metres and heart rate were recorded for each trial. 

Al1 tests were performed on a Mode1 C, Concept II rowing machine. The trials were spaced by a minimum 

of 24 hours rest to ensure maximal glycogen repletion and otber associated effects of fatigue from previous 

trials (MacDougall, Ward, Sale, & Sutton, 1977). A11 trials were preceded by a 1000 metre warm-up with 3 

maximal 5 second sprints included in the warmup. The subjects were required to stretch and rest for five 

minutes before assuming a race start position on the ergometer. The randomized tirne triai for each subject 

that day was programmed on the Concept II computer display. The subject was able to view the folIowing 

information on the ergometer screen: cumulative metres, time / 500 metres, stroke rate and time. 

At the completion of the trial the display recorded time to the nearest 11 10th of a second and 

mean stroke rate. The importance of giving maximal efforts in the trials was imperative to the validity of 

CV estimates. No verbal encouragement was given duhg the trials in an attempt to minimize the external 

factors such as cheering which may have affected performance. Subjects were asked prior to each trial to 



provide their best effort and m a t  each trial as a "race". n i e  2000 rnetre tirne trial occurred afier completion 

of a11 the CV triais and was performed in the same m-er as described above. 

Critical Velocitv Determination: 

Each subject had 12 CV estimates formed from their triai data (200,400,600,800, 1000, 1200 

m). The 12 estirnates were determined by the following method: 4 set. of trials in combination with 3 

mathematical models to produce 12 different CV estimates (Table 3-2). Each subjects data was divided 

into 12 different groups so that each different CV estimate group consisted of 16 data points (i.e. the 

individual CV estimates determined fiom each subjects trial data), The statistical analysis utilized the mean 

ofeach group (i.e. al1 12 CV estimates are group means). 

The distance sets were: 

Short (S) = 200,400,600,800 metres 

Medium (M) = 400,600,800, 1000 metres 

Long (L) = 600,800,1000, 1200 metres 

A11 Distances (AD) = 200,400,600,800, 1000, 1200 metres 

The 3 mathematical models were: 

Model 1) Linear distance-time model as proposed by McDowell, Kenney, Hughes, Housh, & 

Johnson (1988).This model relies on the inherent principle that a Iine of best fit through a senes of data 

points will continue to be linear beyond the area covered by the plotted points. Mathematically, the CV 

estirnate was caIculated using the equation: 

d = CV(t) + AWC 

d = the dependent variable of distance ( rnetres ) 

t = the independent or maniputated variable of time (seconds ) 

CV = the dope of the relationship between distance and time or Critical Velocity ( m d )  

AWC = the y-intercept or the Anaerobic Work Capacity (metres) 



Model 2) Linear velocity-Iltirne mode1 was proposed by Huphson, Orok, & Staudt (1984). It 

involves the plot of velocity and the fractional component of time (Mime) to gives values which are 

sensitive to longer triais used in Critical Velocity determination. The equation is: 

v = velocity at which each trial was completed (m.?) 

t = time to complete each trial (seconds) 

AWC = dope of the relationship indicating Anaerobic Work Capacity (metres) 

CV = y-intercept (Critical Velocity) of the relationship between veIocity and Mirne (m-si) 

Model 3) The nonlinear velocity-the mode1 was initially proposed by Moritani. Nagata, deVries. 

& Muro (198 1) and later modified by Pepper, Housh, & Johnson (1992) to fit distance and time 

parameters. 

t = tirne to complete each trial (seconds) 

v = velocity at which each triai was completed (m-sl) 

AWC = slope of the relationship between velocity and time indicating Anaerobic Work Capacity 

(metres) 

CV = the power asymptote or y-intercept (Critical Velocity) based on the relationship of time to fatigue at 

each trial and the velocity at which the trial was completed (m-9)  

Determination of Aerobic Fitnes Parameters: 

Prior to any of the al1 subjects were required to undergo a combined incremental ventilation 

threshold -COL) and maximal oxygen consumption test to volitional exhaustion on a Concept II 

Mode1 C rowing ergorneter. Maximal oxygen consumption was determined by a) a peak or plateau in 

oxygen consumption, b) an RER> 1.1, c) volitional exhaustion (Thoden, as cited in MacdougaIl et al, 

199 1). A11 subjects wore a heart rate monitor (Polar Electro Heart Rate Monitors) set to measure heart rate 

every 5 seconds. VentiIatory and gas exchange parameters were averaged every 15 seconds (SensorMedics 

Horizon Metabolic cart) using open circuit spirometry. Calibration of the metaboiic cart was done with 

known concentations of oxygen and carbon dioxide prior to and after each test. The protocol started with 

an initial power output of IO0 watts followed by a 50 Watt increase every 2 minutes until an RER of 



approximately 1.05 was reached ar which point the subjects were insmcted to provide an dl-out effort 

until volitional exhaustion. The testing for d l  subjects was spaced a minimum of hvo days prior to the 

initial CV trial. No increase in training volume or intensity above normal levels was allowed during the 

study. 

Data Analvsis: 

A one way ANOVA was used to analyse any differences in CV estimates derived by the 3 

different models u t i lmg al1 the trials distances. A two way ANOVA ( 5  x 3) determined main effects for 

models ( 3 models) and trial sets (S, M, L) as well as interaction effects between the 9 different CV values. 

A one way ANOVA was run to determine any statistical differences bebveen 2000 metre velocity and CV 

determined using the twelve different methods. A Newman Keuls post hoc test was used for any multiple 

comparisons. Stepwise multiple regression was used to determine the degree of variability accounted for by 

maximal oxygen conswnption and the most accurate CV value for prediction of 2000 metre velocity. 

Although Anaerobic Work Capacity values were generated they were not examined in this study. An 

alpha Ievel of p < 0.05 was preset. AI1 statistical analysis and CV determination were done with SPSS 

software (Statistical Package for Social Sciences, Version 6.1). 

Prediction of 2000 metre velocity was most accurate using the Iinear distance-time model (M 1) 

and al1 6 trial distances (AD) (actual 2000 m velocity = 4.9 (* 0.2) rn-s-'; AD(M 1 ) velocity = 4.9 (* 0.2) 

m-9) .  A difference was seen between mode1 3 (M3) and model 1 (Ml) (p<0.05) as well as model 2 ( M 2 )  

(p<O.OS) when AD were utilized. Analysis of the 2 way ANOVA provided the following results: a) main 

effect for distance (p<O.OS); b) a significant mode1 x distance interaction effect; c) multiple comparisons 

revealed the following interactions were not significant: M3(L) and MI or M2 (L), M3 (L) and M3 (M), 

M3(M) and M 1 or M2 (L), M2 (M or t) and M 1 (M or L) (p>0.05) (Figure 3- 1). Seven CV estimates were 

not significantly different than 2000 metre velocity (p>0.05) including: M I(AD), MI(M), M2(M), M2(L), 

M3(S), M3(M), M3(L) (Table 3-3). The CV value with the srnallest absolute difference (M 1, AD) 

accounted for Rz = 0.948, pC0.05 of the total variance associated with predicting 2000 metre velocity. 

Addition of ~0~ max (lmin-') to CV produced an K = 0.962. pc0.05. Table 3-4 provides a correlation 

matrix of Pearson r values summarizing the significant correlations between CV, 2000m velocity and 

seiected physiological variables. 



Discussion 

Critical Velocity calculated using model 1 and al1 trial distances provided the most accurate 

prediction of actual2000 m velocity (refbting the hypotheses) and accounted for approximately 95% 

(RZ = 0.948, p<0.05) of the variability associated with the prediction of 2000 rnetre velocity. Addition of 

b, max (Imh-l) to the CV estirnate provided an Rz= 0.962, p<0.05. It was hypothesized that V O ~  max 

would be the better predictor of 2000 metre rowing performance than CV. The strength of the relationship 

between VO, max (lmin-') and 2000m velocity is similar (r = 0.905) to the relationship between CV and 

2000 m velocity (r = 0.974). It is important to note that maximal oxygen consumption (absolute) is a good 

indicator of rowing performance as shown by the results. 

There was a main effect for distance (supporting the hypothesis) but not for CV model, although 

the interaction of model and distance results indicated that the type of model still may have had an effect 

on the outcornes of the CV parameters. The analysis of CV models (with al1 distances) provided a 

significant difference between the nonlinear mode1 and the two linear models. It was hypothesized that 

type of rnodel would be a factor in the determination of the CV estimate when ail distances were utilized. 

Lastly it is important to note that the nonlinear mode1 produced the two most conservative estimates (AD & 

L) both at 4.7 m-s-' . 
A bias seemed to exist with the CV estimates produced by the nonlinear model in regard to the 

interaction effect, conservativeness of the CV values and accuracy for the prediction of 2000 metre 

velocity. The interaction effect of other model and distarice combinations with the nonlinear rnodel was 

primarily limited to the short trials of the nonlinear model. Each model (1,2, or 3) had interactions occur 

between different trial lengths within the same model except the nonlinear model which had no interaction 

between medium and long trials (Le. M3 {M) * M3 (L)). As wel1 analysis determined that the medium 

and long distances within model 3 were not significantly influenced by long trials in either model 1 or 

mode1 2 (see Figure 3-1). This would indicate that the nonlinear mode1 had inherent external (not 

influenced by other model-distance combinations as much as model 1 or 2) and intemal validity (there was 

no interaction between model 3 (long) and model 3 (medium)). Hili, Smith, Leuschel, Chasteen, & Miller 

(19951, stated that there was no main effect for regression mode1 (same mathematical models as this 

investigation) but that there was a significant difference between the linear models and the nonlinear model 

at 2 of the 3 different cadence methodologies (similar to the distance variable in this investigation) utilized 

in their study. Our results found a main effect for distance but not for mode1 as well, which lends support 

to the nonlinear models ability to provide accurate estimates regardless of the set of distances used (the 

exception being model 3 and al1 distances which provided a significantly different estimate From 2000 

metre velocity). It is worthy to note that the Hill et al. (1995) investigation found the nonlinear estimates to 



be the most conservative regardless of the cadence methodology used. Gaesser, Carnevale, Garfinkel. 

Walter, & Womack (1995) asserted that the nonlinear model (3 parameter or 2 parameter) produced the 

most conservative CP estimate and that nonlinear regression provided the best goodness of fit for the trial 

data. The same nonlinear mode1 used in the Hill et al. and Gaesser et al. (1995) investigations produced 

estimates for short, medium, and long distances which were not significantly different from 2000 metre 

velocity in this research Ïnvestigation. Therefore supporting previous research, this investigation found the 

application of the nontinear model to "CV estimation" does not diminish its ability to provide the most 

conservative, stable and accurate CV estimate. 

Numerous research investigations have utilized 4 trials (Carnevale & Gaesser, 199 1 ; Florence & 

Weir, 1997; Housh, Housh, & Bauge, 1990) or less than 4 üials (Bishop & Jenkins, 1996; Clingeleffer, Mc 

Naughton, & Davoren, 1994) to determine CV or CP estimates. The use of 6 trials in our investigation was 

necessary for 2 reasons; to determine whether 6 data points improved the accuracy of the prediction as well 

as it allowed for the trials to be manipulated h to  different length sets (short, medium & long). This allowed 

an analysis to be made as to the effect of different trial lengths on the CV estirnate. In defence of the 6 trial 

methodology, model 1 in conjunction with al1 6 trials did provide the most accurate prediction of 2000 

metre velocity. Analysis of the trials in the different length sets (S, M, L), determined that medium set of 

distances (400,600,800, 1000m) with either mode1 1,2, or 3 provided estirnates with no significant 

difference from actuaI2000 metre velocity. The medium combination of distances on the basis of accuracy 

\vas therefore found to be the best set of distances for prediction of 2000 metre veiocity. It is important to 

note that the addition of the 2 extra data points (to form the al1 distance set) did not improve the overall 

accuracy of al1 distances versus medium distances to predict 2000 metre vetocity. Therefore the results 

indicate that the medium distance set and the nonlinear model are preferred. 

Nonlinear models are preferred but may not be the best model to use fiom a sport performance 

perspective. If the critical velocity concept is to take hold in the coaching and sport performance testing 

areas the process by which the CV estirnate is derived must be accurate but simple to create. Nonlinear 

rnodelling requires estimates to be performed on a computer equipped with a statistical package capable of 

performing nonlinear regression as well as a coach or tester who is farniliar with nonlinear regression. AI1 

of this adds to the impracticality of utilizing the nonlinear model in non research oriented applications of 

critical velocity. The present research fin& the linear Iltirne model and the linear distance time models 

produced similar estimates to the nonlinear mode1 when the medium set of distance was used (Table 3-3). 

If accuracy is not compromised the linear regression models are certainly more pnctical to the coach in a 

field testing situation (i.e. a calculator and detailed instructions would suRce in producing the CV 

estimate). 



Conclusions 

Results indicated that the preferred CV mode1 and distance set overalt in simulated rowing is the 

medium distance (regardless of the model used) and the nonlinear model (regardless of the distance used). 

As weii both CV and maximal oxygen consumption provide similarty significant correlations to 2000 rn 

velocity. From a research perspective the non linear model has the most inherent validity but, the nonlinear 

model lacks practicality in the sport performance are& Therefore the linear models are suggested as a 

similarly accurate option to nonlinear regression. Future steps in validation of CV estimation for predictive 

purposes include the reiiability of CV estimates based on single tests at each tria1 distance and application 

of these findhgs to open water rowing. 
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Table 3-1: Subiect characteristics 

22.7 * 3.9 186.2 k 6.5 83.7 * 8.4 5.01 * 0.50 59.9 * 6.1 2.42 * 0.43 3.58 * 0.66 

Values are means * S.D. (N = 16) 

Table 3-2: Ex~erimentai desim 

Table 3-3: Corngarison of ail critical velocitv estimates to actual2OOO metre velocity 

SHORT TRIALS 

MEDIUM TRIALS 

LONG TRIALS 

ALL DISTANCES 

AI1 Distance 

MODEL 1 

CV1 

CV4 

CV7 

CVIO 

Mode1 1 

Mode12 

Mode13 

MODEL 2 

CV2 

CV5 

CV8 

CVl 1 

Note: Actual2000 metre velocity = 4.9 rn-s*' 
* denotes no significant difference between 2000 metre velocity and CV estimate 

Short Distance 

5.1 * 0.2 m-s-' 

5.3 k 0.2 m-s-' 

*5.0 * 0.3 m-s-' 

MODEL 3 

CV3 

CV6 

CV9 

CV12 

Medium Distance 

*4.9 k 0.3 mas-' 

*5.0 0.3 m d  

*4.8 0.2 m-s-1 

Long Distance 

4.8 * 0.3 m-s-' 

*4.8 0.3 mes-' 

*4.7 * 0.2 rn-s-' 



Table 3-4: Correlation matrix for critical velocitv, 2000 m velocitv and selected ~hvsiolo~ical 

variables 

Critical velocity Maximal oxygen Maximal oxygen 

Critical velocity 

Maximal oxygen 

consurnption (a bs) 

Maximal oxygen 

consumption (tel) 

Values are Pearson product moment coefficient of correlation 

consumption (absl 

*0.905 

2000 m velocity 

- SHORT - - MEDIUM - - -  - - LONG 

consumption (rel) 

*0.6 1 1 

*0.905 

*0.6 1 1 

-- 

2000 m 

velocity 

*0.974 

Faint dashcd lines = not significant interactions 

0.5 1 1 

* O S  1 1 

*0.932 *OS04 



CHAPTER 4 

GENERAL DISCUSSION AND CONCLUSIONS 

Hv~otheses And Results: 

The investigation had two major purposes; to validate different models and distance of trials used 

in the CV fùnction for simulated rowing performance and to determine the most accurate model-distance 

combination for prediction of 2000 metre velocity in simulated rowing. The experimental design included: 

1) analysing the CV estirnates created by al1 distances using the 3 mathematical CV models to determine 

the effect that the model had on the CV parameters independent of the distance variable. 

2) caicuiate the main and interaction effects between CV model and distance (S, M, L with M I ,  M 2 ,  M3). 

3) identification of which CV estimates were not statistically different frorn actual2000 metre velocity. 

4) defme the relationship between the most accurate CV estimate, maximal oxygen consumption and actual 

2000 metre velocity. 

The hypotheses for the different questions ùicluded in order: 

1) Al1 models would produce significantly different values. 

2) There would be main effects for models and trials and a significant interaction effect would occur. 

3) The most accurate model-distance combination would be long trial and model 2 (Iinear velocity- lltime). 

4) Maximal oxygen consumption would be the best predictor of 2000 metre velocity. 

For validation purposes it was important to detennine whether different models gave significantly 

different estimates. The nonlinear rnodel provided a significantly different value compared to both the 

linear models as well as the most conservative CV estimate (4.7 r n d  versus 4.9 m-s-' (M 1) & (M2) 5.1 

m d ) .  The significant difference between CV models implies that the choice of CV model has an effect on 

the estimation of performance. Previous research has utilized only one model (Bulbulian, Wilcox, & 

Darabos, 1986; Carnevale & Gaesser, 199 1; Florence & Weir, 1997; Housh, Housh, & Bauge, 1989; 

Pepper, Housh, & Johnson, 1992). Few articles have purposefuily cornpared different models in an attempt 

to validate CV or CP estimates (Gaesser, Carnevale, Garfinkel, Walter, & Womack, 1995; HiIl, Smith, 

Leuschel, Chasteen, & Miller, 1995; Hopkins, Edmond, Hamilton, MacFarlane, & Ross, 1989). Future 

research should utilize different models to elicit the CV estimates in the experimental design, ensuring the 

most accurate prediction of the target performance. Contrary to the present results, the hypothesis stated 



that there would be significant differences beween al1 models. However, there was no difference between 

the linear modeis. Possible w o n s  for this finding rnay be that models utilized the same basic distance and 

t h e  values in a Iinear fashion. The difference is that the velocity -Iltirne model hctionalizes both tirne 

and distance to produce its working x and y coordinates (y = distancekirne or (velocity) & x = Iltime (see 

Appendix C)- As well, the sarne 6 distances were used in the models, therefore the distance variable had 

Iittle influence on the outcome of the CV estirnate (Le. Iinear velocity - litime rnodel is particularly 

sensitive to changes in distance), Further analysis of the results determined that model 1 and model 2 both 

have 2 CV estimates which are not significantly different fiom 2000 metre velocity . ïherefore it is 

dificuit to differentiate between the 2 Iinear models on a statistical level. It is therefore important to look at 

the individual differences between the 2 modeis before a conclusion may be drawn as to which linear 

modei is preferred. The Iinear distance-the rnodel produces the single best estimate of 2000 metre velocity 

(with al1 distances) but the linear velocity-Iltirne provided its 2 best estirnates from distance sets that are 

shorter in tength (medium and long distance sets) than the Iinear distance-time model. From a practical 

perspective, accurate estimates based on shorter trials is more important thm a CV estimate with perfect 

accuracy. It is important to note that the linear distance-tirne model also utilized al1 6 trials to form the most 

accurate estimate versus the velocity- Iltime model which used 4 data points. Therefore the linear distance- 

lltirne model was the bener linear model because it provided accurate estimates with shorter trials. 

lt was also hypothesized that both distance and mode1 would have a main effect. The results 

indicate a main effect for distance but not for model. There were numerous interactions between model and 

distance which did support the hypothesis that an interaction between CV mode1 and distance set would 

occur. The observed interaction effects provide valuable information as to what model and distance 

combinations were most robust (Le. influenced the least by other CV model-distance combinations). These 

interactions are summarized in Appendix A. The results of the wo way ANOVA illustrate that of the 72 

possible interactions only 7 were not significant. These 7 not significant interactions are the important dues 

to the CV model-distance set relationship. Most important is the fact that medium or long distance sets 

were involved in al1 of the interactions which were not significant. A surnrnary of not significant 

interactions is provided in Table 4- 1. Therefore from a methodoIogica1 perspective, because it was 

detemined that the shorter duration medium trials provide similarly robust estimates as the long trials, 

the medium trials would be preferred for two reasons: less time required to perform the triais and reduced 

fatigue fiom perfoning each triol. 

The analysis of 2000 metre veiocity and the 12 CV estimates as well produced some corroborating 

evidence to support medium distance sets. The one way ANOVA for 2000 metre velocity and CV 

estirnates produced 7 CV's that were similar (refer to Table 3-3). Medium distances in conjunction with 

each of the 3 models were not significantly different fiom 2000 metre velocity. Critical Velocity 



methodology relies on the premise that the trials used to form the parameter estimate are short and not 

associated with excessive fatigue. The shorter the trial, the lower the residual fatigue the athlete 

experiences and consequently the medium trials should be endorsed as the better set of distances. tt was 

hypothesüed that model 2 (L) would be the most accurate parameter but the CV estirnate with the smallest 

difference was Mode1 1 (AD) when compared to actual2000 metre velocity (0.0 16 m s l  for Model 1 (AD) 

with Model 2(M) differing by 0.0 19 rn4).  The medium distance in this instance utilized 2 Iess trials to 

form the estimate (than AD) and still produced an extremely accurate value (Le. 0.003 difference between 

M2(M) and the most accurate CV estimate MI(L)). 

The CV model that most accurately predicted 2000 metre velocity was Model 3, which produced 

3 estimates (S, M, L) that were not significantly different fiom 2000 metre velocity. The best mode1 overall 

fiom an accuracy standpoint was model 3. Model 1 and mode1 2 both had 2 CV estimates that were not 

significantly different 6om 2000 metre velocity. Therefore, the most accurate predictor of 2000 rnetre 

velocity was achieved with the nonlinear model and medium distance- Despite this fmding, the practicality 

of this combination can be questioned for a variety of reasons. If the present CV theories are to be 

continually applied to real world sport perfonance settings the nonlinear model would not be the chosen 

CV model. As previously mentioned, a nonlinear CV model requises extensive calculation and data 

analysis to produce an asymptote value based on the plot of velocity versus tirne. The majority of coaches, 

athletes and applied exercise physiologists wouid not have access to such a program in a field setting. 

Therefore, the nonlinear CV model would not be practicai. The Iinear models on the other hand may be 

computed with a calculator and drawn on graph paper. The medium distance set for this investigation 

utilized 4 data points al1 rowed at maximal effort (400, 600, 800, and IO00 metres). This distance set had 

mean t h e s  ranging from 69.4 * 2.8 s (400m) to 192.4 9.7 s (1000m). Critical velocity estimation 

requires an "si1 out effort" to increase the reliability of the testing procedure. If the CV estirnates are used 

to gauge or monitor performance over a penod of tirne, and multiple trials by an individual are being 

performed at each distance then the reproducibility of the trial is an important issue. The best way to 

standardize the intensity of each trial over a period of tirne is to have the athlete perform them at maximal 

intensity. Anecdotaily it was reported by a nwnber of subjects that the ability to perform maxirnally at 

distances greater than 1000 metres (3 minutes) was difficult. Therefore, a pacing strategy was required by 

the subjects to produce the best time for the longer trials distances. This would indicate that the 1000 m 

distance may be too long to provide reliable data for the formation of the CV estimate. The medium 

distances (400,600, and 800 metres) may prove to be more reliable and not as demanding on the subjects. 

The elimination of one data point fiom a non linear model may skew the line of best fit and contribute to 

standard error (Morton & Hodgson, 1996). Linear models will produce different parameter estimates than a 

nonlinear model on the basis of how the data is calculated in each respective model as stated by 



Colquhoun ( cited in Gaesser, Carnevale, G&nkeI, Walter, & Womack, 1995). Clingeleffer, Mc 

Naughton, & Davoren (1994) found that 2 data points gave similarly accunte CV estimates as 4 data 

points with a linear distance-tirne model. Previous research (Gaesser et al., 1995) indicates that if a linear 

model is used for practical reasons and 3 data points are used to fonn that estimate, then the linear models 

should give a more accurate CV estimate than the mathematically equivalent nonlinear rnodel . Therefore it 

is the contention of the author that in applied physiology, CV estimation for rowing should utilize 3 

distances ranging in time fiom 1 minute to 2.5 minutes plotted with a linear model. 

There are significant and similar correlations between 2000 m velocity and both maximal oxygen 

conswnption (absolute) and CV. Therefore it is dificult to distinguish whether or  not maximal oxygen 

consumption or CV is the better predictor of rowing performance. The hypotheses purponed that maximal 

oxygen consurnption wouId be the best predictor, and this was not supported by the results- CV estimation 

does not require the laboratory tirne or equipment that aerobic fitness testing does. As well CV estimation 

may be easily arranged in a training schedule and couid potentially be used as a tool to indicate changes in 

performance over a training period. 

Critical Velocity Theorv and Aaolications: 

Since the fust published report on cntical power, there have been a few basic premises which al1 

researchers have utilized as wel1 as questioned. The idea that Our muscular fùnction may be linked to a 

critical intensity which if surpassed provides only a finite amount of energy for muscular work has been the 

ba i s  for al1 critical power and critical velocity investigations (Montani, Nagata, deVries, & Muro, 198 1). 

Whether this ideal is manipulated for other purposes induding prediction of performance times (velocity), 

monitoring of training progress or a marker of performance, the basic similarities ail1 exist. Most research 

has occurred in closed envùonments with consistent conditions (Hill, 1996; Overend, Cunningham, 

Paterson, & Smith, 1992; Smith & Hill, 1993). The application of critical velocity to outdoor sports has 

met with some success for running (Kranenburg & Smith, 1994; McDermott, Forbes, & Hill, 1993) and for 

triathlons (Zqski ,  Smith, & Wiley, 1994). The multi event sport of triathlons is comprised of swirnming, 

cycling and running legs, therefore in essence CV estimation has been used in swirnming and cycling as 

well. Such research lends support to the application of CV concepts to open water rowing. 

The application of CV theory to open water rowing is best suited to the individual rowing events. 

A proposed method to determine CV parameter estimates for open water rowing would include performing 

the CV triaIs indoors on a rowing machine. The estimate could then be applied to the open water 

considering that the shells would need to be equipped with a speedometer reporting a constant average 

velocity (Speedcoach Inc.), allowing the predetennined CV estimate to be adhered to. In theory, maximal 



average velocity would be attained based on the athlete's fitness at the t h e  of the race. It is important to 

remember that due to the maximal effort Uivolved in CV trials the elite athlete is best suited to this type of 

testing. 

Critical velocity theory may also be used as a method to quanti@ (CV could detenine the amount 

of work done) and regulate intensity (train at a specified velocity) in training prograrns. The popular heart 

rate training method (where athletes train at predetermined heart rates for their workouts) is based on the 

single physiological variable, hem rate. Heart rate is subject to variability fiom rnany factors not related to 

fitness or performance. The CV concept is based on performance (a product of fitness, technique. 

psychology, emotional well being) allowing the intensity to be based on the performance of the individual 

and not a singular physiological parameter such as hem rate. 

Due its performance based attributes CV rnaybe better suited to tearn camps and tearn selection 

than other more traditional methods of determining performance (for example: maximal oxygen 

consumption). CV theory utilizes al1 aspects of the athiete's ability therefore the CV value could provide a 

m e r  perspective and a more accurate standard as to how each athlete is performing. 

Condusions: 

The present investigation has provided both descriptive and empirical data about simulated rowing 

performance and the concept of critical velocity. Prediction of rowing velocity over 2000 metres was best 

predicted using a nonlinear mode1 and a set of distances in the 400 - 1000 metre range. A set of 3 trials 

frorn 400 - 800 metres in conjunction with a linear CV mode1 is recommended for previously mentioned 

reasons. Knowledge and use of CV in rowing would be useful for pacing strategy in simulated rowing, 

monitoring of fitness changes and as a method to quanti@ training volume. 

Future Directions and Comaarisons: 

The appIication of CV theory has been used in swimming (Hill, Steward, & Lane, 1995; 

Wakayoshi et al., 1992) and could be potentially well used in the sports of speed skating, track and field, 

track cycling, and rowing. CV can also provide a rnethod for quantification of training volume. The sport 

of road cycling could benefit fiom this application. Serious road cycling requires a great tirne cornmitment 

and the tendency for cyclists to do too much or too Iittle training can be a factor in the success of the 

athlete. Most long rides (4 hours or greater) are conducted at very low heart rates with the independent 

variable as time. The dependent variable, distance is a product of the intensity at which the athlete cycles 



and can be regulated by heart rate. The advent of on-board cycle cornputers equipped with watts now 

alIows the cyclist to view their power output (critical power). The velocity of a cyclist can be regulated by 

the arnount of muscular work involved in tuming the pedal cranks which in turn rotates the wheel. Velocity 

can change greatly when a hill or a headwind is experienced. The velocity drops and the cyclists m u t  

apply a greater force on the pedals to maintain the average velocity. This extra expenditure of energy leads 

to fluctuations in heart rate and the rider eventually becomes more fatigued than if he had not tried to 

maintain his velocity. If CP were used instead of velocity to regulate intensity, when a stressor like a hi11 is 

experienced the work output can be maintained at a constant rate because the energy production is being 

regulated not the product of the work (velocity). This would allow cyclists to predetermine their energy 

expenditure for a workout and provide extremeiy accurate training data (quantified by the athletes energy 

output). This CP application could be applied to rowing as well, especially in the off-season where 

Canadian rowers irain on rowing machines equipped with power output. 

Our results are sirnilar to other research investigation when the purpose of the study was 

prediction of a performance time or velocity. Over 10,000 metres running there was no significant 

difference between race speed and the CV estimate (Kranenburg & Smith, 1994) or ptedicted race time 

(minutes) and the CV estimate (McDermott, Forbes, & Hill, 1993). Zaryski, Smith, & Wiley (1994) found 

CV underestimated the event speed for swirnming but overestimated CV as it related to the cycling and 

running legs of an Olympic distance triathlon. Our investigation found 5 CV estimates overestimated actual 

velocity over 2000 m, 5 CV estimates underestirnated actual veiocity over 2000 m, and 2 CV estirnates 

provided the same vetocity as 2000 m velocity. 
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Table 4-1 : Not sipnificant interactions for tnodel-distance combinations 

Mode1 1 (M) 

Model 1 (L) 

Mode12 (L) 

Mode1 3 (M) 

Mode1 2 

(Ml 
* 

Mode1 2 

(L) 

Mode1 3 

(Ml 

* 

Mode13 

(L) 

* 

* 

* 



APPENDIX A 

INTERACTlONS FOR MODEL AND DISTANCE 

Shaded Cells = p>0.05 



The purposc of ihis appcndix was to summarizc thc ventilaiion rhresliold data obtaincd from thc combincd ventilation thrcsliold/inaximal oxygcn consuinpiion tea. The 

rationalc for doing ihis is ihat ventilation thrcsholds have becn s h o w  to be highly rclaied Io pcrfomancc in cndurancc cvcnu (MacDougall ct al., 1977). Threshold I 

was dctcrmincd as thc lowest point using the vcntilaiory cquivalcni for oxygcn consumption (VflOt ) vcrsus powcr output rclationship that corrcspondcd widr ihc 

lowest point for F,O,, Thrcshold 2 was dcicrmined as thc lowest poini for the vcntilaiory cquivalcnt for carbon dioxidc production (VflO* ) vcrsus powcr output 

rclotionship that corrcspondcd to the highcst poini for F&O, (Bharnbhani and Singh, 1985). Dctailcd mcthodology for rhc cxcrcisc protocol has becn prcviously 

cxpaincd in ihc thcsis. This information will bc ustd to invcstigatc funhcr rclaiionships betwccn critical velocity parameten, maximal oxygen consumption and 

pcdormancc during a sirnulaicd 2000 mcicr indoor rowing racc. 

Bhambhani, Y & Singh, M. (1985). Vcntilatory thrcshold during a gradcd cxcrcisc icsi. Rcspiraiion, 47, 120- 128. 

MacDougsll, D. (1977). Thc anacrobic thrcshold: Its significancc for ihc cndurancc athlctc. Canadian Journal of Applicd Spori Scicnce, 2, 137-140. 



APPENDIX C 

CRITICAL VELOCITY DETERMTNATION lALL SUBJECTS) 

( Distance (m) 

*Mode1 1 as an example has the derived equation determined from al1 distances. 

33.3 69.4 108.6 149.3 192.4 234.6 
Time (s) 

Model 1: Linear Distance-Time 



CV = (y-intercept) 

iModel2: Linear VeIocitv-I/Time 

Time (s) 

Model3: Non Linear Velocitv-Time 



APPENDIX D 

*Informed consent aoaroved bv the Facultv of Phvsical Education and Recreation 

Ethics Review Cornmittee 



A Cornparison of Critical Velocity Estimates to Actual Velocities for Prediction of Simulated Rowing 

Performance 

Investigators: 

Michael Kennedy 465-9384 Faculty of Physical Education and Rcfteation 
Gordon Bell 492-20 18 Faculty of  Physical Education and Remarion 

INFORMED CONSENT FOR EXERCISE TESTING AND TRAiNiNG 
1, (Please print your name) agree to participate in a research project conducted by the 

above named investigators studying the nature of critical velocity in rowing. 1 agree to participate in the exercise 
testing procedures to the best of my ability. I understand that 1 may withdraw from the study at any time without 
reason, or discontinue any test procedure without any consequence. f also understand that the staf f  conducting the test 
will discontinue any procedures if any indications of abnomai responses become apparent. 1 understand that prior to 
pert'orming any test Iisted below 1 will have the opportunity to question and discuss the exact procedures to be 
followed. 

Phvsiolocical Assessments: 
1. Anthropomeuy - meanirement of height and weight. 
7 -. Ventilation Threshold (VT) and VO, max - a continuous 12 minute exercise test of increasing intensity to 

exhaution on a rowing machine while monitoring metabolic responses and h m  rate. 
3. Simulated rowing races of randomIy assigned distances 200,400,600.800. 1000 and 1200 m e m  (as well 

as a 2000 metre time triai) to determine time (seconds) for each trial rowed - splits (/500 rnetres)and strokc 
rate will be measured during each test 
Testing will occur on different days and the distance of the of the simulated n c e  will be randornly assigned 
and will involve 7 separate visits for the rowers that will Vary in time pcr visit depending on the test. 

Time Cornmitment: 
Testing will occur within a 3 week period and will involve 7 separate visits to perform the rowing trials. As 
well the subjects will ail perform the VT and VO, ma. on a separate day from the rowing trials. A 
conservative estimate for al1 testing and rowing triais would be 6-10 hours. A minimum of 24 hours between 
visits would be required behveen visits to perforrn any of the trials. 

Risùs: - 
The exercise tests will require maximal physical and mental effon However. the effort required will not be 
greater than that experienced during sport performance. They represent Iittle risk to healthy, active 
individuais involved in spon. 

Consent: 
1 acknowledge that I have read this fonn and 1 understand the test procedutes to be performed and the 
inherent risks and benefits involved from the participation in this project. 1 consent to participate 
understanding that 1 may withdraw at any time. 1 may expect a copy of this consent form at the time of 
signature and a report of my personal resutts &et the study is complete and that the data collected wili be 
used in a research publication and wilf aiways remain in possession of the investigator to ensure 
conîïdentiaiity and anonymity. I also understand that 1 may make enquires concerning any procedure 
that 1 do not completely understand. 

Name: Signature: 

Address: Date: 

- - - - - - - - - - - - - - - - 

Postal Code: Phone: Age: 

W i mess: Investigator: 




