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Abstract: In order to test our hypothesis that muscle condition has an effect on the cognition of
self-motion and consequently on the ventilatory response during exercise, six healthy subjects performed
a moderate incremental exercise test (IET) on a cycle ergometer under two conditions (resistance exercise
condition (REC) and control condition (CC)). In the REC, resistance exercise (30 incline leg presses) was
conducted during two sessions scheduled at 48 and then 24 h prior to the IET. For the CC, the subjects
were instructed to refrain from participating in strenuous exercise for a period of 2 days prior to the IET.
In the IET, the workload was increased from 78 to 118 W in steps of 8 W every 3 min. Although the
ventilatory response during the IET was significantly higher in the REC than in the CC, there were no
significant differences in cognitive indexes (RPE and awareness of change in workload) between the two
conditions. In addition, the magnitude of muscle soreness was significantly higher in the REC than in the
CC. However, the level of soreness in the REC was very low, and there were no significant differences in
blood lactate concentration and integrated EMG between the two conditions. These results suggest that a
change in peripheral neural reflex is the primary cause of increased ventilatory response to moderate
exercise after resistance exercise, although the role of a cognitive element cannot be absolutely excluded.
Key words: Exercise hyperpnea; Neural mechanism; Humoral mechanism; Behavioral mechanism;
Resistance exercise
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Introduction
It is generally believed that respiratory regulation during exercise is based on neural mechanisms
and/or a humoral mechanism (Dempsey 2006; Haouzi 2006; Poon et al. 2007; Waldrop et al. 2006; Ward
2007; Whipp and Ward 1991). The neural mechanisms consist of parallel activation of motor and
respiratory centers, termed ‘central command’ (Goodwin et al. 1972), and a neurogenic reflex via afferent
fibers from skeletal muscles (Adreani et al. 1997; Kaufman and Rybicki 1987; Haouzi and Chenuel 2005;
Haouzi et al. 1999). The humoral mechanism is a feedback control in which central and peripheral
chemoreceptors play a primary role (Ward 1994). In this way, increase in ventilation during exercise
(exercise hyperpnea) is automatically controlled in response to change in exercise intensity and
corresponding perturbation of neurohumoral factors.
Recently, in addition to such an automatic ventilatory control, the significance of behavioral drives to
breathe has been pointed out (Bell 2006; Bell et al. 2005; Cherniack 2007; Fink et al. 1995; Shea 1996;
Thornton et al. 2001). For example, Thornton et al. (2001) showed that hypnotized subjects increased
their breathing during imagination of cycling uphill but not during imagination of freewheeling downhill.
Bell et al. (2005) also demonstrated that when subjects were instructed to start exercise while performing
a cognitive task in the background, exercise hyperpnea at exercise onset was significantly reduced.
Furthermore, Yunoki et al. (2009) showed that even during prolonged exercise, exercise hyperpnea was
significantly altered by illusion of exercise workload. Since brain imaging studies (Fink et al. 1995;
Thornton et al. 2001) had suggested the presence of behavioral ventilatory regulation via the corticospinal
pathway which is concerned with volitional breathing, it has been indicated that behavioral drive to
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breathe during exercise is related to a central neural mechanism that is different from ‘central command’
(Bell 2006). These observational data (Bell et al. 2005; Fink et al. 1995; Thornton et al. 2001; Yunoki et
al. 2009) and findings (Bell 2006) collectively suggest that ventilatory response during exercise can be
mediated at least in part by neural activation associated with the cognitive process of exercise.
Our recent study (Yunoki et al. 2009) has demonstrated that when subjects perform incremental
exercise under the condition of being provided untrue prior information that the workload remains
constant, exercise hyperpnea (ventilatory response against CO2 output) is significantly reduced compared
to that in the control condition in which true prior information is provided. Since the subjects’ awareness
of change in workload was attenuated by the deceptive information, we proposed that ventilatory
response during moderate exercise is subject to awareness or attention that is connected to information
detection. Although this finding supports the above idea that ventilatory response during exercise can be
associated with the cognition of self-motion, a cognitive process such as perception of effort may be
altered by peripheral information such as muscle fatigue (Amann and Dempsey 2008; Carson et al. 2002),
indicating the possibility that state of the muscle contractile apparatus will have an effect on the cognitive
process of exercise and consequently on the ventilatory response during exercise. Therefore, in the
present study, we investigated the effect of prior resistance exercise on ventilatory response during
moderate exercise. Since acute muscle fatigue such as exercise-induced metabolic acidosis causes
hyperpnea via neurohumoral feedback, we prefatigued the working muscle by resistance exercise
including both concentric and eccentric muscle actions 48 and 24 hours before the moderate exercise test.
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2. Methods
Six healthy male subjects provided written informed consent before participation in this study, which
was approved by the Research Ethics Committee of Hokkaido University. The subjects’ age, height and
body mass (mean ± SEM) were 19.2 ± 0.4 years, 172.8 ± 5.6 cm, and 65.0 ± 4.5 kg, respectively. Each
subject was instructed to refrain from taking alcohol and caffeine for a period of 24 h prior to each test.
Each subject performed an incremental exercise test (IET) under two conditions (resistance exercise
condition (REC) and control condition (CC)). The interval between the two IETs was 7 days, and the
order of these tests was randomly assigned among the subjects. The trials for each subject were carried
out at the same time of day.
For the REC, in order to induce fatigue of the working muscle, a resistance-exercise session was set
up two times at 48 and 24 h prior to the IET. In the first round of this session (48 h prior to the IET), each
subject’s maximum value of weight that they could move up (extension of knees and hips) was
determined in the supine position (incline leg press). This maximum value of extensor muscles was used
as the reference value for the following resistance exercise. That is, each subject performed three sets of
10 presses (including both extension (concentric) and flexion (eccentric) actions of hips and knees) with a
load equivalent to 85% of each individual’s own maximum value of extensor muscles, interspersed with
6-min recovery periods between each set. This resistance exercise was repeated in the second round of the
exercise session (24 h prior to the IET). For the CC, the subjects were instructed to refrain from
participating in strenuous exercise for a period of 2 days prior to the IET.
In the IET, after a 3-min resting period sitting on a built-in computer-controlled cycle ergometer
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(POWERMAX-VII, Combi, Japan), the subjects warmed up for 4 min at a resistive load of 0 kp and then
started incremental exercise. The incremental exercise started at a load of 1.0 kp (equivalent to 78 W),
and the load was increased from 1.0 to 1.5 kp (118 W) in steps of 0.1 kp (8 W) every 3 min. Subjects
were instructed to maintain pedalling rate at 80 rpm during the unloaded exercise and incremental
exercise with the aid of a metronome. The electrical signals of pedalling frequency were recorded on a
computer at a sampling rate of 10 Hz and averaged at 1-min intervals.
In both IETs, in order to assess the awareness of change in workload, the value of load displayed on
the monitor of the cycle ergometer was hidden from the subjects, and each subject received the following
explanations and instructions: “Following a 4-minute unloaded exercise, an 18-min incremental exercise
will start. Exercise intensity will be from low intensity to moderate intensity, and the workload will be
increased in a staircase pattern. I will not give details on loading configuration. When you become aware
of an increase in workload, please press the button attached to the handlebar of the cycle ergometer.”
Electrical signals from the button were recorded on a computer via an analog-digital converter
(MacLab/8s, AD Instruments, Bella Vista, NSW, Australia). In the second round of the IET, an
explanation that the loading configuration is the same as that in the first round of the IET was added to
the above explanations and instructions. Subjects were informed of elapsed time and remaining time
during incremental exercises in both conditions. We also asked the subjects to assess RPE using a 6-20
category scale developed by Borg (Borg 1982). Measurement of RPE was conducted 2 min before the
start of incremental exercise and 10 sec before the end of incremental exercise. Since there is possibility
that simultaneous measurement of subjective content makes it difficult for the subjects to make an
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accurate subjective assessment of the three different psychological indexes (awareness of change in
workload, RPE, muscle soreness), RPE was limited to two measurements, and assessment of muscle
soreness was not conducted during the IET. Assessments of soreness produced by muscle contraction
were made 30 min before the IET. Low-intensity short-time (20 sec) exercise for the assessment of
muscle soreness was chosen for the purpose of minimizing stress for subjects. Subjects rated their
soreness while performing 20-sec low-intensity (78, 86 and 94 W) cycling (80 rpm) using the same
ergometer as that used in the IET. Soreness was rated on a visual analog scale (VAS) that had a 100-mm
line with “no soreness” on the left endpoint, “sore” in the center, and “worst soreness ever” on the right
endpoint (Davies et al. 2008). After each cycling exercise, subjects were asked to place a mark on the
VAS to indicate their level of soreness, and the distance (mm) from left endpoint to the mark was
measured to quantify the intensity of muscle soreness.
．
．
．
Respiratory frequency (fR), Ventilation (VI), CO2 output (Vco2), O2 uptake (Vo2), and end-tidal CO2
partial pressure (PETCO2) were measured breath-by-breath using a respiratory gas analyzer (AE-280S,
．
Minato Medical Science, Osaka, Japan) throughout the IET. Tidal volume (V T) was calculated from VI
and fR. Inspiratory and expiratory flows were measured by a hot-wire flow meter that is linear with
respect to a flow range of 0 - 600 l · min-1. Inspired and expired fractions of O2 and CO2 were measured
by a zirconium sensor and infrared absorption analyzer, respectively. The flow meter and gas analyzer
were calibrated prior to each test with a standard 2-l syringe and precision reference gas (O2: 15.17%,
CO2: 4.92%). For analysis, obtained breath-by-breath data were averaged with respect to each load.
Blood samples (25 μl) were collected from fingertips to measure blood lactate concentration ([La-])
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using a lactate analyzer (YSI-1500 sport, YSI, Tokyo, Japan). The lactate analyzer was calibrated by a
standard lactate solution of 5 mM before each test. Blood was sampled during rest before the IET and
immediately after the end of incremental exercise. In order to facilitate circulation of capillaries, the
subjects’ hands were prewarmed in 40-45 °C water prior to the IET.
A surface electromyogram (EMG) was recorded from the right vastus lateralis (at about one third of
the perpendicular distance from the superior border of the patella to the greater trochanter) using a bipolar
EMG sensor (SX230, Biometrics Ltd., Gwent, Wales, UK; interelectrode distance of 20 mm) during each
IET. Before attachment of the EMG sensor, the skin was shaved and cleaned with alcohol in order to
reduce skin impedance. The electrodes were fixed longitudinally over the muscle belly. To facilitate
further recording from the same site during the subsequent visit, electrode placement was marked on the
skin surface. The ground electrode was placed over the styloid process of the left wrist. The raw EMG
data were amplified using an amplifier imbedded in the EMG sensor (band width = 20-450 Hz; common
mode rejection ratio > 96 dB; input impedance > 1013Ω; gain = 1,000) and then converted into digital
signals at a sampling rate of 1000 Hz using the above analog-digital converter. The data were filtered
using a band-pass finite impulse response filter with cut-off frequencies of 20 to 450 Hz and
full-wave-rectified and then integrated (IEMG) by using analysis software (Acknowledge, BIOPAC
Systems, Goleta, CA, USA). The IEMG during the last 1 min of each workload was normalized as a
percentage of the value of first workload (78 W).
Results are presented as means ± SEM. Differences in variables between the two conditions with time
were evaluated by two-way ANOVA with repeated measures. If a significant interactive effect was
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indicated, a paired t-test was used to examine the condition effect. Pearson’s product-moment correlations
． ．
were determined in order to examine the relationships of VI - Vco2 in the two conditions. A value of
P < 0.05 was regarded as statistically significant.

3. Results
No significant condition effect was found in pedal frequencies (RPM), and there was no significant
change in RPM with time during incremental exercise in the two conditions. Pedalling frequencies
averaged during CC and REC were 80.0 ± 0.7 and 79.9 ± 0.7 rpm, respectively. There was no significant
difference in [La-] before (CC: 0.75 ± 0.10 mM, REC: 0.70 ± 0.05 mM) and immediately after the
incremental exercise (CC: 1.74 ± 0.31 mM, REC: 1.96 ± 0.34 mM) between the two conditions.
Respiratory parameters during incremental exercise in the two conditions are shown in Fig. 1. No
．
．
significant condition effect was found for either Vo2 or Vco2. fR and VT tended to be higher in the REC
．
than in the CC, though the differences were not statistically significant. VI during exercise at 102, 110 and
118 W was significantly higher in the REC than in the CC (p < 0.05). Accordingly, ventilatory equivalent
．．
．．
(VI/Vo2 and VI/Vco2) tended to be higher in the REC than in the CC and, as shown in Fig. 2, the slope of
．
．
the relationship between VI and Vco2 tended to be greater in the REC (0.031 ± 0.002) than in the CC
(0.028 ± 0.002) (p = 0.08). Furthermore, although there was no significant difference in PETCO2 between
the two conditions, a large proportion of the subjects (78 W: 67%, 86 W: 67%, 94 W: 50%, 102 W: 83%,
110 W: 67%, 118 W: 100%) showed lower PETCO2 in the REC. Comparison limited to each workload
．．
．．
．．
showed that VI/Vco2 and VI/Vo2 during exercise at 118 W were significantly higher in the REC (VI/Vco2:
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．．
．．
．．
32.7 ± 1.4, VI/Vo2: 29.4 ± 1.6) than in the CC (VI/Vco2: 30.8 ± 1.3, VI/Vo2: 27.4 ± 1.0) (p < 0.01 and p <
0.05, respectively).
There was no significant difference in RPE before the start of incremental exercise (CC: 8.0 ± 0.7,
REC: 9.2 ± 0.9) and 10 sec before the end of incremental exercise (CC: 13.7 ± 0.6, REC: 14.2 ± 1.0)
between the two conditions. Also, no significant condition effect was found for the awareness of change
in workload (Fig. 3). On the other hand, magnitude of perceived muscle soreness was significantly higher
in the REC (78 W: 9.0 ± 1.4, 86 W: 11.3 ± 3.1, 94 W: 13.3 ± 3.8 mm) than in the CC (78 W: 0.5 ± 0.5, 86
W: 0.8 ± 0.8, 94 W: 0.8 ± 0.8 mm) (p < 0.05). IEMG during incremental exercise increased
approximately linearly with the increase in workload under the two conditions. No significant condition
effect was found in IEMG.

4. Discussion
The hypothesis in the present study was that muscle condition has an effect on the cognitive process
of exercise (effort sense (RPE) and awareness of change in workload) and consequently on the ventilatory
response during exercise. In order to test this hypothesis, the ventilatory response to moderate incremental
exercise was examined in the two conditions. The main findings in the present study were 1) the
ventilatory response at the three highest work rates was significantly higher in the REC than in the CC, 2)
there were no significant differences in RPE and awareness of change in workload between the two
conditions, 3) muscle soreness was very weak in both conditions, but the magnitude of soreness was
significantly higher in the REC than in the CC, and 4) there were no significant differences in [La-] and
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IEMG between the two conditions.
Recent studies (Davies et al. 2008, Gleeson et al. 1998, Twist and Eston 2009) have suggested that
muscle swelling associated with exercise-induced muscle damage (EIMD) increases ventilation via the
activation of group III and IV afferents by distension of blood vessels in the working muscle (Haouzi and
Chenuel 2005; Haouzi et al. 1999). Furthermore, it has been suggested that sensitization (or decrease in
threshold) of pain receptors, which is induced by prior eccentric contractions, causes an increase in
ventilatory response during exercise (Hotta et al. 2006, Hotta et al. 2009). Thus, in this study, although
the magnitude, pattern, and duration of the loaded work during the IET were the same between the REC
and CC, it is likely that there were some differences in mechanical and chemical respiratory stimulant
effects via peripheral afferents (e.g., group III and IV) between the conditions. As for central and
peripheral chemoreflexes, since there was no significant difference in [La-] before and after the
incremental exercise between the REC and CC, augmentation of ventilatory response by prior resistance
exercise might not be attributable to these chemoreflexes to deal with acidosis (Ward 1994). However, we
cannot rule out the possibility that some factor related to prior resistance exercise may have caused an
increase in respiratory chemoreflex sensitivity and thereby augmented ventilatory response for the same
blood chemical composition. Therefore, our results suggest that some changes in neural reflex via the
muscle peripheral afferent and perhaps humoral reflex via central or peripheral chemoreceptors increased
the ventilatory response in the REC independently of the cognitive process of exercise.
It is well known that ventilatory kinetics is closely coupled with change in metabolism (Casaburi et al.
1977). McKay et al. (2009) showed that phaseⅡ time constant for O2 uptake was significantly reduced
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(that is, a faster and higher O2 uptake response) after only two sessions of short-term high-intensity
interval training. This may generate an idea that the increase in ventilatory response observed in the REC
．
was associated with speeding up of O2 kinetics. Indeed, in the present study, Vo2 in the REC was slightly
(but not significantly) higher than that in the CC. Furthermore, Braun and Dutto (2003) have shown that
O2 cost of running was compromised by EIMD. In their work, since lactate response to running was
augmented by EIMD, a greater dependence on typeⅡ recruitment was suggested to contribute to the
increase in oxygen cost of running. They also stated that during EIMD, more motor units have to be
activated to achieve the same submaximal force output, resulting in an increase in metabolic cost. In
contrast, in the present study, there were no significant differences in [La-] and IEMG between the two
conditions. This suggests that the observed difference in ventilatory response between the two conditions
is not due to change in motor unit recruitment and concomitant change in metabolic cost. In addition, in
．．
the present study, VI/Vo2 during exercise was augmented by resistance exercise. Therefore, as supported
．．
by the higher VI/Vco2 and the lower PETCO2, it is thought that there was relative hyperventilation in the
REC.
As stated above, relative hyperventilation in the REC (observed difference in ventilatory response
between the two conditions) may have been due to intramuscular changes (e.g., vascular distension or
sensitization). However, magnitude of muscle soreness in the REC was very low (about 10% of
maximum magnitude) compared to the soreness (30-70% of maximum magnitude) in previous studies
(Davies et al. 2008, Davies et al. 2009, Gleeson et al. 1998, Hotta et al. 2006, Twist and Eston 2009) that
effectively provoked EIMD, which was confirmed by plasma creatine kinase activity. Moreover, although

12

13

EIMD has been reported to increase the rate of efflux of lactate from the working muscle to blood
(Gleeson et al. 1998) due to increased muscle membrane permeability (Newham et al. 1983), there was
no significant difference in [La-] between REC and CC. Therefore, it is thought that intramuscular
changes due to resistance exercise may have been minimal and, as a result, it may be difficult to explain
the increased ventilatory response in the REC by only the alteration in peripheral neural reflex via groups
III and IV afferents.
It has been reported that EIMD increased effort sense and EMG activity to a certain load over a
two-day period (Carson et al. 2002). This suggests that increase in motor unit recruitment (central motor
command) to maintain pre-damage submaximal force level may cause the increase in effort sense (RPE).
However, in the present study, there were no significant differences in RPE and IEMG between the two
conditions, indicating that central motor command was similar in the conditions. Thus, the observed
difference in ventilatory response between the conditions cannot be explained by ‘central command’ that
drives breathing via a neural mechanism consisting of parallel activation of motor and respiratory centers.
Another possible mechanism accounting for the difference in ventilatory response between the two
conditions may involve behavioral ventilatory regulation. Our hypothesis that fatigue of working muscle
has an effect on the cognitive process and consequently on the respiration was inspired by a previous
study showing that muscle weakness caused by tubocurarine injections led to increases in ventilation and
effort sense during constant load exercise (Asmussen et al. 1965) and by a recent study reviewing models
of sense of effort (Marcora 2009). One of the two models presented by Marcora (2009) is an afferent
feedback model in which sense of effort is based on afferent stimuli from skeletal muscle (Fig. 1-A in
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Marcora 2009). Indeed, some studies have suggested that sense of effort may be altered by peripheral
information such as muscle fatigue (Amann and Dempsey 2008; Carson et al. 2002). In addition,
awareness of change in workload assessed in the present study may be associated with sense of tension
generated by sensory signal arising in the working muscle. However, in the present study, resistance
exercise altered the ventilatory response but not effort sense (RPE) or awareness of change in workload.
These results seem to be close to the other model in which sense of effort is independent of afferent
feedback from skeletal muscle (Fig. 1-B in Marcora 2009). However, in this model, forwarding neural
signals (corollary discharges or efference copies) from motor to sensory areas of the cerebral cortex
centrally generate the sense of effort. In other words, sense of effort is believed to derive from a copy
(corollary discharge (Sperry 1950) or efference copy (Von Holst 1954)) of the central motor command.
Thus, since corollary discharges or efference copies from motor to sensory areas of the cerebral cortex are
thought to reflect central motor command (RPE), the present results cannot be fully explained by this
model. As in the case of the present study, if subjects understand that the loading configuration is the
same in the two conditions, cognition of self-motion may be not susceptible to change in peripheral
factors. The subjects in the REC had a consciousness that they were in a state after resistance exercise.
Such consciousness and perhaps subtle muscle soreness would activate the central neural activity
involved in the planning or anticipation of increasing exercise and consequently stimulate cortical areas
involved in the voluntary control of respiratory muscle and lead to an increase in ventilatory response
(Bell 2006). Indeed, Fink et al. (1995) showed that the brain site associated with volitional breathing was
activated during light exercise. Situation recognition that the subjects themselves are in a state after
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resistance exercise could have subconsciously led to the augmented ventilatory response in the REC.
In conclusion, resistance exercise, comprising concentric and eccentric actions, enhanced exercise
hyperpnea during moderate incremental exercise, which was performed 24 h after the resistance exercise.
However, prior resistance exercise did not alter [La-], IEMG, RPE and awareness during moderate
incremental exercise, and muscle soreness induced by the resistance exercise was very weak. These
results suggest that a neural mechanism and/or a humoral mechanism alone may not be able to explain
ventilatory response to moderate exercise performed 24 h after resistance exercise. This leaves the
possibility that ventilatory response during exercise is influenced by the exerciser’s own situation
recognition of being in a state after resistance exercise.

15

16

References
Adreani CM, Hill JM, Kaufman MP (1997) Responses of group III and IV muscle afferents to
dynamic exercise. J Appl Physiol 82:1811–1817
Amann M, Dempsey JA (2008) Locomotor muscle fatigue modifies central motor drive in healthy
humans and imposes a limitation to exercise performance. J Physiol 586:161–173
Asmussen E, Johansen SH, Jørgensen M, Nielsen M (1965) On the nervous factors controlling
respiration and circulation during exercise experiments with curarization. Acta Physiol Scand 63:343–350
Bell HJ, Feenstra W, Duffin J (2005) The initial phase of exercise hyperpnoea in humans is
depressed during a cognitive task. Exp Physiol 90:357–365
Bell HJ (2006) Respiratory control at exercise onset: An integrated systems perspective. Respir
Physiol Neurobiol 152:1–15
Borg G (1982) Psychophysical bases of perceived exertion. Med Sci Sports Exerc 14:377-381
Braun WA, Dutto DJ (2003) The effects of a single bout of downhill running and ensuing delayed
onset of muscle soreness on running economy performed 48 h later. Eur J Appl Physiol 90:29–34
Carson RG, Riek S, Shahbazpour N (2002) Central and peripheral mediation of human force
sensation following eccentric or concentric contractions. J Physiol 539:913–925
Casaburi R, Whipp BJ, Wasserman K, Beaver WL, Koyal SN (1977) Ventilatory and gas exchange
dynamics in response to sinusoidal work. J Appl Physiol 42:300-311
Cherniack NS (2007) Commentary on “Homeostasis of exercise hyperpnea and optimal
sensorimotor integration: The internal model paradigm” by Poon et al.. Respir Physiol Neurobiol

16

17

159:14–17
Davies RC, Eston RG, Poole DC, Rowlands AV, DiMenna F, Wilkerson DP, Twist C, Jones AM
(2008) Effect of eccentric exercise-induced muscle damage on the dynamics of muscle oxygenation and
pulmonary oxygen uptake. J Appl Physiol 105:1413–1421
Davies RC, Rowlands AV, Eston RG, (2009) Effect of exercise-induced muscle damage on
ventilatory and perceived exertion responses to moderate and severe intensity cycle exercise. Eur J Appl
Physiol 107:11–19
Dempsey JA (2006) Challenges for future research in exercise physiology as applied to the
respiratory system. Exerc Sport Sci Rev 34:92–98
Fink GR, Adams L, Watson JDG, Innes JA, Wuyam B, Kobayashi I, Corfield DR, Murphy K, Jones
T, Frackowiak RSJ, Guz A (1995) Hyperpnoea during and immediately after exercise in man: evidence of
motor cortical involvement. J Physiol 489:663–675
Gleeson M, Blannin AK, Walsh NP, Field CNE, Pritchard JC (1998) Effect of exercise-induced
muscle damage on the blood lactate response to incremental exercise in humans. Eur J Appl Physiol
77:292–295
Goodwin GM, McCloskey DI, Mitchell JH (1972) Cardiovascular and respiratory responses to
changes in central command during isometric exercise at constant muscle tension. J Physiol 226:173–190
Haouzi P (2006) Theories on the nature of the coupling between ventilation and gas exchange
during exercise. Respir Physiol Neurobiol 151:267–279
Haouzi P, Chenuel B (2005) Control of arterial Pco2 by somatic afferents in sheep. J Physiol

17

18

569:975–987
Haouzi P, Hill JM, Lewis BK, Kaufman MP (1999) Response of group Ⅲ and Ⅳ muscle
afferents to distension of the peripheral vascular bed. J Appl Physiol 87:545–553
Hotta N, Sato K, Sun Z, Katayama K, Akima H, Kondo T, Ishida K (2006) Ventilatory and
circulatory responses at the onset of exercise after eccentric exercise. Eur J Appl Physiol 97:598-606
Hotta N, Yamamoto K, Katayama K, Ishida K (2009) The respiratory response to passive and
active arm movements is enhanced in delayed onset muscle soreness. Eur J Appl Physiol 105:483-491
Kaufman MP, Rybicki KJ (1987) Discharge properties of group Ⅲ and Ⅳ muscle afferents: their
responses to mechanical and metabolic stimuli. Circ Res 61:I60–I65
Marcora S (2009) Perception of effort during exercise is independent of afferent feedback from
skeletal muscles, heart, and lungs. J Appl Physiol 106:2060–2062
McKay BR, Paterson DH, Kowalchuk JM (2009) Effect of short-term high-intensity interval
training vs. continuous training on O2 uptake kinetics, muscle deoxygenation, and exercise performance. J
Appl Physiol 107:128-138
Newham DJ, Jones DA, Edwards RHT (1983) Large delayed plasma creatine kinase changes after
stepping exercise. Muscle Nerve 6: 380–385
Poon, CS, Tin C, Yu Y (2007) Homeostasis of exercise hyperpnea and optimal sensorimotor
integration: The internal model paradigm. Respir Physiol Neurobiol 159:1–13
Shea SA (1996) Behavioural and arousal-related influences on breathing in humans. Exp Physiol
81:1–26

18

19

Sperry RW (1950) Neural basis of the spontaneous optokinetic response produced by visual neural
inversion. J Comp Physiol Psychol 43:482–489
Thornton JM, Guz A, Murphy K, Griffith AR, Pedersen DL, Kardos A, Leff A, Adams L, Casadei B,
Paterson DJ (2001) Identification of higher brain centres that may encode the cardiorespiratory response
to exercise in humans. J Physiol 533:823–836
Twist C, Eston RG (2009) The effect of exercise-induced muscle damage on perceived exertion and
cycling endurance performance. Eur J Appl Physiol 105:559–567
Von Holst E (1954) Relations between the central nervous system and peripheral organs. Br J
Animal Behavior 2:89–94
Waldrop TG, Iwamoto GA, Haouzi P (2006) Point:Counterpoint: Supraspinal locomotor centers
do/do not contribute significantly to the hyperpnea of dynamic exercise. J Appl Physiol 100:1077–1083
Ward SA (1994) Peripheral and central chemoreceptor and control of ventilation during exercise in
humans. Can J Appl Physiol 19: 305-333
Ward SA (2007) Ventilatory control in humans: constraints and limitations. Exp Physiol
92:357–366
Whipp BJ, Ward SA (1991) The coupling of ventilation to pulmonary gas exchange during exercise.
In: Pulmonary Physiology and Pathophysiology of Exercise (eds) Whipp BJ, Wasserman K, Dekker, New
York, pp 271–307
Yunoki T, Matsuura R, Arimitsu T, Yamanaka R, Kosugi S, Lian CH, Yano T (2009) Effects of
awareness of change in load on ventilatory response during moderate exercise. Respir Physiol Neurobiol

19

20

169:69–73

20

1

Fig. 1

1

2

Fig. 2

2

3

Fig. 3

3

4

Figure legends

．
Fig. 1 Respiratory frequency (fR), Tidal volume (VT), Ventilation (VI), End-tidal CO2 partial pressure
．
．
．．
．．
(PETCO2), O2 uptake (Vo2), CO2 output (Vco2), and ventilatory equivalents (VI/Vo2 and VI/Vco2) during
incremental exercise performed under the resistance exercise condition (REC, closed circles) and control
condition (CC, open circles). Data presented are means ± SEM. # P < 0.05, refers to comparison with CC

．
．
Fig. 2 Relationship between ventilation (VI) and carbon dioxide output (Vco2) during incremental
exercise performed under the resistance exercise condition (REC, closed circles, y = 0.031x + 1.707; r =
0.999, p<0.001) and control condition (CC, open circles, y = 0.028x + 4.276; r = 0.996, p<0.001). The
relationship presented was obtained from mean values for the group. Data presented are means ± SEM

Fig. 3 Frequency of awareness of change in workload during incremental exercise under the resistance
exercise condition (REC, closed circles) and control condition (CC, open circles). Data presented are
means ± SEM
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