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Abstract
Purpose Fast muscular oxygen uptake ( V̇O

2musc
 ) kinetics are limiting factors for high exercise capacities. It is hypothesized 

that V̇O
2musc

 and heart rate (HR) kinetics would be faster in individuals, performing long-distance endurance training (CONT) 
compared with athletes performing predominantly interval-based sports (INT).
Methods 17 subjects (INT: n = 7, 24 ± 5 years, 183 ± 7 cm, 85 ± 10 kg, 6 ± 3 h of training per week, CONT: n = 10, 
37 ± 7 years, 175 ± 9 cm, 69 ± 10 kg, 6 ± 3 h of training per week) completed a treadmill work rate (WR) protocol with 
pseudo-randomized WR changes with velocities of 6.5 and 9.5 km h−1. V̇O2musc and the respective kinetics were estimated 
from the measured pulmonary oxygen uptake and HR combined with a circulatory model. Kinetics information were calcu-
lated using time series analysis. Higher maxima of the cross-correlation function (CCF) of WR and the respective parameter 
( V̇O

2musc
 , HR) indicate faster kinetics responses.

Results The kinetics of HR (INT: 0.23 ± 0.04 vs. CONT: 0.42 ± 0.18; P = 0.001), V̇O2pulm (0.30 ± 0.05 vs. 0.53 ± 0.20; 
P = 0.005) and V̇O2musc (0.31 ± 0.06 vs. 0.53 ± 0.16; P = 0.005) were significantly slower in INT compared with the CONT 
athletes.
Conclusions It seems that at least in the long-term CONT exercise, training without the need of changing intensities is 
favorable for fast V̇O2 and HR kinetics compared with INT exercise including frequently changing intensities.

Keywords Endurance training · Cardiorespiratory kinetics · PRBS · Circulatory model · Changing metabolic demands

Abbreviations
%V̇O2 GET  Oxygen uptake at the gas exchange threshold
ACF  Auto-correlation function
CCF  Cross-correlation function
CCFlag(x)  Delay between the maxima of ACF and CCF
CCFmax(x)  Maximum of the CCF between work rate 

and the respective parameter
CONT  Individuals performing predominantly long-

distance endurance training
FT  Fast twitch fibers
GET  Gas exchange threshold
HR  Heart rate

INT  Individuals performing predominantly 
interval-based sports

PRBS  Pseudo-random binary sequences
Q̇  Cardiac output
ST  Slow twitch fibers
SV  Stroke volume
V̇O2max  Maximal oxygen uptake
V̇O2peak  Peak oxygen uptake
V̇O2musc  Muscular oxygen uptake
V̇O2pulm  Pulmonary oxygen uptake
WR  Work rate

Introduction

Muscular oxygen uptake ( V̇O2musc) kinetics are determined 
by the complex interplay of oxygen delivery and oxygen 
extraction inside the working muscle in response to chang-
ing metabolic demands. An adequate functional interaction 
between oxygen delivery and oxygen extraction is a prereq-
uisite for fast V̇O2musc kinetics (Hughson 2009; Murias et al. 
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2014; Poole and Jones 2012). Faster oxygen uptake kinetics 
determined from phase 2 (metabolic component) of pulmo-
nary measurements ( V̇O2pulm) were reported to be associated 
with higher maximal oxygen uptake ( V̇O2max) values (Pow-
ers et al. 1985; Regensteiner et al. 1998; Chilibeck et al. 
1996) and were documented as more sensitive to training 
interventions, compared with V̇O2max (e.g., Fukuoka et al. 
2002; Murias et al. 2014).

Different groups of athletes were compared regarding 
their V̇O2pulm kinetics. Long-distance runners show faster 
V̇O2pulm kinetics compared with middle-distance runners 
(Berger et al. 2006; Kilding et al. 2006, 2007) and sub-elite 
sprint-trained athletes (Berger and Jones 2007). In contrast, 
Do Nascimento Salvador et al. (2016) report no differences 
in V̇O2pulm kinetics during maximal and supramaximal work 
rate (WR) intensities between sprint-trained and middle-
distance runners. However, the comparability with kinetics 
responses during moderate-intensity exercise is not per se 
possible, since the characteristics of V̇O2 kinetics in these 
high-intensity exercise domains are still discussed and con-
clusions on differences between various groups of subjects 
are difficult. Analyzing muscle biopsies from the m. vastus 
lateralis, it has been observed that muscles of long-distance 
runners contain less fast twitch (FT) and more slow twitch 
(ST) fibers compared with sprint-trained athletes. Further, 
the percentage of FT fibers decreased with the length of the 
running events that the individuals participated in (Inbar 
et al. 1981). From the studies of Crow and Kushmerick 
(1982), it can be concluded that ST fibers show faster V̇O2 
kinetics than FT fibers.

V̇O2pulm kinetics of endurance athletes and typical team 
sport athletes with similar lengths of competitive events but 
different changes of metabolic demands during those events 
were not compared, yet.

Further, there is evidence that the analysis of V̇O2musc 
kinetics using the time constant of phase 2 of mono-expo-
nential fitting of the V̇O2pulm response to an increased meta-
bolic demand might be distorted by an increasing cardiac 
output ( Q̇ , Hoffmann et al. 2013). It is frequently assumed 
that the distortions of the pulmonary measured V̇O2 response 
due to an increasing Q̇ is limited to the cardiodynamic phase 
(phase I), which is commonly either determined to be con-
stantly 20 s or detected individually and then excluded from 
the analysis. A lower HR could lead to a faster adjustment of 
HR (Coote 2010) and, therefore, Q̇ during changes of meta-
bolic demands. This possibly influences the phase 2 V̇O2pulm 
kinetics, depending on the method, used to determine the 
cardiodynamic phase of the V̇O2pulm response to increased 
metabolic demands (Mezzani et al. 2010). In the listed ref-
erences, the kinetics of heart rate (HR) as an indicator of Q̇ 
responses (DeLorey et al. 2004) are not mentioned (Berger 
and Jones 2007; Kilding et al. 2006, 2007; Do Nascimento 
Salvador et al. 2016). Absolute values of HR were reported 

as lower during rest and moderate exercise at steady state 
in long-distance runners compared with middle-distance 
runners (Kilding et al. 2006). Drescher et al. (2018) com-
pared mono-exponential fitting with time series analyses to 
determine the kinetics of V̇O2musc. The authors suggested to 
determine the cardiodynamic phase as accurately as possible 
(Drescher et al. 2018). Hence, the approach of Hoffmann 
et al. (2013) determines V̇O2musc kinetics using time series 
analysis in combination with a circulatory model. Kinet-
ics responses are not analyzed in two phases, but V̇O2musc 
kinetics are determined from V̇O2pulm and HR measurements 
considering the dynamic adjustment of Q̇ during changing 
metabolic demands.

The aim of this study was to compare V̇O2 kinetics 
between endurance-trained athletes with predominantly con-
tinuous endurance exercise training characteristics (CONT) 
and individuals who perform sports with mostly intermittent 
exercise training characteristics, such as tennis, basketball 
or handball (INT). Considering the cardiodynamic phase 
by the use of a circulatory model (Hoffmann et al. 2013) 
INT and CONT with equal V̇O2peak values, but very different 
training regimes are compared. It was hypothesized that V̇
O2musc, V̇O2pulm and HR kinetics would be faster in CONT 
than in INT athletes.

Methods

Participants

Overall, 24 subjects participated in the study. Prior to the test 
procedures, the experimental protocol was approved by the 
institutional review board of the German Sport University 
Cologne considering the declaration of Helsinki including 
the amendments until 2013. A positive vote was available 
before the beginning of the study. Informed consent was 
obtained from all individual participants included in the 
study prior to the tests. The subjects were recruited through 
social media and with the help of signboards. Subjects were 
eligible to participate in the experiment if they were between 
18 and 45 years of age, reported a minimum of 3 years of 
experience in their sports activity, had 2–4 training sessions 
per week, and were experienced with running on a tread-
mill. Seven subjects had to be excluded from analyses: five 
subjects due to noisy data and two subjects due to an exer-
cise intensity during the WR protocol that was above their 
individual gas exchange threshold (GET). Finally, data from 
17 subjects [INT n = 7 (6 males, 1 female), CONT n = 10 
(5 males, 5 females)] were included in statistical analyses. 
Anthropometrical data for the included subjects are pre-
sented in Table 1.

Subjects were either INT trained (tennis, roller hockey, 
basketball or handball) or they were CONT trained 
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(long-distance running and cycling) and ran about 19 ± 9 km 
per week (excluding the km they cycled) without using 
interval-based exercise training. The INT group trained 
about 4 ± 1 times per week for 6 ± 3 h for 15 ± 11 years. The 
CONT group trained about 4 ± 1 times per week for 6 ± 3 h 
for 8 ± 5 years.

Experimental setup

The test protocol, which both groups completed, was per-
formed on a h\p\cosmos pulsar treadmill (h\p\cosmos sports 
and medical GmbH, Nussdorf-Traunstein, Germany). The 
work rate (WR) protocol started with a 3 min resting meas-
urement in the standing position, followed by 300  s at 
6.5 km h−1 (low step), two 300-s-long sequences of pseudo-
randomized WR changes with velocities of either 6.5 or 
9.5 km h−1 (PRBS1 and PRBS2) and 300 s at 9.5 km h−1 
(high step). The inclination was set to 1% during this part 
of the WR protocol, the shortest sequence during the PRBS 
was 20 s and the longest 80 s. The acceleration mode of the 
treadmill was set to 4, which corresponds to 1.38 m s−2. The 
subjects were instructed to run and not to walk during the 
entire protocol, which was monitored at all times by the test 
supervisor.

The moderate PRBS exercise protocol was followed by an 
incremental ramp protocol to evaluate peak oxygen uptake 
( V̇O2peak). Every minute the speed was increased by 1 km h−1 
until the maximum of 14 km h−1 was reached. The intensity 
was then further increased by raising the inclination of the 

treadmill by 1% every 30 s (Fig. 1). An active recovery phase 
of 5 min at 4 km h−1 was started immediately after complet-
ing the ramp protocol. The ramp protocol was terminated 
when the subject was not able to keep up with the speed of 
the treadmill anymore.

Pulmonary gas exchange was measured breath-by-breath 
(Metalyzer 3B, Cortex Biophysik GmbH, Leipzig, Ger-
many). HR, stroke volume (SV), and Q̇ were measured beat 
to beat via a Physioflow Enduro device (Manatech Biomedi-
cal, Poissy, France). All devices were calibrated according 
to the manufacturers’ guidelines before each testing. The 
volume transducer of the gas analyzer was calibrated with 
a 3L calibration syringe and the analyzers were calibrated 
with gases of known concentration.

To obtain homogenous samplings, the data were inter-
polated at 1 s intervals and synchronized through trigger 
signals at the start of the measurement (Lamarra et al. 1987). 
Aberrant breaths, caused by, e.g., coughing were identified 
and deleted if the deviation was greater than four standard 
deviations of the six surrounding values.

Kinetic analysis

The kinetic analyses followed the description of Hoffmann 
et al. (2013). The PRBS WR protocol was auto-correlated 
(ACF) which resulted in a triangular shape and can be 
interpreted as an approximation of a WR impulse (Ben-
nett et al. 1981). HR, V̇O2pulm, and V̇O2musc were cross-
correlated with the WR protocol (CCF(x)). This resulted 
in a wave-like form and was interpreted as the response 
of each parameter to the WR impulse (Fig. 3). A higher 
maximum of the CCF  (CCFmax(x)) describes a faster 
response of the respective parameter to the change in WR. 
Therefore, a greater value for  CCFmax(V̇O2musc) represents 
a faster kinetics response of the estimated muscular V̇O2 
response to an increased metabolic demand. A greater 

Table 1  Mean ± SD of peak data during the exercise test

BMI body mass index, V̇O2peak peak oxygen uptake, HRpeak peak heart 
rate, RERpeak peak respiratory exchange ratio, V̇O2GET oxygen uptake 
at the gas exchange threshold, HRGET heart rate at the gas exchange 
threshold, VelocityGET velocity at the gas exchange threshold, INT 
group of interval-trained athletes, CONT group of athletes with con-
tinuous aerobic training

INT (n = 7) CONT (n = 10) Sig

Mean SD Mean SD

Age (years) 24 5 37 7 0.001
Height (cm) 182.9 7.4 174.9 8.5 0.088
Body mass (kg) 85.5 10.2 69.4 10.4 0.005
BMI (kg m−2) 25.4 2.3 22.5 2.1 0.033
V̇O2peak (L min−1) 4.27 0.52 3.68 0.59 0.043

relV̇O2peak (mL min−1 kg−1) 50.12 4.66 53.33 7.06 0.315
HRpeak  (min−1) 203 11 192 8 0.056
RERpeak (a.u.) 1.16 0.04 1.12 0.07 0.315
V̇O2GET (mL min−1 kg−1) 42.74 4.18 39.65 3.8 0.193
HRGET  (min−1) 185 10 165 14 0.007
VelocityGET (km h−1) 12.43 1.27 11.7 0.95 0.315
Hours of training (h year−1) 293.6 69.7 380.3 125.6 0.161

Fig. 1  WR protocol with the PRBS to evaluate cardiorespiratory 
kinetics followed by the incremental ramp protocol. WR work rate, 
PRBS pseudo-random-binary sequence
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time lag of the parameters’ response was indicated by a 
greater time lag between the maximum of the ACF and the 
CCF  (CCFlag(x)) (Fig. 2). In addition, the entire CCF time 
courses were analyzed and compared between the groups 
from lag − 50 s to 150 s in 10 s intervals.

V̇O2musc kinetics were estimated from V̇O2pulm and HR, 
using a circulatory model, which considers a venous vol-
ume as well as V̇O2 and perfusion of the non-working part 
of the body. Applying this method, it is possible to analyze 
the V̇O2pulm (including circulatory distortions) and V̇O2musc 
kinetics separately without excluding certain data from the 
analyses (Hoffmann et al. 2013).

Peak oxygen uptake

V̇O2peak was assumed, in case the subject showed a respira-
tory exchange ratio of at least 1.05 and HR was above the 
age-adjusted maximum. The mean V̇O2pulm over the last 
30 s of the incremental part of the WR protocol was deter-
mined as V̇O2peak. GET was detected applying the criteria 
described by Beaver et al. (1986).

Statistical analysis

Differences between the two groups regarding the kinetics 
parameters, peak values and hours of training were calcu-
lated using Mann–Whitney U tests (two-tailed), due to the 
small sample size. Differences between the groups regard-
ing the different lags of the CCFs were analyzed applying a 
repeated measures ANOVA with the factors ‘group’ (INT, 
CONT) and ‘lag’ (− 50 s to 150 s). Mean values of the cardi-
orespiratory parameters during the PRBS WR protocol were 
compared between the two groups and the different steps 
using repeated measures ANOVA with the factors ‘group’ 
(INT, CONT) and ‘step’ (rest, low, PRBS1, PRBS2, high). 
In addition, potential differences between V̇O2musc and V̇
O2pulm kinetics  (CCFmax and  CCFlag) were calculated using 
repeated measures ANOVA with the factors ‘group’ (INT, 
CONT) and ‘parameter’ ( V̇O2musc, V̇O2pulm). In case the 
Mauchly test of sphericity showed significant differences 
(α ≤ 10%) the Greenhouse–Geisser correction was used. Post 
hoc effects were calculated using the Bonferroni test. Cor-
relation analyses for HR and HR kinetics were performed 
using the Spearman rank order correlation coefficient (two-
tailed). The level of statistical significance was set to α ≤ 5%.

Results

V̇O2peak was significantly higher in the INT group. Relative  
V̇O2peak was not significantly different between the groups. 
In the INT group, HR at the GET was significantly higher 
and tended to be higher at peak exercise during the incre-
mental part of the treadmill test. Hours spent for training 
over the past year were not significantly different between 
the groups (Table 1).

Comparing the metabolic and cardiac data during the 
PRBS steps of the treadmill test, differences between the 
groups were only observed for V̇O2pulm and Q̇ , but not for 
HR or SV. Main effects and post hoc results are shown in 
Table 2.

Calculating the V̇O2pulm as mean value during the two 
PRBS relative to the V̇O2 achieved at GET in percent  
(%V̇O2 GET), there was no statistical difference between 
INT (73.1 ± 7.3%) and CONT (76.1 ± 7.4%; P = 0.417).

The kinetics parameters,  CCFmax(HR),  CCFmax(V̇O2musc) 
and  CCFmax(V̇O2pulm) were significantly greater for CONT 
compared with INT with no within group differences 
between  CCFmax(V̇O2pulm) and  CCFmax(V̇O2musc) (param-
eter: P = 0.949; parameter × group: P = 0.864) (Table 3). 
In addition,  CCFlag(V̇O2pulm) was significantly greater than 
 CCFlag(V̇O2musc) (parameter: P < 0.001; parameter × group: 
P = 0.117), but there were no differences between the groups 
(P = 0.118) (Table 3).

Fig. 2  Exemplary response of the parameters to the WR protocol as 
absolute values (a) and after time series analysis (b). HR heart rate, 
V̇O2pulm pulmonary oxygen uptake, V̇O2musc muscular oxygen uptake, 
WR work rate, ACF(WR) auto-correlation function of the work rate 
protocol, CCF cross-correlation function, CCFmax maximum of the 
cross-correlation function of each respective parameter on the y-axis, 
CCFlag time lag between the maximum of the ACF and the CCF
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The CCF courses for HR, V̇O2musc and V̇O2pulm in 
comparison between the two groups are shown in Fig. 3. 
For the CCF course of V̇O2pulm, significant differences 
were found for the factors lag (P < 0.001), group × lag 
(P = 0.002) and the factor group (P = 0.032). Similarly, 
regarding the CCF course of V̇O2musc, significant effects 
for lag (P < 0.001), lag × group (P = 0.001) but not for 
group (P = 0.574) were calculated. For the CCF course 
of HR, significant effects for lag (P < 0.001), lag × group 
(P = 0.020), but not for group (P = 0.350) were calculated. 
Post hoc, statistical differences between the groups were 
found at several lags (marked with asterisks in Fig. 3).

A significant correlation was shown between the mean 
HR during the PRBS and  CCFmax(HR) (rSP =  − 0.574, 
P = 0.016).

Table 2  Mean ± SD of metabolic and cardiac data during the PRBS treadmill test

V̇O2pulm pulmonary oxygen uptake, HR heart rate, SV stroke volume, Q’ cardiac output, Rest mean values during second − 40 to − 11 of the rest-
ing phase, Low mean values during second 260–289 of the 6.5 km h−1 constant phase, PRBS1 mean values during second 300–599 of the first 
pseudo-random binary sequence, PRBS2 mean values during second 600–899 of the second pseudo-random binary sequence, High mean values 
during second 1160–1189 of the 9.5 km h−1 constant phase, INT group of interval-trained athletes, CONT group of athletes with continuous 
aerobic training

INT CONT Main effect step Main effect group Interaction 
group × step

Post hoc 
group × step

Mean SD Mean SD

V̇O2pulm (L min−1)
 Rest 0.40 0.07 0.32 0.06  < 0.001 0.002 0.002 0.016
 Low 2.18 0.31 1.75 0.25 0.006
 PRBS1 2.65 0.38 2.08 0.28 0.003
 PRBS2 2.68 0.44 2.06 0.27 0.003
 High 3.09 0.52 2.29 0.31 0.001

HR  (min−1)
 Rest 78 4 66 8  < 0.001 0.061 0.304
 Low 130 14 121 18
 PRBS1 147 16 135 17
 PRBS2 153 16 138 18
 High 170 15 150 18

SV (mL)
 Rest 107 11 97 19  < 0.001 0.071 0.614
 Low 158 33 139 18
 PRBS1 152 18 135 16
 PRBS2 158 18 140 16
 High 158 25 140 14
Q̇ (L min−1)
 Rest 8.31 0.71 6.48 1.84  < 0.001 0.023 0.070
 Low 20.76 5.05 16.95 2.95
 PRBS1 22.48 4.37 18.33 3.24
 PRBS2 24.36 4.70 19.28 3.34
 High 27.02 6.32 20.97 3.13

Table 3  Mean ± SD of the kinetics parameters during the PRBS 
treadmill test

CCFmax(x) cross-correlation function between work rate and the 
respective parameter, CCFlag() time lag between the maximum of the 
auto-correlation function and the cross-correlation function between 
work rate and the respective parameter, HR heart rate, V̇O2musc mus-
cular oxygen uptake, V̇O2pulm pulmonary oxygen uptake, INT group 
of interval-trained athletes, CONT group of athletes with continuous 
aerobic training

INT (n = 7) CONT 
(n = 10)

Sig. group 
difference

Mean SD Mean SD

CCFmax(HR) (a.u.) 0.23 0.04 0.42 0.18 0.001
CCFlag(HR) (a.u.) 13 3 10.20 4.94 0.161
CCFmax(V̇O2musc) (a.u.) 0.31 0.06 0.53 0.16 0.005

CCFlag(V̇O2musc) (a.u.) 26 6 19 7 0.070

CCFmax(V̇O2pulm) (a.u.) 0.30 0.05 0.53 0.20 0.007

CCFlag(V̇O2pulm) (a.u.) 31 5 28 7 0.475
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Discussion

Despite no significant differences in relative V̇O2peak, and 
relative exercise intensities during the kinetics test (%V̇O2 
GET), V̇O2musc, HR as well as V̇O2pulm kinetics were signifi-
cantly faster as assessed by greater  CCFmax values, in the 
CONT compared with the INT training group, which is in 
line with the hypothesis.

Peak HR, peak respiratory exchange ratio, V̇O2 and 
velocity at GET, % V̇O2 GET, hours of training per year 
(Table 2) as well as HR and SV during the PRBS protocol 
were not statistically different between the groups (Table 2). 

Therefore, these factors can be excluded as influencing fac-
tors for the significantly different kinetics. However, peak 
HR (by trend) and HR at GET as well as Q̇ and V̇O2pulm 
during several steps of the PRBS WR protocol were sig-
nificantly higher in the INT group (Table 2). The higher 
HRs at higher exercise intensities may be explained with the 
younger age of the INT group. The greater Q̇ and V̇O2pulm 
during several WR steps might be due to the significantly 
greater body mass and potentially also muscle mass of the 
INT group.

The comparable relative V̇O2peak of the INT and CONT 
group is in contrast to the results of Berger and Jones (2007) 
and Do Nascimento Salvador et al. (2016), but in line with 
those of Kilding et al. (2006, 2007). According to the results, 
it is considered, that the different training regimes of INT 
and CONT influence V̇O2peak and V̇O2 kinetics differently.

The data analysis by Abdelkrim et al. (2010) revealed 
that basketball players spend 19.3 ± 3.5% of total time of 
a game in the maximal intensity HR zone, 56.0 ± 6.3% 
in the high-intensity zone, 17.3 ± 5.5% in the moderate 
and 7.4 ± 6.1% of total time in the low-intensity zone. 
Activities during a game vary from sprinting over strid-
ing, running, jogging and walking. Smekal et al. (2001) 
documented frequently changing HRs between 100 min−1 
and ~ 160 min−1 during a 70-min tennis game, which is 
very different to CONT athletes who run mostly at a con-
stant HR during competitive events. Exercise intensities 
of INT athletes vary between 20.4 and 86.8% of V̇O2max 
(Smekal et al. 2001; compare also Abdelkrim et al. 2010). 
Therefore, INT athletes train for repetitive, short but high 
metabolic demands over the duration of the respective 
game. CONT athletes train for long, rather stable meta-
bolic demands during their competitions. V̇O2pulm and V̇
O2musc kinetics both are faster in CONT compared with 
INT athletes. Faster V̇O2musc kinetics in the CONT group 
may be explained with different muscle fiber type distri-
butions, which can be assumed in the respective athlete 
groups. Oxygen extraction depends on enzymatic activ-
ity of the corresponding working muscle fibers. ST fibers 
contain more mitochondria and have a higher oxidative 
capacity, FT fibers are known to depend more on glyco-
lytic processes. ST fibers are assumed to show faster V̇O2 
kinetics compared with FT fibers (Crow and Kushmerick 
1982). Pringle et al. (2003) found a correlation between 
phase 2 V̇O2 kinetics and the percentage of ST muscle fib-
ers during heavy and severe, but not moderate exercise. It 
has been observed that muscles of long-distance runners 
have less FT fibers compared with sprint-trained athletes 
(Saltin and Gollnick 1983) and that the percentage of FT 
fibers decreases with the length of the running events, that 
the individuals participate in (Inbar et al. 1981). In line 
with this, it is assumed that training with high volume, low 
velocity and low intensity is favorable for the development 

Fig. 3  Means (± SE) of each 10  s interval of the cross-correlation 
function between work rate and a pulmonary oxygen uptake (CCF(V̇
O2pulm)), b heart rate (CCF(HR)) and c muscular oxygen uptake 
(CCF(V̇O2musc)). Sig. significant difference between the groups at the 
respective lag
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of ST fibers and training with low volume but high velocity 
and high intensity is in favor of FT fiber formation (Kohn 
et al. 2007; Wilson et al. 2012). In former studies with 
long-distance runners, distributions of about 63% ST fibers 
and 37% FT fibers were observed whereas about a distribu-
tion of 48% ST and 52% FT fibers were reported for Field 
Hockey Players (Saltin and Gollnick 1983). Ostojic et al. 
(2006) estimated a mean of 64.1 ± 9.4% FT fiber content 
in professional basketball players using assumptions from 
vertical jumps. Although no muscle biopsy samples were 
taken and the respective games were not analyzed as in the 
experiments of Smekal et al. (2001) and Abdelkrim et al. 
(2010), a higher percentage of FT fibers in INT athletes 
would be in line with their slower V̇O2musc kinetics.

The time lag  (CCFlag) was significantly greater for V̇
O2pulm, which is due to the delayed appearance of the oxy-
gen signal traveling through the venous volume between 
muscle and mouth. However, no significant differences were 
found between V̇O2pulm and V̇O2musc kinetics considering the 
 CCFmax for this treadmill exercise test protocol.

Similar to V̇O2musc and V̇O2pulm kinetics, the HR kinet-
ics were slower in the INT compared with the CONT 
group. The slower HR kinetics were most likely caused by 
the higher absolute mean HR values by trend during the 
PRBS (Table 2), since the mean HR during the two PRBS 
correlated negatively with HR kinetics. A higher HR indi-
cates a greater sympathetic nerve activity during exercise, 
which has been reported to be slower compared with the 
adjustment of HR by a predominantly decreasing parasym-
pathetic nerve activity (Coote 2010). In the CCF courses 
of HR (Fig. 3b, lag 80–110 s), a slower return to baseline 
is visible in the INT group. This might be beneficial dur-
ing repetitively changing and eventually higher metabolic 
demands. HR kinetics represent the kinetics of Q̇ (DeLorey 
et al. 2004). Therefore, it is speculated that perfusion may 
be maintained in the formerly working muscle after the end 
of the metabolic demand. This might be beneficial for the 
elimination of lactic acid and other metabolites in the mus-
cle and, therefore, a better muscle metabolic baseline for 
the next increase in work rate intensity. This would be in 
line with the characteristics of a competitive event for INT 
athletes.

The results of this experiment are not comparable to those 
of short-term training interventions. Training interventions 
with interval or continuous exercise were either shown as 
similarly effective (Berger et al. 2006; Da Boit et al. 2014; 
McKay et al. 2009; Murias et al. 2010; Overend et al. 1992) 
or interval training was even superior to continuous endur-
ance exercise training in accelerating V̇O2 kinetics (Daussin 
et al. 2008; Drescher et al. 2018 [by trend]), although V̇O2max 
changed after both interventions. Over several years, con-
tinuous aerobic exercise training seems favorable to speed V̇
O2 kinetics, compared with interval training as performed by 

the INT athletes. This might be explained with the formation 
of a greater percentage of ST fibers in endurance athletes.

Limitations

All subjects were tested using the same WR protocol on 
the treadmill. According to individual exercise capacity and 
body mass, the relative intensity of the WR protocol was 
higher in some cases compared with others. Koppo et al. 
(2004) found slower V̇O2 kinetics in untrained subjects 
with increasing WR intensity, possibly caused by increased 
motor unit recruitment. However, % V̇O2 GET and the veloc-
ity at GET were not significantly different between INT and 
CONT. Therefore, it can be assumed that the relative inten-
sity of the WR protocol did not cause the differences in the 
kinetics responses. However, the significantly greater BMI, 
caused by the greater body mass and height in the INT group 
is in accordance with the results of Santos et al. (2014), 
showing different anthropometric characteristics of different 
groups of athletes. The subjects of the CONT group were 
older, which might have had an influence on maximal HR, 
which was lower in the CONT group. Further, age per se was 
reported not to influence cardiorespiratory kinetics. Physi-
cal exercise capacity seems to have a greater influence, as 
outlined by Grey et al. (2015). In addition, one could have 
assumed that the maximum oxygen uptake of the CONT ath-
letes would have to be higher compared to the INT athletes. 
The CONT athletes might have been in a lower performance 
class, compared to INT. This would further underline the 
results of INT athletes showing slower kinetics although 
being in a higher performance class. However, it should be 
pointed out that it is not possible to reconstruct and com-
pare the detailed training regimes (volume, intensity) of both 
groups over the past years. In future experiments, it is sug-
gested to analyze teams of the same type of sport and specify 
the activities during a game as done by Smekal et al. (2001) 
and Abdelkrim et al. (2010) for a more detailed comparison.

Conclusions

Despite no significant differences in relative V̇O2peak, the 
kinetics of V̇O2pulm and V̇O2musc were slower in INT com-
pared with the CONT athletes. This might be affected by a 
higher percentage of ST fibers in the CONT athletes, which 
were documented to show faster kinetics compared with FT 
fibers. Although this was not measured in the present experi-
mental setup, it can be concluded, that the ratio of ST and 
FT muscle fibers in the respective athlete is an important 
influencing factor for V̇O2musc kinetics. It was also shown for 
the first time that HR kinetics are faster in CONT compared 
with INT athletes. This is associated with a higher HR in 
the INT athletes during the test and possibly beneficial for a 
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maintained perfusion of the working muscle during repeti-
tive short metabolic demands. It seems that at least in the 
long term, high-volume exercise training without the need 
of changing intensities, as performed in the CONT group, 
is favorable for fast V̇O2 and HR kinetics, compared with 
the typical team sports training with frequently changing 
intensities.
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