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Abstract

Purpose. The research aim was to determine the relationship between gross efficiency (E) and the ability to repeat the
given pressure force (ARGPF).
Methods. A group of 23 road cyclists performed an incremental exercise test on a cycle ergometer and a repeated isometric force test (RIFT) with lower and upper limbs. E was calculated on the basis of the estimated energy expenditure (EE)
during the last 30 seconds of the submaximal work with the loads of E-100W, E-150W, E-200W, E-250W, E-300W. During
RIFT, carried out on a kinesthesiometer with strain gauges, the subjects performed pressures with the force of 10 kg with
upper limbs and 20 kg with lower limbs. RIFT was performed immediately before and after the incremental test; the data
served to express ARGPF by means of the repeated given pressure force (RGPF) value.
Results. Post-exercise RGPF for the left lower limb significantly correlated with E at all incremental test loads (r: 0.64,
0.72, 0.7, 0.63, 0.62, respectively, for 100 W, 150 W, 200 W, 250 W, and 300 W). Pre-exercise RGPF for the left upper limb
significantly correlated with E at 100 W, 150 W, and 200 W loads (r: 0.68, 0.72, 0.62, respectively). Both RGPF for limbs
and E positively and statistically significantly correlated with the cyclists’ age.
Conclusions. Road cyclists with higher E presented greater variability of the repeated pressure force of the left limbs.
Both characteristics show a strong relationship with the cyclists’ age, which may indicate that their development depends
on training experience.
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Introduction
The main determinant of cycling efficiency is neuromuscular coordination [1, 2], which constitutes the
ability to initiate and control voluntary movements and
body posture by the central nervous system structures
[3]. The efficiency of the body posture and voluntary
movements control is mainly attributed to the pyramidal tracts [4, 5]. Stimulation of alpha motoneurons
activates the appropriate number and size of motor
units and is used to control pressure force [6, 7].
Apart from the pyramidal tracts, the extrapyramidal
system centres and cerebellum [3, 8, 9] are involved
in movement control and modification owing to the
reception of the afferent stimuli [9].

One of the main factors that determine sporting
achievements in cycling is work efficiency [10]. The
most popular way to evaluate it is to calculate gross
efficiency performance, i.e. the efficiency of the chemical energy transformation into the mechanical energy
during physical exercise [11, 12]. Initially, comparative research showed that training and competition
experience did not significantly differentiate amateur cyclists in terms of work efficiency on a cycle
ergometer [13]. However, subsequent studies showed
that the level of work efficiency correlated negatively
with the maximum oxygen uptake (VO2max) in elite
cyclists [14]. This relationship among professional
cyclists is confirmed by the fact that a two-time world
cycling champion achieved VO2max at the level of ca.
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70 ml ∙ kg–1 ∙ min–1 [15]. Because of the high gross efficiency value (ca. 25%), cyclists with a relatively lower
level of VO2max are able to compete effectively among
professionals [16]. In addition, the research by Hopker
et al. [17] demonstrated that the endurance training
improved work efficiency in trained cyclists. The size
of changes depends on the volume and intensity of
training. In addition, work efficiency develops in
trained cyclists as a result of strength [18] and interval trainings with high-frequency of movements [19].
It was shown that in cyclists [20] and non-training
people [21], the efficiency of work on a cycle ergometer
depended on the content of type I muscle fibres in the
vastus lateralis muscle. In professional cyclists, the increase in cadence in the range of 60–120 rev ∙ min–1,
with a small external load, causes a decrease in the
gross efficiency [22]. However, at high loads (80–90%
VO2max), the increase in cadence leads to an improvement of the delta efficiency [23] and gross efficiency [24]
in elite cyclists. Although the assessment of work efficiency on a cycloergometer is easy to perform, its use
is limited to analyses carried out during performance
tests. That is why it seems useful to search for indirect gross efficiency assessment methods that could
be used in everyday life practice training.
It is believed that work efficiency depends on muscular coordination, i.e. minimizing muscle tension [25]
through cooperation between synergistic and antagonistic muscle groups in both limbs [26, 27] and eliminating unnecessary muscle contractions [26], while
maintaining body balance [25]. In cycling, movement
is repeated many times [26]. If many of these movements
are inaccurate, i.e. different from the above description,
the amount of internal work and energy expenditure
increases [26]. Perhaps the ability to coordinate cycling
can be assessed with the accuracy of repeated pressures.
So it seems interesting whether there is a relationship
between muscular coordination, understood as the
ability to repeat the given pressure force (ARGPF), and
the gross efficiency. ARGPF may be dependent on the
hippocampus performance, in which changes caused

by endurance activity occur and influence the learning
ability [28]. The ability to repeat the force generated
by the upper and lower limb muscles in a stable position
may also depend on other central nervous system
structures [29, 30], which was discussed at the beginning of the Introduction. However, there is no information in the available literature about the relationship
between ARGPF and work efficiency in cyclists with
diverse performance levels. It was assumed that ARGPF
in lower and upper limbs would positively correlate
with gross efficiency in submaximal efforts.
The aim of the research was to determine the relationship between the gross efficiency and ARGPF.
Material and methods
Examined group
Overall, 23 young healthy and physically active cyclists (juniors and U23) with a varied level of fitness
(well-trained, highly-trained, and elite-class) took
part in the study. All subjects were characterized by
the domination of right limbs. Table 1 shows selected
parameters of the examined group.
Each cyclist qualified for the tests had at least 2 years
of training experience. They took part in cycling competitions at least for 20 days a year and covered 7000–
25 000 km annually, including 83–88% with intensity
below the lactate threshold power, 8–12% between the
lactate threshold power and maximum aerobic power
(Pmax), 3–5% above Pmax.
Study design
During the 48 hours before the exercise test start,
the subjects did not perform any heavy physical effort.
Each participant underwent an incremental exercise
test on a cycle ergometer and a repeated isometric force
test (RIFT) for the lower and upper limbs. The RIFT test
was carried out 10 minutes before the incremental test
start and 5 minutes after its completion.

Table 1. Anthropological parameters and aerobic capacity of the examined cyclists

Age
Body height (m)
Body mass (kg)
VO2max (ml ∙ kg–1 ∙ min–1)
Pmax (W)
Pmax (W · kg–1)

Mean value

SD

Min

Max

18.7
1.77
67.8
64.2
365.2
5.42

1.5
6.94
6.6
6.4
31.1
0.52

16.6
1.61
57.4
52
308.3
4.55

23
1.92
79.2
80.8
425
6.37

SD – standard deviation, Min – minimum value of the parameter in the examined group, Max – maximum value
of the parameter in the examined group, VO2max – maximum oxygen uptake, Pmax – maximum aerobic power
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E = W ∙ EE–1 ∙ 100%

Testing protocols
Anthropometric measurements

where: E – gross efficiency, W – work rate, EE – energy
expenditure.

The subjects’ weight and height were measured
with a Radwag WPT200.O weighing machine (Radwag,
Poland). The range and accuracy of the body mass
measurement was 2–200 kg and 100 g. The range and
accuracy of body height measurement was 1–2 m
and 0.5 cm.

Work rate was calculated as the product of the given
power and time for which the data were analysed.
Energy expenditure was determined by the software
provided by the respiratory gas analyser manufacturer with the use of the protocol of the indirect calorimetric method.

Analysis of the volume of training loads used
Repeated isometric force test
Among the cyclists qualified to participate in the
study, the overall route was calculated (Stot) covered
during the cycling training within the 2 years preceding the experiment. The calculations were made
on the basis of training records collected on individual
Internet accounts.
Incremental test
The exercise test was carried out on a Lode Excalibur Sport cycle ergometer (Lode B.V. Groningen, the
Netherlands), calibrated before the study. The test
started with the load of 50 W; the load was increased
every 3 minutes by 50 W, until the subject refused to
continue. When the participant was unable to complete an entire 3-minute stage, 0.28 W was subtracted
for each missing second from the work rate for that
stage. The highest power output determined in the
incremental exercise test was taken as the measure
of Pmax.
Respiratory function was also measured during
the test. The cyclist wore a mask connected to a Quark
gas analyser (Cosmed, Milan, Italy). The gas analyser
was calibrated before the use with a reference gas mixture of carbon dioxide (5%), oxygen (16%), and nitrogen
(79%). Tidal air was analysed on a breath-by-breath
basis to determine oxygen uptake, carbon dioxide
excretion, and minute pulmonary ventilation. VO2max
calculation was based on the composition of the expired air and minute ventilation. The measures were
averaged in 30-second intervals.
Pmax and VO2max were calculated in relation to
body mass.
The gross efficiency was determined for the last 30
seconds of the submaximal work with loads of 100 W
(E-100W), 150 W (E-150W), 200 W (E-200W), 250 W
(E-250W), and 300 W (E-300W) on the basis of the
following formula:

50

RIFT was performed on a dedicated kinesthesiometer, applied to measure the pressure force by means
of strain gauges. The device enables testing sensory
sensitivity related to the differentiation of the pressure force and the pressure force uniformity. The
kinesthesiometer can also be used to measure the
precision of the upper and lower limbs movements [31].
The values of the subsequent pressure forces determined by the force sensor are converted into electrical signals, which are then amplified, processed, and
registered. Four strain gauges, which measure the
pressure force, are located in the levers of the platform,
used for the right and left upper limbs testing, and in
the pedals of the platform, applied for the right and
left lower limbs testing. The values of individual pressure forces were recorded by a computer software:
Kinesthesiometer, version 1. The measuring system was
located in the dedicated chair adapted for the testing

Figure 1. The kinesthesiometer for measuring
the repeated isometric force of upper and lower limbs
(reprinted from [31])
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purposes (Figure 1). The device was approved for use
for diagnostic purposes and entered into the Polish Patent Office register (patent number PL 213 505 B1) [32].
The kinesthesiometer was calibrated before the
measurement with weights of 1 kg, 5 kg, and 10 kg.
Immediately prior to each kinesthesiometer test, the
subjects performed 5 pressures with each limb, during which the obtained pressure force was displayed.
The participants observed the results of the trial test
on the monitor and could adjust the force used to the
force specified in the main test.
The RIFT test for upper and lower limbs was performed in a sitting position, without touching the
kinesthesiometer chair backrest. The lack of support
made it impossible to receive skin sensation information transmitted from the exteroceptors to the cerebral cortex, which could affect the study results.
During the RIFT test for the upper limbs, the subject
held the platform lever for upper limbs testing with
one hand. The other hand was resting on the thigh.
During the lower limb test, the feet rested on the pedal
of the platform for lower limbs testing. The pedal was
located obliquely to the kinesthesiometer base. During
the test, arms were crossed on the chest to eliminate
skin receptors stimuli transmitted to the cortex from
the forearms and thighs of the subject.
RIFT consisted of 10 identical pressures with each
limb, with the force equal to 10 kg (98 N) for upper
limbs and 20 kg (196 N) for lower limbs. A break of
5 seconds took place between each pressure, during
which the subject removed the limb from the pressure
site. The data obtained during the RIFT test were used
to express ARGPF by means of the repeated given
pressure force (RGPF) value [28]. The RGPF index is
based on the following formula:

RGPF = SD ∙

–1

∙ 100

where: RGPF – repeated given pressure force, SD –
standard deviation of , –arithmetic mean of the
10 consecutive pressure forces
In this way, the pre-exercise and post-exercise values were obtained for: right upper limb (R-U-RGPFb and
R-U-RGPFp, respectively), right lower limb (R-L-RGPFb
and R-L-RGPFp, respectively), left upper limb (L-URGPF b and L-U-RGPFp, respectively), and left lower
limb (L-L-RGPF b and L-L-RGPFp, respectively).
Statistical data analysis
Statistical analyses were performed with the Statistica 13.1 software (StatSoft, USA). The normality of

the examined parameters distribution was checked
with the W Shapiro-Wilk test. Then, the Pearson correlation coefficient was calculated for the RIFT parameters, submaximal work efficiency, Pmax, VO2max,
age, body height, and body mass of the tested cyclists.
Pearson’s correlation was also determined for the RIFT
parameters, submaximal work efficiency, and Stot for
the research group and separately for cyclists who completed and were under 19 years of age. The p < 0.05
level was considered statistically significant [33].
Ethical approval
The research related to human use has been complied with all the relevant national regulations and
institutional policies, has followed the tenets of the
Declaration of Helsinki, and has been approved by
the Ethics Committee for Research at the University
School of Physical Education in Wroclaw.
Informed consent
Informed consent has been obtained from all individuals included in this study or their legal guardians.
Results
The R-U-RGPFp correlated significantly with gross
efficiency at the load of 100 W. The L-U-RGPF b correlated significantly with gross efficiency at the load
of 100 W, 150 W, and 200 W. In the case of R-URGPF b and L-U-RGPFp, no significant relationships
were observed (Table 2).
The L-L-RGPF b correlated significantly with gross
efficiency at the load of 150 W and 200 W. The L-LRGPFp correlated with gross efficiency at all loads applied. In the case of the R-L-RGPF, no significant relationship was observed (Table 3).
Body height correlated significantly with the R-URGPFp (r = –0.43). The age of the subjects correlated
significantly with the R-U-RGPFb and R-U-RGPFp (r =
0.45 and r = 0.44, respectively), the L-U-RGPF b and
L-U-RGPFp (r = 0.54 and r = 0.43, respectively) and
the L-L-RGPF b (r = 0.56). There were also statistically
significant correlations between age and gross efficiency
at the loads of 150 W (r = 0.52), 200 W (r = 0.58),
250 W (r = 0.49), and 300 W (r = 0.54), and between
VO2max and gross efficiency at the loads of 200 W (r =
–0.6), 250 W (r = –0.53), and 300 W (r = –0.46). For
Pmax, no significant correlations were observed.
In the analysis performed in the whole research
group, Stot correlated statistically significantly with
gross efficiency for all submaximal loads under analysis (r = 0.52 at 100 W, r = 0.83 at 150 W, r = 0.9 at
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200 W, r = 0.81 at 250 W, r = 0.74 at 300 W) and with
L-L-RGPF b (r = 0.6). In the analysis performed among
competitors who were under 19 years of age, Stot correlated statistically significantly only with E-200W (r =
0.61), E-250W (r = 0.61), and E-300W (r = 0.73). In the
analysis carried out among 19-year-old subjects,
Stot correlated statistically significantly with E-150W
(r = 0.86), E-200W (r = 0.89), E-250W (r = 0.71), and
with L-L-RGPF b (r = 0.58), L-L-RGPFp (r = 0.66) and
L-U-RGPF b (r = 0.55).
Discussion
The results of the research confirmed an inverse
correlation between VO2max and gross efficiency in
trained cyclists.
A novelty of our research results is the information
that the discussed relationship occurs in a wide group
of cyclists in terms of the VO2max value. Its minimum
and maximum equalled 52 and 80.8 ml ∙ kg–1 ∙ min–
1
, respectively, and the standard deviation was 6.4.
Previously, similar data for cyclists were obtained by
Hopker et al. [14] and Lucia et al. [24]. However, these
two studies were carried out in groups that were homogeneous in performance. Hopker et al. [14] assessed
work efficiency among well-trained (VO2max: 59.5 ±
3.8 ml ∙ kg–1 ∙ min–1), and Lucia et al. [24] among elite
professional cyclists (VO2max: 72 ± 1.8 ml ∙ kg–1 ∙ min–1).
Until now, it has been believed that among professional

cyclists, similar gross efficiency allows to compensate
for slightly lower efficiency VO2max values [14]. In this
way, the phenomenon of winning the world champion
title twice by a cyclist with VO2max below 70 ml ∙
kg–1 ∙ min–1 was explained [24]. Our results indicate
that this mechanism allows to partially compensate
for the value of VO2max also among competitors with
significantly lower cardiorespiratory capacity.
In the presented own study, the gross efficiency
correlated with the RGPF value. This means a negative
verification of the adopted hypothesis because it indicates an inverse correlation between gross efficiency
and the ARGPF performance. High-performance athletes were characterized by greater variability of RGPF,
especially in the left upper limb during the pre-exercise
test and in the lower limb both in the pre- and postexercise tests. We have also shown that both the gross
efficiency and RGPF of the limbs depend on the subjects’ age and the Stot of the cycling training in the
period of 2 years preceding the tests. These data support the results of other authors’ research, indicating
that the gross efficiency develops through aerobic
training [14, 17], which may be related to the impact
of physical activity and specific movement forms on
the enhancement of the precision and ease of movement [34]. Therefore, the own data and the results
achieved by other authors indicate that gross efficiency
and RGPF are well-trained abilities. At the same time,
our results prove that obtaining high gross efficiency

Table 2. Correlations between the repeated given pressure force value and the gross efficiency for submaximal work
in the incremental test (upper limbs)

R-U-RGPF b (N)
R-U-RGPFp (N)
L-U-RGPF b (N)
L-U-RGPFp (N)

E-100W (%)

E-150W (%)

E-200W (%)

E-250W (%)

0.23
0.58*
0.68*
0.35

0.39
0.45
0.72*
0.42

0.34
0.36
0.62*
0.41

0.06
0.18
0.33
0.12

E-300W (%)
–0.09
0.29
0.30
0.01

E – gross efficiency at the loads of 100, 150, 200, 250, and 300 W, R-U – right upper limb, L-U – left upper limb,
RGPF – repeated given pressure force, b – before the incremental test, p – after the incremental test,
*p < 0.05
Table 3. Correlations between the repeated given pressure force value and the gross efficiency for submaximal work
in the incremental test (lower limbs)

R-L-RGPF b (N)
R-L-RGPFp (N)
L-L-RGPF b (N)
L-L-RGPFp (N)

E-100W (%)

E-150W (%)

E-200W (%)

E-250W (%)

E-300W (%)

0.25
0.09
0.47
0.64*

0.38
0.06
0.69*
0.72*

0.23
0.02
0.52*
0.70*

0.21
0.04
0.21
0.63*

0.15
0.07
0.34
0.62*

E – gross efficiency at the loads of 100, 150, 200, 250, and 300 W, R-L – right lower limb, L-L – left lower limb,
RGPF – repeated given pressure force, b – before the incremental test, p – after the incremental test,
* p < 0.05
52
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may be accompanied by relatively large RGPF values
for the left limbs. Such regularity may be related to
lateralization. In most populations, right limbs play
the dominant role [35], while the right hemisphere is
responsible for correcting movements [36] and registers
information mainly from proprioceptors of the left,
non-dominant limb [37, 38]. Thus, high variation of
the pressure force within the isolated work of the left
limbs may indicate a developed ability to adjust the
pressure force.
The obtained results may be useful for the development of simple tests allowing the work efficiency evaluation. At present, energy expenditure [39] and mechanical efficiency of work [40] are assessed mainly
with indirect calorimetric methods. However, this evaluation method is not routinely used during training
owing to its complex procedure. It is believed that the
exercise heart rate during the stabilization phase reflects the energetic cost of work [41]. However, the energy cost is not the only factor influencing the exercise
heart rate, which is regulated by the activity of the
autonomic nervous system [42] and cardiovascular
fitness [43]. In contrast to the above methods, a simple
and indirect test for the repeated pressure force, lasting
a few minutes, would allow easy assessment of work
efficiency in everyday training practice. It seems desirable by trainers and athletes because of the high importance assigned to work performance in endurance
competitions.
Conclusions

2.

3.
4.
5.
6.

7.

8.

9.
10.
11.

Cyclists with higher gross efficiency are characterized by greater variability of the RGPF of the left
limbs. Both of these characteristics show a strong relationship with the age of cyclists, which may indicate that their development depends on the training
experience. We believe that the observed relationships
may be related to the lateralization of the cerebral hemi
spheres in terms of its functions.
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