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Conclusion  Findings demonstrate that the SPV produces 
higher V̇O2max, peak Q and SV values in the young group. 
However, older participants achieved similar V̇O2max 
values in both protocols, mostly likely due to age-related 
differences in cardiovascular responses to incremental 
exercise, despite them achieving a higher physiological 
workload in the SPV.
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Abbreviations
V̇O2max	� Maximal oxygen update
SPV	� Self-paced V̇O2max test
RPE	� Ratings of perceived exertion
HR	� Heart rate
VE	� Minute ventilation
Q	� Cardiac output
SV	� Stroke volume
PO	� Power output
AT	� Anaerobic threshold
RER	� Respiratory exchange ratio
DeoxyHb	� Muscle deoxyhaemoglobin
NIRS	� Near-infrared spectroscopy
VL	� Vastus lateralis
EMG	� Electromyography
%TTE	� Percentage of time to exhaustion
MIVC	� Maximal isometric voluntary contraction

Introduction

A self-paced maximal oxygen uptake (V̇O2max) test (SPV) 
allows participants to regulate their own exercise intensity 
according to specific Ratings of Perceived Exertion (RPE), 

Abstract 
Purpose  A self-paced maximal exercise protocol has dem-
onstrated higher V̇O2max values when compared against 
traditional tests. The aim was to compare physiologi-
cal responses to this self-paced V̇O2max protocol (SPV) 
in comparison to a traditional ramp V̇O2max (RAMP) 
protocol in young (18–30  years) and old (50–75  years) 
participants.
Methods  Forty-four participants (22 young; 22 old) com-
pleted both protocols in a randomised, counter-balanced, 
crossover design. The SPV included 5 × 2 min stages, par-
ticipants were able to self-regulate their power output (PO) 
by using incremental ‘clamps’ in ratings of perceived exer-
tion. The RAMP consisted of either 15 or 20 W min−1.
Results  Expired gases, cardiac output (Q), stroke volume 
(SV), muscular deoxyhaemoglobin (deoxyHb) and elec-
tromyography (EMG) at the vastus lateralis were recorded 
throughout. Results demonstrated significantly higher 
V̇O2max in the SPV (49.68 ±  10.26  ml  kg−1  min−1) vs. 
the RAMP (47.70 ± 9.98 ml kg−1 min−1) in the young, but 
not in the old group (>0.05). Q and SV were significantly 
higher in the SPV vs. the RAMP in the young (<0.05) but 
not in the old group (>0.05). No differences seen in deox-
yHb and EMG for either age groups (>0.05). Peak PO was 
significantly higher in the SPV vs. the RAMP in both age 
groups (<0.05).
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which follows an incremental format over 5 × 2 min stages 
(11–20 RPE). The SPV has been shown to allow young 
participants to achieve a higher V̇O2max when compared 
to a standard incremental exercise test in both cycling and 
running exercise modes (Astorino et al. 2015; Mauger and 
Sculthorpe 2012; Mauger et  al. 2013), although a mecha-
nistic explanation is yet to be identified. However, not all 
studies have found differences in V̇O2max when comparing 
the SPV vs. standard incremental exercise protocols (Chid-
nok et al. 2013; Faulkner et al. 2015; Straub et al. 2014).

Maximal oxygen consumption is suggested to be limited 
by factors such as: pulmonary diffusion capacity, maximal 
cardiac output, oxygen carrying capacity of the blood, or 
skeletal muscle characteristics (Basset and Howley 2000). 
Mauger et  al. (2013) suggested that a higher V̇O2max 
may be achieved during an SPV protocol due to changes 
in oxygen extraction at the working muscles, rather than 
any increase in oxygen delivery. The authors based this 
hypothesis on the observation that participants achieved a 
lower peak heart rate (HR) in the SPV without differences 
in peak minute ventilation (VE); they suggested that if the 
higher V̇O2max were a result of an increase in the oxygen 
delivery it would be expected that both HR and VE would 
be increased (Mauger and Sculthorpe 2012; Mauger et al. 
2013). However, it is possible that increases in stroke vol-
ume (SV), which was not measured by Mauger and Scult-
horpe (2012) and Mauger et al. (2013), may have compen-
sated for the lower HR achieved resulting in an increase 
in oxygen delivery, and thus V̇O2max (Basset and How-
ley 2000). Nevertheless an increased oxygen extraction in 
the SPV may still arise from the participant being able to 
adjust work rate, potentially creating optimal conditions 
that allow enhanced rates of muscle oxygen extraction and 
higher work rates to be achieved. Indeed, previous research 
demonstrates that muscle blood flow, and thus oxygen 
extraction, is reduced when both muscle force and dura-
tion of contractions increase (Bjorklund et al. 2010; Hoelt-
ing et al. 2001). Research has also suggested that decreased 
blood transit time is associated with reduced rates of oxy-
gen extraction (Basset and Howley 2000; Kalliokoski 
et  al. 2001). In traditional incremental tests, the continu-
ous increase in force requirement and consistent duration 
of each contraction cannot be adjusted. As a consequence 
this may result in a constriction of the amount of blood 
flow available to the muscle, and reduced time for extrac-
tion to take place. Both force and duration of muscle con-
tractions are free for the participant to vary during the SPV, 
potentially optimising working muscle blood flow. In addi-
tion, it has been suggested that the self-regulation of work 
rate during the SPV may improve the efficiency of muscle 
recruitment, i.e. affording greater reliance on more oxygen 
efficient muscle fibres (Type I), particularly in the earlier 
stages of the test (Mauger and Sculthorpe 2012; Mauger 

et al. 2013). This self-regulation may help to conserve Type 
II fibres for the “all-out” final stage of the SPV protocol 
(RPE 20) which ultimately allows the high work rates to be 
achieved.

A recent study has demonstrated that the SPV may elicit 
a greater cardiac output (Q) and peak HR when compared 
to a standard incremental ramp protocol (Astorino et  al. 
2015). The study by Astorino et  al. (2015) was the first 
to assess Q across the SPV, and suggests that the greater 
V̇O2max may be explained by an increase in oxygen deliv-
ery (Mortensen et al. 2005), rather than an increase in the 
oxygen extraction as previously suggested. Astorino and 
colleagues (2015) suggested the increase in Q during the 
SPV protocol is likely the result of participants adequately 
pacing their effort to minimise fatigue in the early stages of 
the test. Ultimately, this better pacing led to a greater work 
rate being achieved in the final stage of the SPV, potentially 
because participants preserved the use of type II fibres in 
the earlier stages, resulting in a greater HR, Q and V̇O2max .

It is well accepted that there is a decline in V̇O2max 
with aging, which is predominantly the result of reduc-
tions in maximal Q and muscle blood flow (Betik and Hep-
ple 2008). Cardiac function (Lakatta and Levy 2003), lung 
performance (Chaunchaiyakul et  al. 2004; Janssens et  al. 
1999) and muscle oxidative capacity (Betik and Hepple 
2008; Russ and Kent-Braun 2004) have all been shown to 
reduce with age, which also contribute to the deterioration 
in V̇O2max. Therefore, the factors limiting factors V̇O2max 
may differ between young and old populations. Conse-
quently, selecting a V̇O2max test protocol which adequately 
stresses the body’s physiological systems is an important 
decision when testing young and older populations. With the 
study of Astorino et al. (2015) demonstrating that the SPV 
protocol produces higher Q and V̇O2max values compared 
to traditional methods, it could be speculated that a self-
paced exercise test provides the best method to maximally 
stress the cardiorespiratory system. Furthermore, examin-
ing cardiopulmonary and muscular responses of young and 
old populations to both SPV and traditional test protocols 
may help explain why higher V̇O2max values are often seen 
from the SPV. Therefore, the aim of the current study was 
to assess physiological responses to both SPV and standard 
incremental ramp test (RAMP) protocols in healthy younger 
(18–30) and older (50–75) populations, and to objectively 
test whether responses differ between the two groups.

Methods

Ethical approval

The study was conducted following institutional ethical 
approval in accordance with the Declaration of Helsinki 
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(2013). All participants who volunteered gave their written 
informed consent.

Participants

Forty-four healthy male and female participants, compris-
ing of twenty-two 18–30-year-olds (age 25  ±  4  years; 
height 174 ±  11  cm; weight 69 ±  9  kg) and twenty-two 
50–75-year-olds (age 59 ±  6  years; height 171 ±  8  cm; 
weight 73 ± 13 kg), volunteered to take part in the current 
study. All participants were apparently healthy, free of dis-
ease, free of any risk factors associated with cardiovascular 
disease and were all physically active (>90 min of moder-
ate activity per week). This information was obtained via 
a health questionnaire. For the older population a resting 
blood pressure measurement was taken on their first visit to 
ensure they were not hypertensive.

Experimental procedure

Each participant visited the laboratory on two separate 
occasions, where they were asked to complete either an 
SPV, or a traditional ramp V̇O2max (RAMP) test using a 
randomised, counter-balanced, and crossover design. Tests 
were separated by at least 24 h to allow full recovery and 
were completed at the same time of the day (±2 h). Par-
ticipants were asked to refrain from drinking alcohol (24 h 
abstinence), eating (2 h abstinence), and not to perform 
any exercise in the 24  h prior to each test. Prior to each 
test participants were required to complete a 5 min warm-
up at approximately 50 W. In the SPV condition during the 
warm-up, participants were familiarised with the process of 
freely adjusting their power output (PO).

SPV protocol

The SPV was completed on an air-braked cycle ergometer 
(Wattbike Ltd, Nottingham, UK), which allowed partici-
pants to continually vary their PO throughout the test. The 
SPV was conducted in accordance with the procedures pre-
viously outlined by Mauger and Sculthorpe (2012). Recent 
data have demonstrated good test–retest reliability of both 
maximal and submaximal physiological data obtained 
from the SPV protocol in both young healthy, and older 
clinical populations (Jenkins et al. 2016). Briefly, the SPV 
consisted of 5 × 2-min stages (total test time of 10-min), 
where for each stage participants were able to continuously 
vary their PO, but with RPE (Borg 1998; 6–20 scale) fixed 
at a particular rating for each stage (RPE 11, 13, 15, 17 
and 20), following an incremental format. Changes in PO 
were facilitated by the participants manually adjusting the 
cycle ergometer air brake and cadence in order to produce 
a work rate that allowed them to match the target RPE for 

each stage of the SPV. Participants were able to view their 
cadence and PO throughout the test; they also received 
feedback on elapsed time particularly when approaching 
the end of a stage.

RAMP protocol

The traditional V̇O2max protocol was completed on an 
electro-magnetically braked cycle ergometer (Corival, 
Lode, Groningen, Netherlands) so that PO was fixed for 
each stage of the incremental RAMP protocol. The cycle 
ergometer was set in hyperbolic mode to ensure that any 
changes in cadence did not influence PO. Participants were 
instructed to keep their cadence above 60 rev min−1. The 
RAMP commenced with a 3 min period of baseline cycling 
where a various range of work rate starting points were 
selected for each participant (20, 50 and 100 W), according 
to self-reported fitness levels. This 3 min period was then 
followed by RAMP increments of either 15 or 20 W min−1. 
The starting point and the rate of increase in work rate was 
individualised in the attempt to optimise the protocol for 
each participant. The test was terminated when the par-
ticipant could no longer continue, or if they were unable 
to maintain a cadence of more than 60 rev min−1, despite 
verbal encouragement.

Physiological measures

Expired gases

During both exercise tests, expired gases were measured 
via the use of an online breath-by-breath analysis system 
(Cortex Metalyzer 3BR2, Cortex, Leipzig, Germany). After 
each test, V̇O2max was calculated as the highest 30 s aver-
age V̇O2 (l min−1 and ml kg−1 min−1). Peak cycling PO and 
minute ventilation (V̇E) were also both calculated as the 
highest 30  s average value. The anaerobic threshold (AT) 
was determined using the V-slope method with confirma-
tion via the ventilatory equivalents (V̇E/V̇O2 and V̇E/V̇CO2 ) 
and the partial end-tidal (PETO2 and PETCO2) methods 
(Hopker et al. 2011). All AT’s were independently assessed 
by two experienced researchers. If the two researchers 
disagreed on the location of the AT, a third researcher was 
consulted.

NIRS

Muscle deoxyhaemoglobin (deoxyHb) was measured using 
a Near-Infrared Spectroscopy (NIRS) device (Portamon, 
Artinis Medical Systems, Elst, Netherlands). The device 
uses small skin surface lasers to measure light absorb-
ance, operating at wavelengths between 760 and 850 nm, 
with an average optode distance of 35 mm and a sampling 
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rate of 10 Hz. The device was placed longitudinally on the 
vastus lateralis (VL) of the left leg, and was situated 10 cm 
above the patella (Wang et al. 2012). Before placement of 
the NIRS device, the NIRS system was calibrated and the 
skin was carefully shaved. The device was secured to the 
site using adhesive tape, which covered the whole device 
to reduce light loss. Afterwards, the deoxyHb was exported 
into 1 s values and then averaged into 30 s at 10 time points 
over both tests. A baseline deoxyHb from the NIRS was 
averaged from the final 30 s of the first stage, and the peak 
was determined from the average of the final 15 s of each 
test. The deoxyHb for each time point was then normalized 
to the total amplitude of response (peak − baseline) (Boone 
et al. 2010). This was then plotted as a function of percent-
age of time to exhaustion (%TTE).

Electromyography (EMG)

Surface EMG was recorded using a wireless Biopac MP150 
(Biopac Systems Inc, CA, USA), two surface electrodes 
were placed on the VL of the right leg and a reference elec-
trode was placed on the patella of the same leg. The skin 
was prepared by carefully shaving and cleaning the area. 
EMG was recorded at a sampling frequency of 1000  Hz. 
Prior to each V̇O2max test, participants performed three 
maximal isometric voluntary contractions (MIVC) of the 
VL muscle in order to determine the peak EMG signal 
during a maximal muscle contraction. The MIVCs were 
completed on a Cybex Isokinetic Dynamometer (HUMAC 
Norm, CSMi, Stoughton, MA, USA). Before the MIVCs 
a series of submaximal contractions were completed as a 
preparatory warm-up. Each MIVC lasted 5  s, with 1  min 
rest between each. Participants were also required to com-
plete one MIVC directly after both V̇O2max tests to deter-
mine the level of muscle fatigue, this occurred 1 min after 
the test or as close to 1 min as possible; depending on how 
quickly the participant was safely able to move off the bike 
and onto the dynamometer. Maximum EMG was calculated 
by averaging the highest 1 s EMG value from each MIVC 
trial. The 30  s average EMG signals from each stage of 
the SPV and RAMP was then normalized to the maximum 
EMG from the MIVC. Data were plotted as a function of 
%TTE from each V̇O2max test. It was decided to include 
the whole 30 s of the EMG signal within the average, thus 
the inactive periods were included. The authors are aware 
that including the inactive periods between each contrac-
tion may been seen as a limitation as variations in cadence 
would influence the average of EMG (e.g. higher cadence 
would results in a higher EMG average). However, given 
the nature of the current study it was felt that excluding the 
inactive periods would not be necessary in order to provide 
an estimate of the overall muscle activity during each stage 
of the SPV or RAMP test.

Cardiac output and stroke volume

A non-invasive thoracic impedance device (PhysioFlow, 
Manatec Biomedical, France) was used to measure stoke 
volume (SV) and Q throughout the duration of both 
V̇O2max tests. Electrodes were positioned in the follow-
ing areas; above the supraclavicular fossa (participants’ left 
side), xiphoid process and two additional electrodes were 
placed to determine a single ECG signal at V1 and V6 posi-
tions. Prior to electrode placement, all skin sites were care-
fully cleaned, and shaved where necessary. In accordance 
with the manufacturer recommendations, the equipment 
was auto-calibrated prior to each test by establishing imped-
ance waveforms over 30 heart beats. Peak Q and SV were 
determined by the highest 30 s average value over the entire 
duration of the test. A 30 s average of SV and Q was plot-
ted, for every 2 min, as a function of percentage of time to 
exhaustion (%TTE) from each V̇O2max test. Arteriovenous 
oxygen difference (a-vO2diff) was calculated as V̇O2max 
(ml min−1)/Q (l min−1), and expressed in ml 100 ml−1. The 
Q value was taken as the value at V̇O2max, rather than peak 
Q achieved during the incremental test protocol.

Blood lactate

A finger-tip capillary blood sample was taken directly at 
the end of each V̇O2max test to determine end-exercise 
blood lactate concentrations (Biosen C-Line, EKF Diag-
nostic, London, UK).

Statistical analysis

All statistical analysis was conducted using SPSS (SPSS, 
Chicago, IL, USA) with significance levels accepted at 95% 
(p  <  0.05). All data were checked for normality using the 
Shapiro–Wilk test and Q–Q plots. The mean maximum val-
ues for V̇O2max, AT, PO, HR, V̇E, blood lactate, Q and SV 
were all compared between the protocols using a paired sam-
ple t test. The percentage difference between the pre-MIVC 
and post-MIVC (highest 1 s EMG and torque) from the SPV 
and RAMP was also compared using a paired sample t test. 
Differences (p < 0.05) between Q, SV, deoxyHb and EMG 
for the last 30 s of each stage, in both the SPV and RAMP 
tests were assessed using a repeated measures ANOVA 
(2 × 10 for NIRS and EMG; 2 × 6 for Q and SV). Violations 
of the assumptions were assessed using the Mauchly’s test of 
sphericity, if p was >0.05 then sphericity was assumed but 
if p was <0.05 then Greenhouse–Geisser corrections were 
used. If an interaction was present then Bonferroni post hoc 
testing was used to identify where the interaction occurred. 
The two defined groups, young (18–30 years) and old (50–
75 years), were analysed separately. All data are presented as 
mean ± SD unless otherwise stated.
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Results

Table  1 presents data from the physiological parameters 
measured during the two tests for both young and old 
individuals. In the younger population there was a signifi-
cantly higher V̇O2max (l min−1 and ml kg−1 min−1), peak 
V̇E, peak RER, peak Q, peak SV and peak PO achieved in 
the SPV compared to the RAMP protocol (p < 0.05). The 
a-vO2diff was significantly lower in the SPV compared to 
the RAMP (p  <  0.05). There were no differences in AT, 
peak HR, end-exercise lactate and TTE (p  >  0.05). Sig-
nificant differences in peak RER, peak PO and TTE were 
found between protocols in the older population (p < 0.05). 
Figure 1 shows the V̇O2 response over time from a repre-
sentative participant of each group in both SPV and RAMP 
protocols. Participants were selected as they were repre-
sentative of both mean V̇O2max values, and average differ-
ences between the two test protocols.

NIRS

Prior to analysis, data from three participants in the 
young, and six in the older group were excluded due to a 
poor quality NIRS signal. There was no interaction effect 
between test protocol and the increase in deoxyHb over 
time (p > 0.05). Figure 2 illustrates the relative change in 
deoxyHb over the duration of RAMP and SPV protocols, 
in the both young and old groups. A main effect of time 
was evident as deoxyHb increased significantly during 
both test protocols in both age groups (p < 0.01). Specifi-
cally, data demonstrated that in the young group, deoxyHb 
in the RAMP significantly increased up to 70% of TTE 
(p  <  0.05); in the SPV there were differences between 

30–40, 40–50, and 60–70% of TTE (p  <  005). For the 
old group in the RAMP there were differences between 
20–30, 30–40, and 40–50% of TTE (p < 0.05); in the SPV 
there were differences between 30–40, 40–50, 50–60, and 
60–70% of TTE (p < 0.05).

EMG

There was no interaction effect evident between the 
increase of relative EMG between the protocols in the 
young group. However, in the old population an interaction 
effect was evident, with post hoc testing demonstrating a 
significantly higher EMG at 70% of TTE in the SPV com-
pared to the RAMP (p < 0.05). There was a main effect of 
time in both age groups as the relative EMG increased sig-
nificantly in relation to %TTE (p < 0.01; Fig. 3). Post hoc 
analysis demonstrated that for the young group, there was 
a significant difference between 80 and 90% of TTE for 
the RAMP, and between 20 and 30% TTE for the SPV. For 
the old group, post hoc analysis demonstrated a significant 
difference between 90 and 100% of TTE from the RAMP, 
with no significant differences between the successive 
stages in the SPV. There were no differences in the per-
centage of change from pre- to post-MIVC EMG or torque 
between the SPV and RAMP (p > 0.05).

Cardiac Output and Stroke Volume

Prior to analysis, data from five participants in the old 
group (total n = 17) and four from the young group (total 
n =  18) were excluded due to a poor quality signal. Fig-
ure  4 presents the mean and SD for Q, SV, V̇O2 and HR 
as a time series plot. Only those participants with complete 

Table 1   Measured physiological variables recorded during SPV and RAMP V̇O2max tests for both young and old populations

* Significantly different from the ramp (<0.05). Data are presented as mean ± SD

Young (18–30 years) Older (50–75 years)

Ramp SPV p value Ramp SPV p value

V̇O2max (l min−1) 3.34 ± 0.88 3.45 ± 0.87* 0.02 2.74 ± 0.76 2.78 ± 0.74 0.79

V̇O2max (ml kg−1 min−1) 47.70 ± 9.98 49.68 ± 10.26* <0.01 38.99 ± 9.54 39.12 ± 8.61 0.84

AT (ml kg−1 min−1) 25.36 ± 6.71 24.55 ± 5.18 0.32 21.69 ± 6.17 22.34 ± 6.36 0.23

HR (bpm) 181 ± 10 183 ± 9 0.19 164 ± 12 164 ± 12 0.93

V̇E (l min−1) 130.7 ± 32.9 147.7 ± 37.4* <0.01 122.8 ± 31.4 129.4 ± 29.6 0.08

RER 1.24 ± 0.05 1.31 ± 0.08* <0.01 1.22 ± 0.09 1.32 ± 0.12* <0.01

Peak Q (l/min−1) 23.4 ± 5.9 27.3 ± 3.8* 0.01 24.1 ± 5.0 25.8 ± 5.1 0.24

Peak SV (ml) 134.6 ± 37.5 160.0 ± 27.8* <0.01 156.9 ± 29.9 166.8 ± 29.0 0.23

End-exercise lactate (mmol/l) 8.06 ± 1.74 9.52 ± 2.85 0.06 6.15 ± 1.88 7.21 ± 2.89 0.05

Peak PO (W) 265 ± 69 336 ± 122* <0.01 226 ± 63 245 ± 74* <0.01

a-vO2diff (ml 100 ml−1) 18.1 ± 5.9 15.5 ± 3.9* 0.04 13.3 ± 2.4 13.9 ± 5.4 0.61

TTE (s) 637 ± 153 600 ± 0 0.26 695 ± 149 600 ± 0* <0.01
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data sets were included in this figure, therefore mean values 
for V̇O2max and HR differ to those presented in the Table 1 
where all participants were included. In the young group, 
there was an interaction effect evident between test pro-
tocol and both Q and SV over time. Specifically, post hoc 
testing demonstrated differences in Q between the two tests 
at 6, 7, 8 min as well as the peak value, and SV at 6 min, 
7 min, and the peak values (p < 0.05). There was a main 
effect of time (p < 0.01), for both Q and SV in the young 
group. Post hoc testing identified significant differences in 
Q occurred between baseline and 1 min, 2 min to 5 min, 
and 8  min and peak in the RAMP, and between baseline 
and 1  min, 3  min to 4  min, 5  min to 6  min, 8  min and 
peak in the SPV. Differences in SV were evident between 

baseline and 1 min, and 8 min and peak in the both test pro-
tocols in the young group (p < 0.05). In the old population 
there was a trend for an interaction effect between protocol 
and time for Q (p > 0.07), and a significant interaction for 
SV (p < 0.05). There was main effect for test protocol in 
both Q and SV (p > 0.05). However, there was an overall 
main effect of time for Q and SV (p < 0.01). Post hoc test-
ing demonstrated differences in Q from baseline to 1 min, 
2 min to 5 min, and between 8 min and peak in the RAMP, 
and differences from baseline to 1 min, 2 min to 3 min, and 
4 min to 5 min in the SPV. For SV differences were evident 
from baseline to 1 min, 3 min to 4 min, and 8 min to peak 
in the RAMP, and differences from baseline and 1 min, and 
8 min to peak in the SPV (p < 0.05).

Fig. 1   V̇O2 response over %TTE in the RAMP and SPV in a representative: a young and b old participant

Fig. 2   Relative change in deoxyHb vs. %TTE in the RAMP and SPV for: a young and b old population. *Main effect (p < 0.05). Data are 
mean ± SD



Eur J Appl Physiol	

1 3

Power Output Profile

Figure 5 illustrates the mean PO values for each stage of 
the SPV for both the young and old groups.

Discussion

This is the first study to assess both the cardiovascular and 
muscular response to an incremental self-paced exercise 
test compared to a standard RAMP protocol, and do so in 
both young and older populations. In support of previous 
literature (Astorino et  al. 2015; Mauger and Sculthorpe 
2012; Mauger et al. 2013), the results of the current study 
demonstrate that younger participants were able to achieve 
a significantly higher V̇O2max in the SPV compared to the 
RAMP protocol. However, this was not evident in the older 
population where there were no differences in V̇O2max 
between the two protocols. The results also demonstrate 
that the SPV produced a higher peak Q and peak SV in the 
young group, which was statistically different between the 
SPV and RAMP at the latter stages of the test. No differ-
ences in these parameters were evident between tests in 
the older group. However, interestingly higher physiologi-
cal work rates were achieved by participants from both age 
groups (as evidenced by the significantly greater peak PO 
and RER values) in the SPV protocol, but this only lead to 
a higher V̇O2max in the young group. In turn this suggests 
that the limiting factor to V̇O2max and the mechanisms 
behind the SPV may differ between young and old popu-
lations. Results from the current study also demonstrate a 
lack of protocol specific patterns of deoxyHb and muscle 

recruitment of the VL, suggesting that oxygen extraction 
was not enhanced by the SPV.

In support of findings of the current study, Astorino et al. 
(2015) demonstrate a significantly higher Q and V̇O2max 
in the SPV when compared against a standard exercise test 
protocol. The authors suggested that the higher Q during 
the SPV is responsible for the higher V̇O2max observed 
due to an increased oxygen delivery to the working mus-
cles. It is well accepted that there is a strong linear relation-
ship between Q and V̇O2, with Q being a principal limit-
ing factor for V̇O2max during whole-body exercise (Basset 
and Howley 2000). Therefore, it would be expected that a 
higher Q would result in a greater V̇O2max being achieved. 
Results from the current study demonstrate a significantly 
higher Q achieved in the SPV vs. the RAMP in the young, 
but not the old population. Interestingly, with V̇O2max only 
being significantly higher in SPV in the young group, it 
suggests that Q might be the primary limiter. However, it 
must be acknowledged that peak values for Q and V̇O2max 
may not have necessarily occurred at the same time in the 
SPV, and so caution must be applied when identifying an 
increased Q as the sole explanation for the higher V̇O2max 
on the basis of these data. Nevertheless, the same maxi-
mal heart rate achieved in both protocols suggests that the 
enhanced Q seen in the young group is predominantly the 
result of the higher SV achieved in the SPV vs. RAMP. 
However, as stated above, this cannot be confirmed as peak 
SV and peak HR may not have necessarily occurred at the 
same time point. Indeed, previous literature has suggested 
that differences in V̇O2max between individuals are primar-
ily a result of the differences in maximal SV, as less inter-
individual variation is seen in maximal HR (Basset and 

Fig. 3   Normalized EMG relative to %TTE over the RAMP and SPV for: a young and b old populations. *Main effect (p < 0.05). Data are 
mean ± SD
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Howley 2000). In traditional V̇O2max tests it is known that 
SV begins to plateau/fall prior to V̇O2max being reached, 
whilst HR continues to increase to a maximal level, thus 
causing a plateau in Q near the end of the exercise test 
(Mortensen et al. 2005). This demonstrates an impairment 
of the circulatory system to continue supplying a linear 
increase in oxygen delivery at higher exercise intensities 
(Mortensen et  al. 2005). The main cause for the plateau/
fall in SV is suggested to be predominately attributed to a 
decrease in diastolic filling time as a result of the increas-
ing heart rate (Higginbotham et  al. 1986; Vella and Rob-
ergs 2005). From the data presented in Fig. 4 it is evident 
that SV in the young group increases to a greater extent in 
the SPV than in the RAMP. A plateau in SV is also evident 
where the rate of increase from the early stages of the test 
appears to “level-off” sooner in the RAMP than in the SPV. 
As a result, the increase in Q during the final stage of the 
SPV test is greater than in the RAMP protocol. In the older 
group a plateau in SV is evident in both tests, although 
there is a trend for SV to be higher in the latter stages of 
the SPV compared to the RAMP. This, combined with the 
significantly higher HR in minute 7 and 8 during the SPV, 
may partly explain the observed higher Q in the 6th, 7th 
and 8th minute.

As participants are free to make adjustments in work 
rate, it may be that the self-paced nature of the SPV (par-
ticularly in the younger populations), contributes to the 
prevention of an early plateau in SV by potentially creat-
ing more optimal physiological conditions to maintain 
adequate oxygen delivery. However, further research is 
required to test this hypothesis and examine the under-
pinning mechanisms behind the SV response. Despite the 
young group’s higher peak Q, their peak a-vO2diff was 
lower in the SPV, which would have potentially negatively 
affected the magnitude of the observed V̇O2max. Unfortu-
nately, data from the current study cannot identify reasons 
for the observed lower a-vO2diff, but an oxygen diffusion 
limitation (caused by the higher Q), or reductions in muscle 
blood flow may be likely candidates. Future studies using 
invasive, direct measures of a-vO2diff are necessary to 
investigate these proposed mechanisms.

Older participants demonstrated no significant differ-
ences in V̇O2max between the SPV and RAMP protocols. 
It is possible that the effect of the protocol is reduced in 
the older group due to their inability to further increase Q 

in response to the increased work rates that the SPV proto-
col allows (as seen in the young group). Indeed, previous 
research has suggested that Q plateaus at around ~80% of 
peak PO (Mortensen et  al. 2005), and even though in the 
young group there were no significant differences in the 
increase of Q between the final time points (6–8  min) of 
the SPV (p > 0.05), the pattern of response is not the same 
as in the RAMP (see Fig. 4). Moreover, even though there 
were no differences in peak Q in the old group between the 
two tests, they still achieved a higher PO in the SPV vs. the 
RAMP. It is not clear why this differential response in Q 
has been observed between age groups across the test pro-
tocols, but it has been suggested that there are age-related 
changes which occur in relation to cardiac function in 
healthy individuals. In particular these changes in cardiac 
function include left ventricular wall thickness, reductions 
in diastolic filling, impaired left ventricular ejection frac-
tion, and reductions in HR (Lakatta and Levy 2003). All 
of these changes are known to influence cardiac function 
(Lakatta and Levy 2003). In particular, reductions in dias-
tolic filling time is suggested to be the primary cause of 
the plateau that occurs in SV above a certain exercise level 
in older individuals (Higginbotham et  al. 1986; Vella and 
Robergs 2005; Lakatta and Levy 2003). This could be the 
key reason why the older group did not achieve a higher 
peak Q and therefore V̇O2max during the SPV (as seen in 
the young group). However, interestingly, higher absolute 
peak Q and SV values were found in the older group com-
pared to the young group in both test protocols, which sug-
gests reduced cardiac function was not evident in this older 
population.

A further speculative reason for the divergent protocol 
effects on V̇O2max between the age groups could be due 
to the known age-related changes that occur at the periph-
ery. Research has suggested that there is a reduced muscle 
oxidative capacity in older populations (Betik and Hepple 
2008; Russ and Kent-Braun 2004) due to loss in mitochon-
drial content and function, and a reduction of muscle vol-
ume (Conley et al. 2000). This reduced oxidative capacity 
is likely to affect the a-vO2diff, which according to the 
Fick equation, contributes to the attainment of V̇O2max.  
In support of this speculation, data from this study dem-
onstrate that the a-vO2diff is lower in the old compared 
to the young group. A further possibility is that due to the 
reduced lung performance associated with normal age-
related decline (Chaunchaiyakul et al. 2004; Janssens et al. 
1999), there is an increase in the oxygen cost of breath-
ing meaning that more Q is needed to be directed to the 
lungs to support ventilation during exercise (Proctor et al. 
1998). Indeed, a 20–30% decrease in leg blood flow during 
cycling has been shown in older, compared to younger sub-
jects (Proctor et al. 1998). Thus, age-related reductions in 

Fig. 4   Mean Q, SV, V̇O2 and HR in both SPV and RAMP protocols 
in young (left; a, c, e, g) and old (right; b, d, f, h) groups. Due to 
variations in test time from the RAMP protocol values are presented 
to isotime (8 min), followed by the peak values obtained in each test. 
#Significant main effect of time (p  <  0.05). *Significant difference 
between the SPV and RAMP (p < 0.05). Data are mean ± SD

◂
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leg muscle blood flow may have affected oxygen delivery 
to the working muscle and consequently limited a-vO2diff 
and V̇O2max.

Previous literature has shown the SPV to produce higher 
V̇E values when compared to a standard V̇O2max proto-
col in a young population (Astorino et al. 2015; Faulkner 
et  al. 2015; Hogg et  al. 2014; Mauger et  al. 2013). Inter-
estingly, studies that demonstrate no difference in V̇O2max 
between the SPV and standard RAMP protocols also failed 
to find differences in V̇E (Chidnok et al. 2013; Straub et al. 
2014). The greater V̇E demonstrated by younger partici-
pants in the current study, and also reported in previous 
studies (Astorino et  al. 2015; Faulkner et  al. 2015; Hogg 
et al. 2014; Mauger et al. 2013), is likely due to the “all-
out” effort required during the final stage (RPE 20) of the 
test. End-test lactate values (see Table 1) suggest that this 
“all-out” effort results in a greater level of metabolic stress 
than experienced in standard RAMP testing. The greater 
level of acidosis and metabolic buffering would therefore 
increase the ventilatory response during high intensity 
exercise (Milani et al. 2006). However, Mauger and Scult-
horpe (2012) observed no differences in V̇E between the 
RAMP and SPV protocols even though a higher V̇O2max 
was achieved in the SPV. Therefore, it is still questionable 
whether or not the higher V̇O2max resulting from the SPV 
protocol is a result of a higher rate of V̇E.

Interestingly, in contrast to the current findings, Chidnok 
et al. (2013) did not find a higher V̇O2max, V̇E or end-test 
blood lactate concentration from a SPV protocol compared 
to a standard RAMP test. However, the differences in the 
outcomes between Chidnok et  al. and the current study 
could be attributed to the SPV test protocol designs. As 
outlined above, the SPV protocol from the current study 
requires an “all-out” effort to be maintained for the dura-
tion of the final stage. This “all-out” maximal effort is very 

different to pacing a maximal effort (RPE 20) as the high-
est work rate that can be sustained for the duration of the 
stage, as required by the protocol of Chidnok et al. (2013). 
This fundamental difference between the two test protocols 
is the likely reason for the disparity between the findings of 
the two studies. Indeed, data from the current study dem-
onstrate a mean decrease in PO in the final stage of 120 W 
for the young group, and 73 W for the older group. This is 
in contrast to the data from Chidnok’s study which demon-
strate a mean reduction in PO of just 20 W during the final 
stage of their SPV protocol. Thus, it could be suggested 
the final stage “all-out” effort might be required in order 
to drive the mechanisms that pertain to the higher V̇O2max 
in SPV tests using this protocol design. Interestingly, the 
PO values at the point of V̇O2max in the current study were 
significantly higher in the RAMP compared to the SPV in 
both the young (RAMP 263 W; SPV 219 W; p < 0.01), and 
old group (RAMP 222 W; SPV 195 W; p  <  0.01). These 
findings suggest that in the SPV, V̇O2max values seem to 
occur when PO is submaximal. Previous research supports 
this finding and has demonstrated that PO can be dissoci-
ated with V̇O2max; i.e. PO does not necessarily have to be 
maximal to achieve maximal V̇O2 values (Billat et al. 2013, 
Milani et al. 2006). Thus, the nature of the “all-out” final 
stage of the SPV test (RPE 20), and time delay in the oxy-
gen uptake kinetic response, is likely to be the reason for 
the dissociation between V̇O2max and the peak PO values.

Limitations

A limitation of the current study is that different cycle ergom-
eters were used to complete the RAMP and SPV. It has 
previously been suggested that different ergometers might 
cause differences in metabolic cost and cardiovascular strain 
(Reiser et  al. 2000). Indeed, various factors such as saddle 
angle (Umberger et  al. 1998), body positioning (Too 1991) 
and saddle to pedal distance (Too 1993) have been shown 
to influence maximal cycling performance. However, dif-
ferent ergometers were necessary to be able to conduct the 
two protocols as the SPV required participants to freely 
adjust their PO, and the RAMP required accurate fixing of 
PO. Even though different ergometers were used, the cur-
rent study demonstrated similar magnitude of differences in 
V̇O2max between RAMP and SPV as those reported in previ-
ous studies where the same ergometer was used for both tests 
(Astorino et al. 2015, Mauger and Sculthorpe 2012). Chidnok 
et al. (2013) also used different cycle ergometers when mak-
ing comparisons between the SPV and standard RAMP pro-
tocols but found no significant differences in V̇O2max.

The use of non-invasive techniques to estimate Q and 
SV have previously been criticised for their lack or accu-
racy and reliability when compared against more invasive 

Fig. 5   Power output profile from the SPV in the young and old 
groups
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techniques (e.g. direct Fick method), with the typical error 
being reported to be around 9% for peak Q and SV (Wels-
man et  al. 2005). There is also the possibility that move-
ment and respiratory artefacts associated with exercise may 
have affected our results (Siebenmann et  al. 2015). How-
ever, previous research has demonstrated that non-invasive 
devices such as that used in the current study are a reliable 
and provide clinically acceptable measures of Q and SV in 
adults during exercise (Charloux et al. 2000, Richard et al. 
2001). Nevertheless, the authors accept that caution must 
be applied when drawing conclusions from such measures.

The SPV allows participants to freely adjust both work-
load and cadence. Previous research by Gottshall and col-
leagues (Gottshall et al. 1996) has suggested that large vari-
ations in cadence could influence the muscle blood flow and 
Q response to exercise. Thus any differences in cadence 
between SPV and RAMP protocols may have influenced 
the current results. However, the study by Gottshall et  al. 
(1996) was completed during submaximal steady state exer-
cise, and we are unaware of any studies that have presented 
similar data obtained during maximal incremental exercise. 
Therefore, it is difficult to determine whether cadence dif-
ferences were a confounding variable within our study. 
Nevertheless, the mean cadence from both test protocols 
were similar in the young (RAMP 76 rev  min−1; SPV 78 
rev min−1), and identical in the old group (77 rev min−1). 
We are therefore confident that cadence is unlikely to have 
had a substantial influence on the results.

Conclusion

In agreement with the findings of previous research, the 
current study demonstrates that the SPV produces higher 
V̇O2max values compared to a standard RAMP based 
protocol in a young healthy population. It is possible that 
the higher V̇O2max in the SPV protocol is the result of 
an increase in the oxygen delivery (increased Q and V̇E), 
rather than a result of any increase or change in the oxy-
gen extraction at a muscular level. However, it is unclear 
if these peak values all occurred at the same time, and 
therefore whether they mechanistically explain the higher 
V̇O2max seen in the SPV protocol. In contrast, no differ-
ences in V̇O2max between the SPV and RAMP protocols 
were seen in the older population, despite greater peak 
RER and PO values being achieved in the SPV. The rea-
sons for the divergent findings between age groups are 
unclear, although age-related changes in the physiological 
response to exercise are a possible explanation. Nonethe-
less, these findings suggest that the SPV protocol enables 
participants achieve work rates that are closer to true physi-
ological maximum, compared to a traditional RAMP proto-
col. Whilst this is manifested as a higher V̇O2max in young 

populations, a similar V̇O2max is observed in older popula-
tions. Therefore, this study demonstrates that the SPV is a 
valid determinant of V̇O2max in both young and old popu-
lations, and provides a more adequate assessment of a par-
ticipant’s maximal aerobic capacity.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons license, and indicate if changes were 
made.

References

Astorino TA, McMillan DW, Edmunds RM, Sanchez E (2015) 
Increased cardiac output elicits higher VO2max in response to 
self-paced exercise. Appl Physiol Nutr Metab 40:223–229

Basset D, Howley ET (2000) Limiting factors for maximum oxygen 
uptake and determinants of endurance performance. Med Sci 
Sports Exerc 32:70–84

Betik AC, Hepple RT (2008) Determinants of VO2max decline with aging: 
and integrated perspective. Appl Physiol Nutr Metab 33:130–140

Billat V, Petot H, Karp JR, Sarre G, Morton RH, Mille-Hamard L 
(2013) The sustainability of VO2max: effect of decreasing the 
workload. Eur J Appl Physiol 113:385–394

Bjorklund G, Stoggl T, Holmberg HC (2010) Biomechanically influ-
enced differences in O2 extraction in diagonal skiing: arm versus 
leg. Med Sci Sports Exerc 42:1899–1908

Boone J, Koppo K, Bartow TJ, Bouckaert J (2010) The effect of exer-
cise protocol on deoxy[Hb + Mb]: incremental step versus ramp 
exercise. Med Sci Sports Exerc 42:935–942

Borg G (1998) Borg’s perceived exertion and pain scales. Human 
Kinetics, Champaign

Charloux A, Lonsdorfer-Wolf E, Richard R, Lampert E, Oswald-
Mammosser M, Mettauer B, Geny B, Lonsdorfer J (2000) A new 
impedance cardiograph device for the non-invasive evaluation of 
cardiac output at rest and during exercise: comparison with the 
“direct” Fick method. Eur J Appl Physiol 82:313–329

Chaunchaiyakul R, Groeller H, Clarke JR, Taylor NAS (2004) The 
impact of aging and habitual physical activity on static respira-
tory work at rest and during exercise. Am J Physiol Lung Cell 
Mol Physiol 287:L1098–L1106

Chidnok W, DiMenna FJ, Bailey SJ, Burnley M, Wilkerson DP, Van-
hatalo A, Jones AM (2013) VO2max is not altered by self-pacing 
during incremental exercise. Eur J Appl Physiol 113:529–539

Conley KE, Esselman PC, Jubriad SA, Cress ME, Inglin B, Mogadam 
C, Schoene RB (2000) Ageing, muscles properties and maximal 
O2 uptake rate in humans. J Appl Physiol 526:211–217

Faulkner J, Mauger AR, Woolley B, Lambrick DM (2015) The effi-
cacy of a self-paced VO2max test during motorized treadmill exer-
cise. Int J Sports Physiol Perform 10:99–105

Gottshall R, Bauer T, Fahrner S (1996) Cycling cadence alters exer-
cise hemodynamics. Int J Sports Med 17:17–21

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


	 Eur J Appl Physiol

1 3

Higginbotham MB, Morris KG, Williams RS, McHale PA, Coleman 
RE, Cobb FR (1986) Regulation of stroke volume during sub-
maximal and maximal upright exercise in normal man. Circ Res 
58:281–291

Hoelting BD, Scheuermann BW, Bartow TJ (2001) Effect of contrac-
tion frequency on leg blood flow during knee extension exercise 
in humans. J Appl Physiol 91:671–679

Hogg JS, Hopker JG, Mauger AR (2014) The self-paced VO2max test 
to assess maximal oxygen uptake in highly trained runners. Int J 
Sports Physiol Perform 10:172–177

Hopker JG, Jobson SA, Pandit JJ (2011) Controversies in the physi-
ological basis of the ‘anaerobic threshold’ and their implica-
tions for clinical cardiopulmonary exercise testing. Anaesthesia 
66:111–123

Janssens JP, Pache JC, Nicod LP (1999) Physiological changes 
in respiratory function associated with ageing. Eur Respir J 
13:197–205

Jenkins LA, Mauger AR, Fisher J, Hopker JG (2016) Reliability and 
validity of a self-paced cardiopulmonary exercise test in post-MI 
patients. Int J Sports Med. doi:10.1055/s-0042-122818

Kalliokoski KK, Oikonen V, Takala TO, Sipila H, Knuuti J, Nuutila 
P (2001) Enhanced oxygen extraction and reduced flow hetero-
geneity  in exercising muscle in endurance-trained men. Am J 
Physiol Endocrinol Metab 280:E1015–E1021

Lakatta EG, Levy D (2003) Arterial and cardiac aging: major share-
holders in cardiovascular disease enterprises: part II: the aging 
heart in health: links to heart disease. Circulation 107:346–354

Mauger AR, Sculthorpe N (2012) A  new VO2max protocol allowing 
self-pacing in maximal incremental exercise. Br J Sports Med 
46:59–63

Mauger AR, Metcalfe AJ, Taylor L, Castle PC (2013) The efficacy of 
the self-paced VO2max test to measure maximal oxygen uptake in 
treadmill running. Appl Physiol Nutr Metab 38:1211–1216

Milani RV, Lavie CJ, Mehra MR, Ventura HO (2006) Understanding 
the basics of cardiopulmonary exercise testing. Mayo Clin Proc 
81:1603–1611

Mortensen SP, Dawson EA, Yoshiga CC, Dalsgaard R, Secher NH, 
Gonzalez-Alonso J (2005) Limitations to systemic and locomo-
tor limb muscle oxygen delivery and uptake during maximal 
exercise in humans. J Physiol 566:273–285

Proctor DN, Shen PH, Dietz NM, Eickhoff TJ, Lawler LA, Eber-
sold EJ, Loeffler DL, Joyner MJ (1998) Reduced leg blood flow 

during dynamic exercise in older endurance-trained men. J Appl 
Physiol 85:68–75

Reiser M, Meyer T, Kindermann W, Daugs R (2000) Transferability 
of workload measurements between three difference types of 
ergometer. Eur J Appl Physiol 82:245–249

Richard R, Lonsdorfer-Wold E, Charloux A, Doutreleau S, Buchheit 
M, Oswald-Mammosser M, Lampert E, Mettauer B, Geny B, 
Lonsdorfer J (2001) Non-invasive cardiac output evaluation dur-
ing a maximal progressive exercise test, using a new impedance 
cardiograph device. Eur J Appl Physiol 85:202–207

Russ DW, Kent-Braun JA (2004) Is skeletal muscle oxidative capacity 
decreased in old age. Sports Med 34:221–229

Siebenmann C, Rasmussen P, Sorensen H, Zaar M, Hvidtfeldt M, 
Pichon A, Secher NH, Lundby C (2015) Cardiac output during 
exercise: a comparison of four methods. Scand J Med Sci Sports 
25:20–27

Straub AM, Midgley AW, Zarvorsky GS, Hillman AR (2014) 
Ramp-incremented and RPE-clamped test protocols elicit 
similar VO2max values in trained cyclists. Eur J Appl Physiol 
114:1581–1590

Too D (1991) The effect of hip position/configuration on anaerobic 
power and capacity in cycling. Int J Sport Biomech 7:359–370

Too D (1993) The effect of seat-to-pedal distance on anaerobic power 
and capacity in recumbent cycling. Med Sci Sports Exerc 25:68

Umberger BR, Scheuchenzuber HJ, Manos TM (1998) Differences in 
power output during cycling at different seat tube angles. J Hum 
Mov Stud 35:21–36

Vella CA, Robergs RA (2005) A review of the stroke volume 
response to upright exercise in healthy subjects. Br J Sports Med 
39:190–195

Wang B, Xu G, Tian Q, Sun J, Sun B, Zhang L, Luo Q, Gong H 
(2012) Differences between the vastus lateralis in the assessment 
ability of breakpoints of muscles oxygenation for aerobic capac-
ity indices during an incremental cycling exercise. J Sports Sci 
Med 11:606–613

Welsman J, Bywater K, Farr C, Welford D, Armstrong N (2005) 
Reliability of peak VO2 and maximal cardiac output assessed 
using thoracic bioimpedence in children. Eur J Appl Physiol 
94:228–234

http://dx.doi.org/10.1055/s-0042-122818

	Age differences in physiological responses to self-paced and incremental  testing
	Abstract 
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Ethical approval
	Participants
	Experimental procedure
	SPV protocol
	RAMP protocol

	Physiological measures
	Expired gases
	NIRS
	Electromyography (EMG)
	Cardiac output and stroke volume
	Blood lactate

	Statistical analysis

	Results
	NIRS
	EMG
	Cardiac Output and Stroke Volume
	Power Output Profile

	Discussion
	Limitations
	Conclusion
	References




