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hyperventilation at 60°/s during the initial repetition phase 
of the first (P = 0.032) and fourth sets (P = 0.040). EMG 
amplitude also declined with set number (P  <  0.001) for 
both speeds and muscles, which was, however, not attenu-
ated by hyperventilation.
Conclusion  Despite a minor ergogenic effect in peak 
torque at 60°/s, hyperventilation was not effective in atten-
uating the decrement in torque output at 300°/s and decre-
ment in EMG amplitude at both speeds during repeated sets 
of maximal isokinetic knee extensions.

Keywords  Hypocapnia · Peak torque · EMG amplitude · 
Setchenov phenomenon · Recovery

Abbreviations
AMPnorm	� Normalized EMG amplitude
ANOVA	� Analysis of variance
EMG	� Electromyography/electromyogram
[La−]	� Blood lactate concentration
NaHCO3	� Sodium bicarbonate
PCO2	� Partial pressure of carbon dioxide (blood)
PCr	� Creatine phosphate
PETCO2	� End-tidal partial pressure of carbon dioxide 

(expired air)
RR	� Respiratory rate
V̇E	� Minute ventilation
VL	� Vastus lateralis muscle
VM	� Vastus medialis muscle
VT	� Expired tidal volume

Introduction

During intense activities, the accumulation of hydrogen 
ions (H+) and resulting fall in pH have been considered 

Abstract 
Purpose  Hyperventilation, implemented during recovery 
of repeated maximal sprints, has been shown to attenuate 
performance decrement. This study evaluated the effects 
of hyperventilation, using strength exercises, on muscle 
torque output and EMG amplitude.
Methods  Fifteen power-trained athletes underwent maxi-
mal isokinetic knee extensions consisting of 12 repeti-
tions × 8 sets at 60°/s and 25 repetitions × 8 sets at 300°/s. 
The inter-set interval was 40  s for both speeds. For the 
control condition, subjects breathed spontaneously during 
the interval period. For the hyperventilation condition, sub-
jects hyperventilated for 30 s before each exercise set (50 
breaths/min, PETCO2: 20–25  mmHg). EMG was recorded 
from the vastus medialis and lateralis muscles to calculate 
the mean amplitude for each contraction.
Results  Hyperventilation increased blood pH by 0.065–
0.081 and lowered PCO2 by 8.3–10.3 mmHg from the con-
trol values (P < 0.001). Peak torque declined with repetition 
and set numbers for both speeds (P < 0.001), but the declin-
ing patterns were similar between conditions. A significant, 
but small enhancement in peak torque was observed with 
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major factors contributing to muscle fatigue, although com-
plex interplays among other metabolic by-products and 
central mechanisms may coexist (MacLaren et  al. 1989; 
Green 1997). The proposed mechanisms of performance 
decrement under intramuscular acidic milieu include 
reduced activities of glycolytic enzymes (e.g., phosphof-
ructokinase) with compromised glycolytic energy supply 
(Ui 1966; McCartney et al. 1986) and impaired excitation/
contraction mechanisms (Fuchs et al. 1970; Nakamaru and 
Schwartz 1970; Orchardson 1978; Green 1997).

Over the last several decades, conflicting results have 
been reported, depending on exercise modes, for the effi-
cacy of sodium bicarbonate (NaHCO3)-induced meta-
bolic alkalosis that may delay performance decrement by 
reversing the unfavorable effects of acidosis (Lavender and 
Bird 1989; Webster et al. 1993; Kozak-Collins et al. 1994; 
Bishop and Claudius 2005). These inconsistent reports may 
be ascribed to concomitant negative hemodynamic effects 
of alkalosis, namely reduction in blood flow (through vaso-
constriction or precluded vasodilation) and in diffusion of 
O2 into active muscles (resulting from the left shift of oxy-
hemoglobin dissociation curve) (Chin et  al. 2007; Forbes 
et  al. 2007). The ergogenic aid of metabolic alkalosis, 
therefore, becomes less promising for exercise tasks that 
rely considerably on aerobic energy metabolism (Kozak-
Collins et al. 1994). The exercise tasks that have most con-
sistently gained benefits from the ingestion of NaHCO3 
are intermittent activities such as repeated short sprints 
performed especially by highly fit individuals, where a 
substantial whole-body anaerobic metabolic challenge is 
incurred (Lavender and Bird 1989; Webster et  al. 1993; 
Bishop et  al. 2004; Bishop and Claudius 2005). The ben-
efits of NaHCO3 ingestion are, however, debatable given 
the adverse gastrointestinal effects (bloating and retching) 
(Kozak-Collins et al. 1994) and controversies over optimal 
dosage and timing (Webster et al. 1993; McNaughton et al. 
1999).

Hyperventilation is an alternative method to induce 
body alkalosis (respiratory alkalosis). Previous studies of 
hyperventilation, implemented before and/or during exer-
cise, have yielded no ergogenic effects or impaired perfor-
mance because the exercise tests consisted of a single bout 
of maximal exercise or long-lasting aerobic exercise, which 
were unsuitable to investigate the buffering effects (Davies 
et al. 1986; Morrow et al. 1988; Walsh et al. 2006). Stud-
ies of hyperventilation implemented intermittently dur-
ing recovery of repeated short bouts of exercise have been 
limited (Hilbert et al. 2012; Sakamoto et al. 2014). Hilbert 
et al. (2012) examined the influence of respiratory alkalosis 
via hyperventilation on muscle performance of untrained 
subjects during intermittent hand grip exercise at maximum 
speed and frequency (15  s ×  10 sets with 45  s recovery 
interval). Despite stabilized magnitude of the compound 

action potentials (M-wave), hyperventilation implemented 
prior to the first set of exercise and throughout each of the 
recovery intervals produced no improvement in muscle 
performance compared to spontaneous breathing (con-
trol). In contrast, Sakamoto et  al. (2014) reported perfor-
mance improvement when a 30  s hyperventilation was 
implemented during the last half of a 60 s recovery before 
each set of 10 s standing sprint pedaling in highly trained 
athletes. Hyperventilation, as verified by the fall in blood 
PCO2 and rise in pH, significantly attenuated the decrement 
in power output. The improved performance was attributed 
to an enhanced anaerobic energy supply via PCr and gly-
colysis (Ui 1966; Sahlin et  al. 1979; Davies et  al. 1986; 
Lindinger et al. 1990; McMahon and Jenkins 2002; Forbes 
et  al. 2007) and delayed failure in excitation/contraction 
coupling (Fuchs et al. 1970; Nakamaru and Schwartz 1970; 
Orchardson 1978; Green 1997) through the accelerated 
buffering effects. Given the substantial whole-body meta-
bolic challenge during the exercise task, the authors pro-
posed the contribution of the “Setchenov phenomenon,” 
where the volitional activation of respiratory muscles acted 
as a diverting activity that countered the development of 
central fatigue (Asmussen 1979; MacLaren et  al. 1989). 
As hyperventilation does not require an exogenous agent 
and can be initiated and terminated instantly without major 
adverse effects, unless implemented excessively (paresthe-
sia and dizziness may result from reduced blood flow to 
the periphery and the brain), the study of Sakamoto et al. 
(2014) has demonstrated hyperventilation as a potential 
replacement for NaHCO3 ingestion.

Nonetheless, the study of hyperventilation warrants fur-
ther investigations to identify exercise modes and condi-
tions under which hyperventilation would be efficacious, 
as has been undertaken for metabolic alkalosis research. 
The current novel proposal extends our previous work on 
sprint pedaling (Sakamoto et  al. 2014) to a strength-ori-
ented exercise, repeated maximal isokinetic knee exten-
sions, by targeting a larger muscle group than the finger 
flexors (Hilbert et  al. 2012). Assuming that the recruit-
ment of motor units in the active muscles is near maxi-
mum during contractions at maximal isokinetic effort, 
EMG amplitude would be expected to gradually fall as the 
exercise is repeated over time. The decline in EMG ampli-
tude during maximal effort has been well documented and 
ascribed to the peripheral excitation–transmission failure 
and/or central fatigue depending on the types of contrac-
tion (Kawakami et  al. 2000; Nordlund et  al. 2004). The 
decline in EMG amplitude, however, may be countered by 
hyperventilation, since hyperventilation increases the neu-
ronal and muscle excitabilities at rest or prevents the fall 
in excitability during exercise (Katz and Wolf 1964; Seyal 
et al. 1998; Hilbert et al. 2012). Moreover, if the contribu-
tion of the Setchenov phenomenon was true, the reduction 



1455Eur J Appl Physiol (2015) 115:1453–1465	

1 3

in central command outflow associated with perceived 
exertion would be attenuated, which in turn attenuates the 
EMG amplitude decline.

Taken together, this study aimed to document the 
effect of hyperventilation, performed before each set of 
exercise during the recovery period, on the decrements 
in torque output and EMG amplitude over repeated sets 
of maximal repetitive isokinetic contractions. The isoki-
netic dynamometer, rather than inertial resistance condi-
tion such as free-weight lifting, was used to ascertain a 
constant range of motion and speed for both the spontane-
ous breathing and hyperventilation condition. This exer-
cise condition avoids confounding EMG amplitude effects 
due to change in skin-electrode geometry (Rainoldi et al. 
2000) and contraction speed (Sakamoto and Sinclair 
2012).

Methods

Subjects

Fifteen power-trained university athletes (10 males and 
5 females), who were well accustomed to high-intensity 
resistance training, participated in this study. Their sports, 
physical characteristics, experience and training frequency 
at the time of the experiment are summarized in Table 1.

All subjects reported to the laboratory on four sepa-
rate occasions (two non-experimental days and two 

experimental days). On the first non-experimental day, they 
were informed of any risks associated with the experiment, 
read the guidelines and received verbal instructions for the 
experimental procedures, and gave informed consent. On 
the second non-experimental day, within 7  days, the sub-
jects were accustomed to the hyperventilation method and 
maximal isokinetic knee extensions involving a few exer-
cise sets. Then, they performed a complete train of exer-
cise procedures at both speeds (described below) under the 
hyperventilation condition. This practice session assured 
subjects’ capabilities of withstanding the fatiguing nature 
of the exercise and the methodological hyperventilation 
without major adverse symptoms such as paresthesia or 
dizziness (Macefield and Burke 1991).

Within another 7  days after the second practice ses-
sion, the experimental sessions began. On each of the two 
experimental days (control or hyperventilation condition), 
subjects were instructed to eat a carbohydrate-rich meal 
2 h prior to the experiment and consume plenty of water. 
No subjects consumed alcoholic or caffeinated drinks dur-
ing the experimental period. To minimize diurnal and lon-
gitudinal performance variations, the two experiments 
were conducted at the same time of day and completed in 
48–72 h. Subjects were instructed to assume constant train-
ing routines throughout the experimental period and to 
avoid intense lower body workouts immediately prior to the 
exercise testing. This study was approved by the Human 
Ethics Committee of Juntendo University, Graduate School 
of Health and Sports Science.

Table 1   Subject characteristics at the time of the experiment

Subject Height (cm) Mass (kg) Age (year) Sex Sport Sport Resistance training

Experience  
(year)

Training frequency  
(times/wk)

Experience  
(year)

Training frequency  
(times/week)

1 171.0 86.0 20 M Hammer throw 8.0 5 4.0 5

2 173.6 94.1 19 M 5.5 5 3.5 5

3 184.7 108.9 21 M 8.8 5 2.8 5

4 169.5 82.5 18 F 6.0 6 3.0 4

5 175.4 92.4 20 M Discus throw 4.5 5 4.5 4

6 165.6 67.7 20 F 4.8 5 4.8 4

7 175.4 76.4 21 M Javelin throw 5.8 5 5.8 4

8 162.7 68.2 21 F 6.8 5 6.8 3

9 181.4 97.6 20 M Shot put 5.5 5 5.5 4

10 183.7 82.4 20 M Decathlon 7.8 5 4.8 2

11 162.3 61.7 20 F Heptathlon 7.8 5 4.8 3

12 171.3 68.8 23 M 100 m Sprint 3.5 6 7.5 3

13 158.5 55.6 19 F Long jump 9.0 6 4.0 2

14 190.9 76.0 22 M Soccer 16.0 6 3.0 3

15 173.0 80.0 34 M Power lifting 15.0 3 15.0 3

Mean 173.3 79.9 21.2 7.7 5.1 5.3 3.6

SD 9.1 14.4 3.7 3.6 0.7 3.0 1.0
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Experimental procedures

This was a randomized, crossover counterbalanced meas-
ure design, where subjects underwent both control and 
hyperventilation conditions (held 48 or 72  h apart). The 
experiment was conducted between August 2012 and Feb-
ruary 2013. All trials were performed in a temperature and 
humidity controlled room at 23 °C and 59 %, respectively.

Figure 1 presents an overview of the experimental pro-
cedure. On each of the experimental days, subjects per-
formed maximal voluntary isokinetic concentric knee 
extensions with one leg for 12 repetitions (reps) × 8 sets 
at 60°/s, followed by 25 reps × 8 sets at 300°/s with the 
other after recessing for approximately 45 min. The inter-
set recovery was 40 s for both speeds. This exercise pro-
tocol was developed based on our pilot tests to result in 
progressive reduction in torque output with repetition and 
set, even for trained athletes, without spinning out the 
exercise duration. Moreover, the total work outputs, dur-
ing the first exercise set before fatigue set in, were simi-
lar between the two speeds (χ = 2667.0 to 2669.0 J). No 
voluntary contractions of the knee flexors were involved, 
but the lever was lowered by the gravity during which the 
knee extensors relaxed and prepared for the subsequent 
contraction. The first assigned breathing condition (con-
trol or hyperventilation) and the numbers of dominant and 
non-dominant legs between the two speed conditions were 
counterbalanced between subjects. Two contraction speeds 
were selected so as to identify optimal situations for the 

hyperventilation effects: strength-oriented or speed-ori-
ented torque production.

Before the commencement of each speed condition, 
subjects warmed up for at least 10 min including specific 
practice on the dynamometer to elicit maximum perfor-
mance, during which a 500-mL standard mineral water 
drink was given to ensure euhydration (before the test at 
60°/s) or rehydration (before the test at 300°/s). Within 
5 min after the completion of the warm-up, the isokinetic 
exercise began. The exercise test was, however, preceded 
by a EMG normalization set (Fig.  1), which consisted of 
three maximal knee extensions before the 60°/s, or 5 exten-
sions before the 300°/s condition, performed at respective 
speeds. For each speed condition, two contractions that 
produced the first and second highest peak torques were 
determined, and the mean EMG amplitudes of these two 
contractions were averaged. This value was used to nor-
malize the EMG amplitude recorded during the subsequent 
exercise test to offset day-to-day differences. A rest dura-
tion of 40 s took place between the normalization set and 
the first experimental set (Fig. 1).

For the control condition, subjects breathed spontane-
ously during the 40-s break between sets, whereas for 
the hyperventilation condition, subjects initially per-
formed spontaneous breathing for the first 10  s of recov-
ery followed by 30  s of methodological hyperventilation 
(50 breaths/min with end-tidal partial pressure of CO2 
maintained at 20–25  mmHg) until the start of the next 
set (Fig.  1). The first set was also preceded by 30  s of 
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Fig. 1   An overview of the experimental flow. Blood pH and PCO2 
were measured, at rest (baseline), and then before the first, fourth and 
seventh sets (pre-exercise set), and after the second, fifth and eighth 

sets (post-exercise set). Blood [La−] was measures at rest (baseline) 
and then after every second set
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hyperventilation in order to examine the preparatory effect 
of respiratory alkalosis and altered neural drive. Strong 
verbal encouragement was avoided, since its motivational 
nature may lessen the development of central fatigue. Only 
the number of reps performed was read out rep-by-rep 
with a casual tone within each set, with no emphasis on the 
remaining reps or set numbers so that subjects remained in 
a self-motivated situation.

The peak torque achieved in each rep was used to detect 
performance decrement over eight sets. EMG was recorded 
from the vastus lateralis and medialis, and signal ampli-
tudes served to estimate the combined levels of excitability 
and central motor command output. Blood samples were 
collected from the earlobe for blood lactate concentration 
to reflect glycolytic metabolism and for pH and PCO2 to 
verify respiratory alkalosis resulting from hyperventilation. 
Expired gases including minute ventilation, respiratory 
rate, expired tidal volume and end-tidal partial pressure 
of CO2 were monitored breath-by-breath to control for the 
methodological hyperventilation and to document altered 
ventilation patterns and ventilatory demands. Details about 
each of these sampling techniques are described below.

Equipment

Isokinetic dynamometer

Subjects were seated and strapped to an isokinetic 
dynamometer (Biodex System 4, Biodex Medical Sys-
tem Inc., Shirley, NY, USA) with the knee joint (the lat-
eral epicondyle of the femur) aligned with the axis of 
lever rotation. The lever pad was securely strapped around 
the ankle of the exercising leg. The range of lever motion 
was 90° with the knee extension limit set at 5–10° lower 
than the full extension, depending on the flexibility of the 
hamstrings. The seat and dynamometer positions, lever 
length and the lever limit position were determined dur-
ing the familiarization session and kept constant through-
out the subsequent experiments. The gravity effect torque 
was measured at an angle of 20° below the extension limit 
for each leg (60 and 300°/s). This value measured before 
the first experimental test was applied in subsequent test 
sessions, assuming that the gravity effect torque stayed 
constant within 48–72 h. Any slight variation in the grav-
ity effect torque was likely due to the relaxation state of 
hamstrings, rather than changes in limb mass. The auxil-
iary smoothing and isokinetic filters were applied to the 
recorded peak torque values for later data processing.

EMG

Silver/silver chloride surface electrodes, 9 mm in diameter 
(Ambu Blue Sensor P, Ambu A/S, Denmark), were placed 

on the skin over the bellies of vastus medialis (VM) and 
lateralis (VL). The inter-electrode distance and impedance 
were, respectively, 34  mm and less than 3  kΩ after skin 
preparation. The electrode positions were marked using a 
semi-permanent pen to reproduce the same electrode place-
ments for the subsequent test. EMG signals were amplified 
using a Telemyo 2400R G2 telemetry system (Noraxon 
USA Inc., Scottsdale, Arizona, USA) with high- and low-
pass filters set at 10 and 500 Hz, respectively, and collected 
at 1500 Hz using the auxiliary software installed on a per-
sonal computer (PC). The isokinetic dynamometer was 
linked to the EMG device, and the analogue data of the 
lever position and velocity were digitalized (1500 Hz), syn-
chronized with the EMG data and recorded on the same PC 
screen. Using the lever position and velocity data, the con-
centric phase of the knee extension was identified for each 
rep, over which mean EMG amplitude was calculated after 
full-wave rectification. All EMG amplitude data were nor-
malized with the value recorded during the EMG normali-
zation set within respective speed condition and defined as 
follows: normalized EMG amplitude (AMPnorm) =  (mean 
EMG amplitude over each exercise rep/average of the two 
mean EMG amplitudes that produced the first and second 
highest peak torque during the normalization set) × 100 %.

Aeromonitor

Expired gas through a fitted facial mask was monitored 
breath-by-breath on a PC screen during the experiment 
using an aeromonitor (AE300 s, Minato Medical Science, 
Osaka, Japan) for minute ventilation (V̇E), respiratory rate 
(RR), expired tidal volume (VT) and end-tidal partial pres-
sure of CO2 (PETCO2). The airflow sensor was calibrated 
using a 2-L syringe, and O2 and CO2 sensors with known 
O2 and CO2 gas concentrations in accordance with the 
manufacturer’s instructions before each experiment. During 
the hyperventilation intervention (30 s until the start of each 
exercise set), RR was set at 50 breaths/min using a metro-
nome (set at 100  bpm: inspiration or expiration per beat) 
according to our pilot tests for V̇E and RR to be necessarily 
greater than the control, while being able to maintain the 
target PETCO2 value of 20–25 mmHg until the last set so as 
to induce respiratory alkalosis (Davies et al. 1986). VT was 
adjusted constantly (breathed shallower or deeper) accord-
ing to the PETCO2 value read out by an investigator.

Blood gas and lactate analyzers

Whole capillary blood (approximately 60  µL) was col-
lected into a heparinized tube from a hyperemized earlobe 
and analyzed for blood gases (pH and PCO2) using Cobas 
b221 System (Roche Diagnostics, Tokyo, Japan). Blood 
was sampled at rest, then 15 s before the first, fourth and 
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seventh sets (pre-exercise set), and immediately after the 
second, fifth and last sets (post-exercise set) (seven times 
in total, Fig. 1). From the contralateral earlobe, 20 µL of 
blood was collected to calculate blood lactate concentra-
tion ([La−]), at rest and immediately after every second 
set (second, fourth, sixth and last set) (five times in total, 
Fig.  1) using a lactate analyzer (Biosen S-Line, EFK 
Diagnostics, Barleben, Germany). Limited number of 
blood samples was collected for blood gases due to the 
time required by the device for self-cleaning for the sub-
sequent measurement (about 90–120 s). Occasionally, the 
measurements were unsuccessful due to: (1) unexpectedly 
long time taken for the self-cleaning process resulting in 
clotting of the pending blood sample; (2) failure to col-
lect blood sample with sufficient amount, especially dur-
ing pre-exercise set sampling; or (3) unidentified device 
errors.

Statistical analyses

Small fluctuations in peak torque values and EMG AMP-

norm data, due to device sensitivity, were managed by aver-
aging the data over every three reps for 60°/s and every 
five reps for 300°/s before statistical analyses. Likewise, 
the breath-by-breath data of V̇E, RR, VT and PETCO2 were 
averaged over 10 s before (pre-exercise set) and after (post-
exercise set) each exercise set.

Statistical tests were performed using SPSS version 
17.0  software (SPSS Inc., Chicago, IL, USA). Test–retest 
repeatability of the peak torque was evaluated by means of 
intra-class correlation (ICC) using the average of the first 
and second highest values recorded during the EMG nor-
malizing set (pre-test value). The ICCs for 60°/s and 300°/s 
were, respectively, 0.958 (95 % CI 0.884–0.986) and 0.961 
(95  % CI 0.892–0.987). Paired t tests were used to com-
pare the pretest value of peak torque, and resting blood pH, 
PCO2 and [La−] to ensure nonsignificant differences in the 
baseline values between the two conditions.

Linear mixed model analyses were applied to the blood 
pH and PCO2 data with occasional missing data to test the 
main effects of condition (control vs. hyperventilation) and 
exercise set (separate analyses for the pre-exercise set and 
post-exercise set samples), and their interaction for each 
speed condition.

Three-way repeated-measures ANOVAs were used on 
peak torque and AMPnorm (VM and VL separately) to study 
the main effects of condition (control vs. hyperventilation), 
set (first–eighth set) and rep (every three reps for 60°/s and 
every five reps for 300°/s), and their interactions. Two-way 
repeated-measures ANOVAs were used for V̇E, RR, VT 
and PETCO2 (separate analyses for 10 s pre- and post-exer-
cise set), as well as [La−] to test the main effects of condi-
tion and exercise set, and their interaction. For those cases 

violating the assumption of sphericity, significance was 
corrected using the Greenhouse–Geisser adjustment.

Where necessary, post hoc comparisons were performed 
using the Bonferroni method. P values of equal to or less 
than 0.05 were considered statistically significant, and all 
values are presented as mean ± SD.

Results

There was no significant differences between control 
and hyperventilation conditions for pre-test values of 
peak torque (60°/s: 234.0 ±  58.4 vs. 237.1 ±  56.8  N  m, 
300°/s: 131.3  ±  36.8 vs. 131.9  ±  33.6  N  m), rest-
ing blood pH (60°/s: 7.401  ±  0.017 vs. 7.399  ±  0.014, 
300°/s: 7.407 ±  0.008 vs. 7.404 ±  0.015), PCO2 (60°/s: 
39.4  ±  2.8 vs. 39.8  ±  2.9  mmHg, 300°/s: 37.8  ±  2.1 
vs. 38.0  ±  3.2  mmHg) and [La−] (60°/s: 1.2  ±  0.3 vs. 
1.3 ± 0.3 mM, 300°/s: 1.5 ± 0.6 vs. 1.5 ± 0.5 mM).

Peak torque

The main effects of set and rep, and set ×  rep interaction 
on peak torque were significant for both 60°/s and 300°/s 
(Fig. 2a, b), demonstrating a progressive decrease in peak 
torque with rep and set, but the declining patterns with rep 
varied among sets. The main effect of condition was not 
significant for both speeds. A significant condition ×  rep 
interaction, however, existed for 60°/s (P = 0.019, Fig. 2a). 
Post hoc tests revealed that significant falls occurred in 
torque output between the initial rep phase (first–third rep) 
and the second rep phase (fourth–sixth rep) for the hyper-
ventilation condition (P  =  0.002). No significant differ-
ences, however, existed in torque output between these 
rep phases for the control condition (Fig. 2a). Further post 
hoc analyses indicated that the different repetition effect 
between the two conditions resulted from greater torque 
achieved with hyperventilation than the control in the ini-
tial rep phase. Statistical evidence for this trend was, how-
ever, confirmed for the first and fourth sets only (P = 0.032 
and P = 0.040, respectively) (Fig. 2a).

AMPnorm

For the 60°/s condition, the main effects of set and rep, and 
set × rep interaction on AMPnorm were significant for both 
VM and VL, showing that AMPnorm decreased with set, but 
the effect of rep was dependent on set numbers (Fig.  2c, 
e). In early exercise sets, AMPnorm progressively increased 
with rep number followed by a fall toward the last rep 
phase. This rep effect was, however, reduced in later exer-
cise sets with AMP norm becoming relatively constant over 
the rep phases (Fig. 2c, e). No significant condition effect, 
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condition × set or condition × rep interaction, was evident 
on AMPnorm of both VM and VL for the 60°/s condition 
(Fig. 2c, e).

For the 300°/s condition, AMPnorm also decreased sig-
nificantly with set for both VM and VL (P < 0.001, Fig. 2d, 
f). The main effect of rep was observed only for VM 
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Fig. 2   Changes in peak torque at 60°/s (a) and 300°/s (b), normal-
ized EMG amplitude (AMPnorm) of the vastus medialis (VM) at 
60°/s (c) and 300°/s (d), and AMPnorm of the vastus lateralis (VL) at 
60°/s (e) and 300°/s (f) for control versus hyperventilation conditions 
(n = 15). Values were averaged over every three reps (60°/s) or every 

five reps (300°/s) for statistical analyses. *Significant main effect or 
interaction according to three-way repeated-measures ANOVA (con-
dition ×  set ×  rep). ‡Significant difference in peak torque between 
control and hyperventilation conditions in the initial rep phase (first–
third rep, a)
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(P = 0.045), exhibiting an AMPnorm change similar to that 
observed in the 60°/s condition (gradual rise followed by 
a fall with rep phase). This rep effect, however, may have 
been present also for VL in early exercise sets, given a sig-
nificant set × rep interaction (P = 0.03, Fig. 2f). Again, the 
main effect of condition was not significant for both VM 
and VT for the 300°/s condition (Fig.  2d, f). A notewor-
thy finding was that there was a significant condition × set 
interaction for VL (P = 0.019). Post hoc analyses revealed 
that for the control condition, there was a significant reduc-
tion in AMPnorm (the average within each set) between the 
first and second sets. The AMPnorm of the remaining sets 
stayed lower than the first set, however, by similar degrees 
without any further decrement (Fig. 2f), whereas AMPnorm 
of the hyperventilation condition decreased until the fifth 
set and then remained similar thereafter (Fig. 2f).

Blood pH, PCO2 and [La−]

Blood samples successfully obtained for blood gas analy-
ses (pH and PCO2) were 94 out of 105 (15 subjects ×  7 
time points) for both control and hyperventilation condi-
tions (89.5 %). The missing data points occurred at random 
with 0–4 out of 15 subjects per designated timing. No read-
ing error occurred for the blood gas values at rest.

A significant condition effect was observed for both pH 
and PCO2 with no condition ×  set interaction regardless 
of pre- or post-exercise set, or speed condition (Fig. 3a–d), 
indicating an elevated blood pH and lowered PCO2 with 
hyperventilation at any measurement time point, although 
the effect was greater for the pre-exercise set samples. The 
main effect of set was also significant for all cases showing 
a progressive fall in blood pH and PCO2 toward the end of 
exercise, except for post-exercise set pH in the 60°/s condi-
tion (Fig. 3a–d).

Blood [La−] significantly increased after the onset of 
exercise for both speeds (P < 0.001, Fig. 3e, f). The 60°/s 
condition showed a significant condition effect (P = 0.009) 
as well as condition × set interaction (P < 0.001), indicat-
ing that [La−] was higher with hyperventilation, especially 
for later exercise sets (Fig. 3e). [La−] was not affected by 
the breathing condition for 300°/s (Fig. 3f).

V̇E, RR, VT and PETCO2

As can be seen from the values recorded at the pre-exer-
cise set, the target RR (50 breaths/min) and PETCO2 (20–
25  mmHg) were well achieved by the hyperventilation 
method (Fig. 4c, d, g, h, pre-exercise set), resulting in sig-
nificantly greater V̇E, RR and VT, and lower PETCO2 than 
the control (P  <  0.001, Fig.  4a–h, pre-exercise set). Sig-
nificant set effects as well as condition ×  set interactions 
were observed for pre-exercise set V̇E, RR and PETCO2 

(Fig.  4a–d, g, h, pre-exercise set), showing spontaneous 
exercise responses of these variables (progressive increase 
in V̇E and RR, and decrease in PETCO2 with exercise set) 
under the control condition, whereas these variables stayed 
relatively constant throughout the exercise for the hyper-
ventilation condition under methodological control. VT 
also demonstrated a significant set effect for both speeds 
(P  <  0.001, Fig.  4e, f, pre-exercise set), but pair-wise 
comparisons revealed that this effect was attributable to 
the initial rise, after which the values remained relatively 
constant.

All respiratory variables, measured at the post-exer-
cise set, demonstrated a significant main effect of set for 
both speeds (Fig. 4a–h, post set), indicating a progressive 
increase in V̇E and RR, and decrease in PETCO2 with set 
number, while VT was more variable among sets (Fig. 4e, 
f, post-exercise set). As opposed to the pre-exercise set, 
post-exercise set V̇E was lower for the hyperventilation 
condition for both speeds (P < 0.05) due to lower post-exer-
cise set VT (P < 0.005, Fig. 4a, b, e, f, post-exercise set), 
although the post-exercise set RR held at similar (60°/s, 
P = 0.217) or higher values (300°/s, P = 0.038) compared 
to the control (Fig. 4c, d, post-exercise set). Post-exercise 
set PETCO2 of the hyperventilation condition remained 
lower than the control for both speeds (P < 0.05, Fig. 4g, h, 
post-exercise set).

Discussion

The hyperventilation implemented in this study (30-s dura-
tion, RR set at 50 breaths/min and PETCO2 maintained 
within 20–25  mmHg) successfully induced respiratory 
alkalosis as indicated by the elevated pre-exercise set blood 
pH by 0.069–0.081 for 60°/s and 0.065–0.075 for 300°/s, 
and lowered PCO2 by 8.3–10.3 mmHg for 60°/s and 9.0–
9.7  mmHg for 300°/s from the control values (Fig.  3a–d, 
pre-exercise set). For the post-exercise set, the observed 
differences in blood pH and PCO2 between the two condi-
tions were smaller but remained significant compared to the 
pre-exercise set (Fig. 3a–d, post-exercise set). None of the 
subjects complained of any major adverse effects such as 
paresthesia or dizziness with the hyperventilation method. 
Despite evidence of respiratory alkalosis, the presence of 
the expected ergogenic effects was limited.

The present exercise protocol elicited a significant fall in 
torque output with set and rep (Fig. 2a, b) and in AMPnorm 
with set number (Fig. 2c-f), suggestive of muscle fatigue, 
a potential cause being a combined effect of peripheral 
and central factors (Kawakami et al. 2000; Nordlund et al. 
2004). Within an exercise set, AMPnorm followed a convex-
up manner with rep phases (Fig. 2c–f). The rise in AMPnorm 
in early rep phases may be explained by the myoelectrical 
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Fig. 3   Changes in blood pH at 60°/s (a) and 300°/s (b), PCO2 at 
60°/s (c) and 300°/s (d), and [La−] at 60°/s (e) and 300°/s (f) for con-
trol and hyperventilation conditions (n = 15). Pre-exercise set values 
for blood pH and PCO2 (before the first, fourth and seventh sets) are 
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fifth and eighth sets) are shown on the right (a–d). Blood [La−] was 
measured at rest (baseline) and then after every second set (post-exer-
cise set). *Significant main effect or interaction according to two-way 
repeated-measures ANOVA (condition × set)
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potentiation (Jubeau et  al. 2010), or recruitment of addi-
tional motor units that were inadvertently not stimulated in 
the earlier rep phase, since the level of activation of a mus-
cle may range between 80 and 100  % even during maxi-
mal voluntary effort (Kawakami et al. 2000; Nordlund et al. 
2004). However, this convex-up rep effect was not sus-
tained, but reduced in later sets.

A significant condition  ×  rep interaction existed in 
torque output at 60°/s, implying a small but significant 
enhancement with hyperventilation in peak torque recorded 
in the initial rep phase (first–third rep), notably the first and 
fourth sets (Fig. 2a). The observed ergogenic effect could 
be partly attributable to less compromised rates of glycoly-
sis and glycogenolysis, as well as PCr breakdown through 
accelerated buffering of H+ (Ui 1966; Sahlin et  al. 1979; 
Davies et  al. 1986; Lindinger et  al. 1990; McMahon and 
Jenkins 2002; Forbes et  al. 2007). Blood [La−] values 
were, indeed, higher for the hyperventilation condition than 
the control at 60°/s (Fig. 3e), suggestive of a greater lactate 
production and a greater efflux of lactate through a greater 
lactate gradient, although other mechanisms may coexist 
(e.g., slowed activity of pyruvate dehydrogenase, a greater 
transporter activity for lactate and/or reduced muscle and 
hepatic lactate uptake through reduced blood flow) (McCa-
rtney et al. 1983; Davies et al. 1986; Morrow et al. 1988; 
Lindinger et al. 1990; Druml et al. 1991; Marx et al. 2002; 
Bishop et  al. 2004; Chin et  al. 2007). The greater [La−] 
results were, however, more evident in later sets of exer-
cise (after the fourth set), where no enhancement in torque 
output occurred (Fig.  2a). It was, therefore, unlikely that 
an increased rate of glycolysis accounted for the greater 
torque observed, especially during the initial three reps of 
the first set, since anaerobic fuel sources were readily avail-
able at exercise onset.

An alternative explanation for the small enhancement in 
torque output could be a greater central readiness or drive 
with hyperventilation prior to the exercise set. The “Setch-
enov phenomenon,” expected to derive from volitional 
increase in the activation of respiratory and trunk muscles 
(a diverting activity), involves stimulation of the facilita-
tory part of the reticular formation. In turn, the phenom-
enon promotes arousal, resulting in greater levels of vol-
untary activation or central command outflows (Asmussen 
1979; MacLaren et  al. 1989). Furthermore, hyperventila-
tion increases the sensitivity of excitable neurons, nerves 
and/or membranes within both the central (corticospinal) 
and peripheral nervous systems (Katz and Wolf 1964; Mac-
efield and Burke 1991; Seyal et  al. 1998; Sparing et  al. 
2007; Hilbert et  al. 2012). However, hyperventilation did 
not result in greater AMPnorm in either of the knee exten-
sor muscles (VM or VL) when greater torque outputs were 
recorded at the initial rep phase of the first and fourth sets 
at 60°/s (Fig.  2c, e). This implies that no evidence has 

been recorded for augmented activation or excitability of 
the exercising muscles. It was possible that surface EMG 
was not sensitive enough to detect and signal augmented 
voluntary activation and neural excitability in the current 
experimental preparation. At present, however, we are una-
ble to uncover the exact mechanisms for the torque output 
enhancement.

Despite an enhanced torque output at 60°/s, the torque 
output at 300°/s and AMPnorm at both speeds were not sig-
nificantly altered with hyperventilation. Moreover, the 
torque values at 60°/s, other than those in the initial rep 
phase of the first and fourth sets, were similar between 
the breathing conditions (Fig. 2). Hence, the evidence for 
ergogenic effects of hyperventilation was not convincing. A 
possible explanation for the lack of effects of hyperventila-
tion may be that the exercise task was not as metabolically 
challenging as required. The fatiguing nature of the work-
out was evidenced by the progressive falls in torque and 
AMPnorm with repeated sets. It may be, therefore, expected 
that the pH within the active muscles and adjacent intersti-
tial spaces was exposed to significant acidosis. In spite of 
this, the exercise in the present study may have provided an 
opportunity for repletion of blood flow, since the exercise 
involved unilateral single-joint concentric-only contrac-
tions with the muscles relaxing during the lowering phase. 
Notably, under the control condition, the changes in blood 
pH and respiratory demand parameters (V̇E and RR) of the 
present study (Figs. 3a, b, 4a–d) were smaller compared to 
those observed in our previous repeated sprint study (Saka-
moto et  al. 2014), in which positive ergogenic effects of 
hyperventilation were seen (blood pH: 7.366 or 7.351 vs. 
7.151, V̇E: 44.5 or 52.1 vs. 127.8 l/min, RR: 31.1 or 37.2 
vs. 61.2 breaths/min) (60 or 300°/s vs. repeated sprint, 
respectively). These differences imply that the present 
isokinetic exercise incurred a much less anaerobic meta-
bolic challenge, although maximally performed repeatedly 
over multiple sets. Previous work of metabolic alkalosis 
has shown that exhaustive resistance exercise (the num-
ber of reps able to be performed during leg press) was not 
enhanced by the ingestion of NaHCO3 (Webster et al. 1993; 
Portington et al. 1998). The authors proposed that relatively 
localized muscle actions rendered the anaerobic metabo-
lism not as demanding as the whole-body maximum effort 
and thus not ideal for the investigation of buffering effects. 
Additionally, the current exercise task may have failed to 
impose significant central stresses on highly trained ath-
letes, although a self-motivated situation was systemically 
assigned (no verbal encouragement). The prospect of cen-
tral drive being recovered through the Setchenov phenom-
enon, therefore, could not be overtly manifested by either 
the torque or AMPnorm findings.

It should be noted that a significant condition  ×  set 
interaction (P = 0.019) was observed for the VL in 300°/s 
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condition, showing that the AMPnorm decrement was 
greater with hyperventilation as opposed to our hypoth-
esis of attenuation of decrements (Fig.  2f). The increased 
neuronal excitability with hyperventilation reported previ-
ously was observed by means of transcutaneous electrical 
or transcranial magnetic pulse stimulation (Macefield and 
Burke 1991; Seyal et  al. 1998; Sparing et  al. 2007; Hil-
bert et  al. 2012). In contrast, under voluntary efforts, the 
hyperventilation-induced reduction in cerebral blood flow 
may have a deleterious effect on central motor command 
outflow (Duarte et  al. 1995; Nybo and Rasmussen 2007). 
Implementing hyperventilation without sufficient meta-
bolic and central stresses may exaggerate the consequences 
of reduced cerebral blood, which in turn, compensate for 
the expected ergogenic effects. These mechanisms could 
possibly explain the lower AMPnorm observed with hyper-
ventilation at 300°/s in later exercise sets, without exacer-
bation of decrement in torque output (Fig. 2b, f).

Carr et al. (2013) have reported that NaHCO3 adminis-
tration increased the number of reps able to be lifted when 
multiple resistance exercises are performed (squat, leg 
press and knee extension). It could be argued that hyper-
ventilation may prove to be beneficial for resistance exer-
cise that involves multiple muscle groups of both the upper 
and lower body parts, and/or multiple-joint exercises. 
Muscle actions with both concentric and eccentric actions, 
rather than concentric-only contractions may be necessary 
to bring out higher metabolic demands and central stresses.

The limitations of the present study include the pos-
sibility that the variation in training experience, training 
frequency, sporting discipline and gender in the current 
sample may have a direct or indirect impact on the find-
ings. Moreover, we are unable to answer why the minor 
enhancement occurred exclusively at 60°/s, whereas a 
greater reduction in AMPnorm was apparent at 300°/s with 
hyperventilation, despite relatively similar changes in 
blood and respiratory parameters with exercise between 
the two speeds (Figs. 3, 4). Further research is warranted to 
better ascertain factors that influence the consequences of 
hyperventilation strategies.

In conclusion, a minor ergogenic effect was observed at 
60°/s in the initial rep phase of the first and fourth sets when 
hyperventilation was applied between sets of repeated max-
imal isokinetic knee extensions. Hyperventilation, on the 
other hand, demonstrated no benefits at 300°/s. The EMG 
data did not corroborate any evidence of enhanced muscle 
activations with hyperventilation at both speeds. The cur-
rent findings suggest that future studies should examine 
resistance exercises that involve multiple joints, body parts 
and concentric–eccentric repetitions to achieve significant 
metabolic and central stresses, which may help establish a 
more ideal setting for the investigation of ergogenic effects 
of hyperventilation.
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