
Journal of Human Movement Studies. 1995, 29: 15-34 

 
OPTIMAL AND NON-OPTIMAL DEMAND IN A DUAL TASK OF PEDALLING AND 

SIMPLE REACTION TIME:  
EFFECTS ON ENERGY EXPENDITURE AND COGNITIVE PERFORMANCE. 

J. BRISSWALTER*, M. DURAND**, D. DELIGNIERES** AND P. LEGROS* 

* University of Poitiers, France 
** University of Montpellier I, France 

 
 

SUMMARY 
 
The aim of this dual task paradigm study was to measure the effect of varying pedal rates matched 
for aerobic power output on energy expenditure and cognitive performance. The primary task was 
pedalling on a cycloergometer at an intensity of 50% Pmax; the secondary task was a probe simple 
reaction task (RT). Ten adults with a mean age of 28 years (SD =2 years) were observed over a 
three-phase procedure across 8 days. In phase 1, max and Pmax were measured; in phase 2, V02 
was assessed at 50% Pmax for six imposed pedaling rates (30, 40, 50, 60, 70 and 80 rpm) and at a 
freely chosen rate. ln phase 3, RT and the number of anticipated responses were assessed both at 
rest and under exercise conditions identical to those of phase 2. The results showed that both V02 
and heart rate differed across the pedal frequencies despite matching to provide equal power outputs 
(P<0.025). When V02 and heart rate were plotted against pedal rate. Each curve could best be 
described by a parabolic equation and an physiologically optimal point was found for 50rpm. The 
mean values of V02 observed for the freely chosen rate were not significantly different from those 
observed for the optimal pedal rate (33.1 vs 32.4 ml kg-1min-1, P >0.05). When compared to the 
resting condition. RT and the number of anticipated responses increased during exercise; this 
increase was less marked at the optimal pedaling rate. The RT were identical for the freely-chosen 
rate and the optimal rate (228 vs 220 msec P>0.05). Although the percentage of anticipated 
responses was higher for the freely chosen rate. The regression between energy expenditure and RT 
was very high (r = 0.79. P<0.01). The present study confirms the existence of a physiological 
optimal pedalling rate for a constant power output on cycloergometer. But the most significant 
finding in this investigation was the strong positive relationship between VO2 and RT performance. 
These results are discussed in terms of the general concept of optimization. Focusing particularly on 
the attentional demands of pedalling at different rates.  
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INTRODUCTION  
 
The interactions between energetics and cognitive processes are generally studied using a dual task 
paradigm. The subject simultaneously performs a mechanical work task and a controlled and/or 
varying intensity cognitive task which is evaluated by a measure ofreaction time (Delignières et al. 
1994; Durand et al. 1991; Legros et al, 1992; Levitt and Gutin. 1971 ; Pass and Adams. 1991; 
Salmela and Ndoye. 1986; Sjoberg. 1980). Sensory or perceptual thresholds (Fleury and Bard. 
1981; Fleury et al. 1981 b; McGlynn et al. 1979). Timing errors (Bard and Fleury. 1978; Fleury and 
Bard. 1981; Fleury et al. 1981 a). Short term memory recall (Davey. 1973; Fleury and Bard. 1987; 
Tomporowski et al. 1985), and problem solving or mental calculation performances (Gutin and di 
Gennaro. 1968; Lacour et al. 1988).  
 
To date, the results of all these studies have been highly inconsistent. Although the reasons are 
many, one major contributing factor has been the lack of consistency in the methods chosen by the 
difterent investigators (Fleury and Bard. 1987; Tomporowski and Ellis. 1986). Firstly, the cognitive 
tasks employed have diftered widely in their demands. Some tasks measured general intellectual 
process, which may be influenced by several factors such as previous experience, knowledge or 
learning. Others, as mental chronometry may be sensitive to specific types of information 
processing. Second I y different types of exercise procedures have been used without examining 
their real effect on energy expenditure. Moreover, the interpretations and the variables advanced to 
explain the results are quite diverse: with performance effects. or their absence being explained 
(often a posteriori) by the action of an intermediary factor influenced by the physical exercise. The 
intermediary factor has been variously proposed to be the level of nervous system activation ( 
Davey. 1973; Legros et al. 1992; Salmela and Doyle. 1986),. blood acidosis or the accumulation of 
metabolic wastes and/or the involvement of the different metabolic systems (Fleury and Bard. 1981; 
1987). strategi changes on the part of the subject (Durand et al. 1991) or modification in humoral 
functioning (Brisswalter et al. 1994; Lacour et al, 1988).  
 
It is too early to expect methodological and theoretical unity in this research sector, which is 
essentially interdisciplinary. We believe that it is instead necessary to continue to accumu1ate 
results by varying the different experimental conditions and procedures. This study therefore, 
belongs to the category of research concerning optimization mechanisms (Cavanagh and Kram, 
1985; Durand, 1992a; 1992b; Sparrow, 1983). The existence of these mechanisms in tasks requiring 
the use of cyclical skills has been well documented. Investigators have notably demonstrated the 
existence of an optimal walking speed (Zatsiorsky et al, 1994), an optimal ratio between the length 
and rate of stride in bath walking (Cavagna and Kaneko, 1977; Zatsiorsky et al, 1994) and running 
(Cavanagh and Williams, 1982; Kaneko et al, 1987), as well as an optimal pedalling rate on bicycle 
(Coast and Welch, 1985; Coast et al, 1986; Gregor et al, 1991; Hagberg et al, 1981; Marsh and 
Martin, 1993). When the task instructions are such that subject responses correspond to optimal 
functioning, we speak of an optimal demand (Durand, 1992a). When the constraints of the task 
result in a different level of functioning, we speak of a non-optimal demand (Durand, 1992b).  
 
Research also indicates the subject's ability to identify this level of optimal demand with great 
precision when the task is familiar: he or she would adopt an optimal response modality (i.e the less 
energy cost) when free to choose walking speed (Inmann et al, 1981; Zatsiorsky et al, 1994 ), the 
stride length or rate (Cavanagh and Williams. 1982. Zatsiorsky et al. 1994), and the rate of 
pedalling (Gregor et al. 1991).  
 
Although the nature of the mechanisms responsible for these optimal adaptations is the subject of 
much debate (Durand, 1992b; Sparrow, 1983), in methodological terms the distinction between 
optimal and non-optimal demand also provides a framework for studying the interaction between 
energetics and cognitive processes.  
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This study addresses two questions deriving from this general theme: Is cognitive task performance 
affected by optimal and non-optimal energetical task demands? When subjects are free to choose 
their own pace, is this choice also optimal in terms of information processing?  

MATERIALS AND METHODS  

Ten adults males, drawn from an original pool of 18 untrained subjects took part in this study. 
Detailed physical characteristics of the subjects are summarised in Table 1. All subjects were 
selected for after a maximal protocol to be homogeneous on V02 (absolute and relative values) and 
body weight (respectively: 3.06 +/- 0.11.min-l; 40.9 +/- 1.5 ml kg-1 min -1 and 75.1 +/- 2.2 kg). 
These criteria were used to allow comparison of equivalent power output. Each subject completed 3 
bicycle ergometer tests (Ergomeca Spengler, Brue et al, 1985) over 8 days. All tests for a given 
subject were conducted at the same time of day.  
 
The first test was a graded V02 max protocol conducted at 60rpm to volitional exhaustion. VO2 
was adjudged by the presence of a plateau in VO2 uptake towards the end of the incremental 
maximal protocol, a maximum age-predicted heart rate, and a respiratory exchange ratio (RER) 
above 1:1 (Lacour and Flandrois, 1977). Expired gases were collected during the last two minutes 
of each stage (CPX medical graphics), at the end of each stage the exercise was interrupted for 1 
min during which time a blood sample was withdrawn from the ear lobe to determine the lactate 
concentration (Bohringer enzymatic method). Heart rate was monitored continuously.  
 
The others tests (T1 and T2) were a series of submaximal rides at varying pedal rates each selected 
to represent 50% of the power output achieved at VO2 max (Pmax; average 150watts) during the 
first protocol. The submaximal tests were conducted the third and the sixth days. Before each 
submaximal test, the subjects performed a 15 min cycle habituation ride at a low resistance (2 kg) 
and a freely-chosen rate. After a 4-min rest, seven submaximal rides 6-min in length were carried 
out. These stages were separated by a recovery period of 4 minutes minimum in order to allow heart 
rate and VO2 to return to resting values. Pedal rate (rpm) was continuously monitored.  
 
The power outputs was identical for all the stages but was modified by a variation of 10 rpm. The 
following pedal rate: 30, 40, 50, 60, 70, 80 rpm and freely-chosen rate were thus imposed in random 
order, except for the last stage which was 80 rpm. In order to determine the freely-chosen rate, 
subjects pedalled at their chosen rate against a load of 2 kg for one minute. The load was 
subsequently adjusted to produce a power output of 50% Pmax whilst subjects maintained their 
chosen pedal frequency.  
 
During the first submaximal test (T1), expired gases were collected during the last 3 minutes of 
each stage, at the end of each stage a blood sample was withdrawn from the earlobe to determine 
the lactate concentration. Heart rate (HR) was monitored continuously and calculated as delta heart 
rate (HRWork -HR Rest) (Karvonen and Vuorimaa, 1988). From the VO2, heart rate and lactate 
values obtained, the energy cost of riding and heart rate response of each subject was determined 
for the various pedal frequencies (di Prampero, 1981).  
 

The second submaximal test (T2) was identical to T1 for the pedalling characteristics. The 
difference observed were the following: before exercise testing, i.e, at rest, the subjects were 
presented with a simple reaction time task (RT) (20 trials). Next after 3min of effort at each of the 
seven stages, they were presented with the same RT task. Thus the subjects were expected to 
perform simultaneously a pedalling task and an RT task. During each stage pedal rate was 
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monitored continuously. Before the tests, the subjects familiarized themselves with the procedure 
with 3 x 20 habituation trials. During the entire session, heart rate was continuously recorded.  
 
 

TABLE I: Physical characteristics of subjects and physiological parameters  
during the maximal test. 

 ___________________________________________________________________________  
Age Weight Pmax VO2 max Delta Energy cost Lactate max  
(yrs) (kg) (watts) (mlkg-1 Heart rate (Jkg-l.min-l) (mmol.I-I)  
   min -I) (bpm)  

 ___________________________________________________________________________  
28.2 75.1 319 40.9 119 907.9 10.3 

+/-2.5 +/-2.2 +/-53.2 +/-1.5 +/-7.2 +/-12.8 +/-1.2  
 ___________________________________________________________________________  

Values are mean +/- Sd 
 
The RT was measured from impulses recorded on a handgrip possessing a certain degree of liberty 
and fixed on the handlebar of the cycloergometer. This device was connected to a microcomputer 
(sampling frequency 120Hz; Screen frequency: 70Hz). During all the tests, the subjects placed their 
elbows on a support adjusted to their morphology. The luminous stimuli appeared in the center of a 
screen and were separated by an irregular foreperiod varying from 3-5 sec. Reaction times under 
160msec were considered as anticipated responses.  
 
Statistical analysis. All data are expressed as mean +/- sd. Firstly a MANOVA analysis was 
performed on heart rate and oxygen consumption among different pedal rates, then analysis of 
variance for repeated measure was used to determine overall differences in energy cost, heart rate 
and RT for each pedal rate. Newman-Keuls post hoc tests were employed to value which pedal rates 
were different. Regression analysis was used to find the equations of lines and curves. As the 
number of subjects was quite small a nonparametric test was systematically performed to analyse 
the correlation between RT and oxygen consumption and any difference with parametric test are 
discussed. Daily reliability of heart was analysed using correlation coefficients and Student’s t test 
(Henry, 1959; Becque et al, 1993). Statistical analysis was established at the level: P<0.05.  
 
RESULTS  

The results of the progressive test showed that both heart rate and V02 increased linearly with 
power. The peak postexercice blood lactate level indicates that exhaustion was reached and permits 
us to calculate the energy cost at Pmax (di Prampero, 1981) (Table 1).  

Energy Cost of Cycling.  

During the first submaximal test (T1), the effect of pedal rate on cardiorespiratory responses is 
shown table 2. Among the different pedal rate results of Manova analysis has shown no interaction 
effect between VO2 and heart rate (F= 1.18, P>0.05). Furthermore, analysis of variance showed that 
both VO2 and heart rate was different among pedal rate for equal power outputs (P<0.025).  
 
When VO2 and heart rate are plotted against pedal rate, each curve could best be described by a 
parabolic equation. Correlation coefficients are respectively for VO2 and heart rate (r = 0.92 and r = 
0.97, Figure 1). The lowest point of the graph is found at 50rpm both for VO2 or heart rate.  
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TABLE 2: Physiological parameters at different pedal rates. 
__________________________________________________________________________ 
Pedal rate VO2 max Delta Energy cost RER Lactate  

(rpm) ml kg-1 .min-1 Heart rate J kg-l. min-1  (mmolJ -1)  
(bpm)  

__________________________________________________________________________ 
30 34.1 +/- 2.3 71 +/- 8.0 639.2 +/- 8.1 .97 2.8  
40 33.1 +/- 1.8 72 +/- 7.5 614.2 +/- 7.5 .96 2.4  
50 32.4 +/- 2.1 71 +/- 6.8 609.6 +/- 9.0 .96 1.9 
60 33.5 +/- 1.6 72 +/- 8.0 616.4 +/- 8.2 .96 1.8  
70 37.1 +/- 3.2 81 +/- 9.1 701.9 +/- Il.5 .97 2.8  
80 38.8 +/- 2.8 99 +/- 8.6 762.2 +/- 13.2 1.05 5.2  
FCR 33.1 +/- 1.4 69 +/- 6.6 610.2 +/- 7.2 .96 1.8  

__________________________________________________________________________ 
Values are mean +/- :Sd 

 

 
FIGURE 1: Relation between pedal rate and a) VO2 b) delta heart rate and c) oxygen cost. FCR 

represents the freely chosen pedal rate. 
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The energy cost of the freely-chosen rate (62rpm + 2.5) was slightly higher than the optimal rate but 
the difference was not significant (33.1 vs 32.4 ml.kg-l.min-l, P>0.05). During this test, excepted 
for the 80rpm pedal rate, the energy expenditure can be identified with VO2, respiratory ex change 
ratio and lactate concentration were lower than 0.98 and 3 mmol.l-1. For 80rpm pedal rate, energy 
expenditure was estimated like for a partial anaerobic exercise (di Prampero, 1986). Excepted for 
80rpm, relative energy cost of each pedal rate (expressed as percentage of energy cost at Pmax) was 
lower than 80% (Table 2). 
 

TABLE 3: Means and standard deviations of reaction time (RT), and percentage of anticipated 
responses (Ant. Resp.) at the different pedal rates. 

 ______________________________________________ 
Pedal rate RT AntI. Resp.  

(rpm) (msec) (%)  
 ______________________________________________ 

30 239 +/- 20 4.5 +/- 0.4 
40 237 +/- 20 7.0 +/- 1.0 
50 220 +/- 20 0.0 +/- 0.0 
60 230 +/- 22 7.5 +/- 1.2 
70 231 +/- 18 12.0 +/- 0.6 
80 270 +/- 27 10.0 +/- 0.3  
FCR 228 +/- 18 8.0 +/- 0.5  

 ______________________________________________ 
 
RT Performance.  
 
The mean value of RT at rest was 212 +/- 22.2 msec. This mean time was significant1y shorter than 
for those obtained during the various stage of T2 (P<0.05) (Table 3). Ana1ysis of variance showed 
that RT was different among peda1 rate for equal power outputs (P<0.01). The RT was shorter at 
50rpm than at 30; 40 (P<0.005); 70 (P<0.01 ); 80 (P<0.005). No significant differences were found 
between 50rpm, 60rpm and the freely-chosen rate (220 +/- 20 vs 230 +/- 22 msec and 220 +/- 20 vs 
228 +/- 18 msec. When RT was p1otted against peda1 rate the curve is best describe by a parabo1ic 
equation (r = 0.92) (Figure 2). The shortest reaction times were found at 50rpm. When RT 
performance was p1otted against V02. the re1ationship appears to be 1inear (r = 0.79. P<0.01; 
Figure 3).  
 
Analysis of variance showed that the change in the percentage of anticipated responses (< 160 
msec) was different between pedal rates. Fewest anticipated responses were found at 50rpm (Table 
3). This percentage was significant1y higher under the free pedalling condition than for optimal 
pedalling (P<0.005). As for RT performance, when anticipated responses are plotted against V02, a 
positive linear relationship (r = 0.68; P<0.025) is registered. 
 
The effects on RT and the number of anticipated responses were complementary. For a rate equal or 
above 70rpm, the decrease in performance revealed itself as a consequential higher percentage of 
anticipated responses (P<0.05), whereas for the rate under 50rpm, a meaning increase in RT (+ 26 
+/- 2.5 msec, P<0.05) was noted without a profound increased on anticipated responses. For the 
highest pedal rate, both an increase in RT and in anticipated responses is observed (respectively 
P<0.025 and P<0.05).  
 
Furthermore, between 30 to 70rpm, pedal rate variability, calculated for 30 successive pedal rates, 
was not affected by the pedal rate or by the RT task (Table 4). For these pedal rates, the lowest 
reliability of pedal rate variability calculated for each subject between the two submaximal tests was 
r = 0.82 (P<0.005).  
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TABLE 4: Intra-individual variability and reliability of pedal rate  
at different rates and during the two submaximal tests. 

 ____________________________________________________  
Pedal rate TI T2 Reliability  

(rpm)   T1 vs T2  
 ____________________________________________________  

30 2.6 +/- 1.2 2.8 +/- 0.8 .88 
40 2.4 +/- 0.8 2.4 +/- 0.6 .91 
50 2.2 +/- 1.1 2.6 +/- 1.2 .91 
60 1.8 +/- 0.8 2.2 +/- 0.6 .82 
70 2.2 +/- 1.1 2.4 +/- 0.8 .86 
80 2.1 +/- 0.9 2.6 +/- 1.2 .90  
FCR 2.1 +/- 0.6 2.3 +/- 0.8 .91  

 ____________________________________________________  
TI and 72 represents the two submaximal tests respectively without and with the RT task. 

Variability is expressed as CV (SD. Mean-1)x100. 

 
FIGURE 2: Relation between reaction time performance (RT) and pedal rate. 

 

 
FIGURE 3: Relation between reaction time performance (Rn and oxygen cost. 
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The analysis of relative heart rate values between the two submaximal tests showed also a 
remarkable reliability between the two submaximal tests (r = 0.97).  
 
DISCUSSION  
 
The results confirm the existence of a physiological optimal pedalling rate for a constant power 
output on a bicycle cycloergometer task. The finding that 50rpm provided the most economical 
cadence is in agreement with previous evidence reporting optimal cadence to be 50-60rpm (Gregor 
et al, 1991 ). Nevertheless the most significant finding in this investigation was a strong relationship 
between V02 and RT. However, several methodological factors have to be considered.  
 
On the one hand, the validity of the measure of energy cost of the cycling task and the use of heart 
rate as an indicator of intensity level depends on the assumption that determination of energy 
expenditure can be done from V02 and that the exercise intensity is lower than 85% of maximum 
(Karvonen and Vuorimaa, 1988). The 80rpm pedal rate appears to be a partial anaerobic exercise 
and for this pedal rate both the above assumptions appear to be violated. Furthermore, for this pedal 
rate we can considered an additive effect of fatigue on the RT Performance. In all studies involving 
cognitive and energetic process the confusion between energetic process and fatigue is one reason 
of the inconsistency in experimental results (Brisswalter et al, 1994; Tomporowski and Ellis, 1986).  
 
On the other hand, the energy expenditure of the second submaximal test was only identified by the 
heart rate values. In this case the highly significant correlations obtained between the heart rate 
values at T1 and T2 indicate that we can consider that the energy cost of cycling was the same for 
both the tests. This assumption can be confirmed by the study of Becque et al (1993) showing a 
good daily stability in energy cost for moderately trained cyclists.  
 
Lastly, the use of dual task paradigm is valid when the principal task is the pedalling one. In our 
study ,-30rpm to 70rpm-, no significant variation of pedal rate was found when the RT task was 
performed. The maximal variability was registered at 30rpm rate for the both submaximal tests 
(respectively for T1 and T2; 2.6 +/- 1.2 vs 2.8 +/- 0.8%, P>0.05).  
 
The physiologically optimal rates observed in this study were within the range reported in the 
experimental literature for this power output. Furthermore, one interesting result of this study is that 
the general shape of the curve was the same as those found for 150 watt by Coast and Welch ( 
1985) with experienced cyclist. Our replication of this finding with untrained subjects suggest that 
for this low power far from training pace: the energy cost -pedal rate relationship is independent of 
the expertise level in cycling task. In our study the shape of the curvilinear show that for a low 
power output it is more faithful to speak of an optimal zone or range instead of an optimal point. 
However, this low power output was chosen according to methodological reasons. At this level 
only, when aerobic processes are dominant, VO2 is an accurate indicator of energy cost of cycling 
for all pedal rates.  
 
In regard to the effect of imposed pedalling rate on cognitive performance, the results may be 
interpreted in terms of the allocation of attention during dual task performance. Indeed, in contrast 
to the reaction time at rest, the dual task paradigm confronted the subjects with a principal dual task 
of pedalling and an added task, i.e., the reaction time task. It is argued, when one is relatively 
certain that the subjects have given priority to the primary task that is systematically manipulated in 
terms of its attentional demand, to interpret any decrease in performance in secondary task as a 
result of the higher attentional demand of the primary task (Abernethy, 1988; Brown, 1978; 
Girouard et al, 1984; McLeod, 1980; Ogden et al, 1978).  
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In our study, the shift from the single task of reaction time to the dual task of pedalling and reaction 
time is considered as the most plausible explanation for the decrease of performance in the 
secondary task. The second explanation concerns the variations in pedalling rates. Our contention is 
as follows: when the subjects pedal at an optimal rate, the energy demand is 4n phase" with their 
functional characteristics and the pedalling task required little attention. In contrast, the more that 
demand deviates from the optimal level, the greater the amount of attention is necessary to control 
the pedalling movements, with the resulting drop off in reaction time task performance. Indeed, this 
drop in performance become more noticeable as the imposed pedalling rates deviate more and more 
from physiological optimal rate. This is because the greater the distance from optimal rate, the more 
attention is mobilised to control pedalling movements. However, a possible effect of arousal should 
also be discussed. An inverted U shape relationship between arousal and cognitive performance has 
been frequently proposed. However the unidimensionality of this relationship and the difficulty of 
relating diverse psychophysical correlates of arousal have recently prompted much debate 
(Anderson, 1990; Martens, 1974). Recent studies have shown changes in simple reaction time 
measured during exercise to be independent of exercise intensity (Delignieres et al, 1993; 
Delignieres et al, 1994; Pass and Adams, 1991 ). However, if the above argument relating to the 
allocation of attention is accepted, our data suggests a major effect on RT performance due to the 
changes in the allocation of attention across optimal and non-optimal pedal rates. Further research 
will have to be conducted to study this relationship across a range of power outputs in order to 
examine the robustness of these findings.  
 
This interpretation suggests that a common zone of optimal demand exists for both energetic and 
cognitive systems (Durand, 1992a; 1992b). This may be due to the fact that an optimal demand 
level ensures the most efficient control of movements in term of attentional requirements, which in 
case of dual task performance may free up some of the resources available for cognitive operations. 
If this is so, it implies that tasks define a perceptual motor work space (Newell et al, 1989) that is 
not homogeneous: certain point or zones of this space correspond to an optimal response modality 
in both mechanical and energetic terms as a function of the morphological and biochemical 
characteristics of the subject and dynamic properties of the environment. It is only because this 
relationship exists between the characteristics of the subject and the constraints of the environment 
that the attentional demand associated with the control of movement decreases and thus the 
performances in the added task or secondary component of the sa me task can be optimised.  
 
From this perspective, the strong correlation observed in this study between oxygen uptake and the 
reaction time may indicate that, for a given task and a constant power output, the attentional 
demand of each task varies with its energy demand.  
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