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Abstract: The current investigation compared the acute oxygen consumption (VO,) response of
two high-intensity interval exercises (HIIE), fast start (FSHIIE), and steady power (SPHIIE), which
matched w prime (W’) depletion. Eight cyclists completed an incremental max test and a three-minute
all-out test (3MT) to determine maximal oxygen consumption (VOp,y), critical power (CP), and
W’. HIIE sessions consisted of 3 X 4 min intervals interspersed by 3 min of active recovery, with W’
depleted by 60% (W'target) within each working interval. SPHIIE depleted the W'target consistently
throughout the 3 min intervals, while FSHIIE depleted the W’target by 50% within the first minute,
with the remaining 50% depleted evenly across the remainder of the interval. The paired samples
t-test revealed no differences in the percentage of training time spent above 90% of VOpmax (PT > 90%
VOymax) between SPHIIE and FSHIIE with an average of 25.20% and 26.07%, respectively. Pairwise
comparisons indicated a difference between minute 1 peak VO,, minute 2, and minute 3, while no
differences were present between minutes 2 and 3. The results suggest that when HIIE formats are
matched based on W’ expenditure, there are no differences in PT > 90% VOypax or peak VO, during
each interval.
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1. Introduction

For the past century, high-intensity intermittent exercise (HIIE), characterized as re-
peated bouts of high-intensity exercise separated by periods of recovery, has been observed
to be an effective method of exercise training to induce physiological adaptations and
increases in human performance [1,2]. The implementation of HIIE in a structured exercise
training program has been shown to induce increases in anaerobic and oxidative capacity
via oxidative muscle fiber accumulation and capillary density, mitochondrial biogenesis,
energy pathway enzyme availability, and increases in cardiac contractile capacity due to
myocardium size and stroke volume [3,4]. Researchers have observed that the manipula-
tion of variables, such as number of intervals, work-recovery ratio, and accumulation of
work performed, can be used to target anaerobic and oxidative adaptions [1,5].

One of the primary adaptations that endurance athletes target via exercise training
is increases in maximal oxygen consumption (VOymax) [6-8]. Improvements in VO;pax
are strongly associated with the accumulation of training time spent at exercise intensities
equivalent to >90% VOymax. HIIE has been shown to be an effective training tool in achiev-
ing higher intensities; thus, a primary objective when constructing HIIE parameters is to
create intervals that allow for the greatest accumulation of time >90% VOppayx [2]. Previous
investigations have observed increases in VOppax following HIIE training primarily related
to increases in red blood cell mass, total hemoglobin, blood volume, venous return, end
diastolic volume, and ejection fraction [3,9,10].

HIIE has commonly been prescribed using traditional measures such as percent
of peak power output (PPO) or maximal velocity associated with VOypax, percent of
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maximal heart rate (HRmax), percent of gas exchange threshold (GET), or rating of perceived
exertion (RPE) [2,11,12]. However, current research supports the significant importance
of critical power (CP) as a threshold that demarcates the transition from the heavy- to
severe-exercise intensity domains and is considered the new gold standard as a fatigue
threshold marker [13]. In conjunction, W prime (W’) establishes the amount of work that
can be performed within the severe exercise intensity domain, which is established as above
CP [14-18]. When exercising above CP, VO, fails to level off even when the power output
is maintained. A metabolic steady state is unachievable; therefore, VO, will continue to
drift upwards towards VO, until the work rate is lowered or volitional exhaustion is
reached. Thus, it is crucial to investigate how to best use CP and W’ for prescribing HIIE
exercise within the severe-exercise intensity domain.

Previous investigations have examined the use of a fast start, constant power, and
decreasing power formats with HIIE and the effects that these have on the priming of VO,
kinetics, mean VO; response, and peak power output [14,19]. It was hypothesized that
by beginning the initial portion of the working interval at a higher power output before
decreasing for the latter portion of the work interval, a VO, priming effect, or rapid increase
of VO,, would be induced and sustained despite the subsequent decrease in power output
for the latter portion of the working interval. Bailey et al. (2011) found that the fast start
pacing strategy led to a faster VO, response, as well as higher mean power during an
end sprint compared to a constant power and decreasing power strategy [14]. This agrees
with Rennestad et al. (2022), in which cross-country skiers had a higher percentage of
time near VOpmax, With a fast start compared to constant velocity [19]. However, both of
these investigations failed to match intervals based on the depletion of W’. It is possible
that by applying the individualized metrics of CP and W’, HIIE protocols following a
fast start strategy may result in greater improvements in athletic performance. Based on
the findings of the fast-start strategy and VO, response, this study utilized CP and W’ to
set HIIE parameters in the fast-start high-intensity interval (FSHIIE) and steady-power
high-intensity interval (SPHIIE) conditions to examine the acute physiological responses.

The purpose of this study was to compare the acute physiological responses of varying
power output HIIE conditions which were organized as either FSHIIE or SPHIIE and
matched on the depletion of W' by 60% in each working interval. It was hypothesized that
the FSHIIE condition would elicit a greater percentage of training time spent above 90% of
VOomax (PT > 90% VOomax) compared to the SPHIIE condition.

2. Materials and Methods

Subjects: Eight trained cyclists completed the investigation. All participants un-
derwent a telephone screening to determine eligibility. Inclusion criteria comprised the
following: age between 18 and 64 years, completed planned, structured vigorous-intensity
physical activity for >30 min at least 3 days per week, reported no cardiovascular, pul-
monary, neuromuscular, or neurological conditions or diseases, not currently taking any
cardiovascular or respiratory medications, asymptomatic for cardiovascular disease (de-
termined from phone screening tool and Physical Activity Readiness Questionnaire +
(PARQ+), able to participate in exercise testing or training without physician’s clearance,
considered “low-risk” for the presence of cardiovascular disease or the occurrence of a car-
diovascular event occurring during exercise and confirmed normotensive blood pressure,
which was assessed on Visit 1 prior to exercise testing [20]. Each participant was informed
of the benefits and risks of the investigation prior to signing informed consent, which was
obtained from all participants. This study was approved by the Institutional Review Board
of Texas State University (IRB #8340). Sample size was selected by convenience and based
on previous investigations on PT > 90% VOjmax via manipulation of HIIE, with number of
participants ranging from 7 to 15 [21-25].

Study Design: The current investigation utilized a cross-sectional, multisession study
design to compare the physiological responses to two different HIIE methods performed
using an electronically braked cycle ergometer (Lode Excalibur Sport, Lode, Groningen,



Sports 2023, 11, 238

30f12

The Netherlands). Participants were instructed to avoid strenuous exercise 48 h before each
visit, not to change their diet while enrolled in this study, and to be at least 2 h postprandial
prior to visiting the laboratory. Each visit was separated by at least 48 h and no more than
7 days from the previous testing day. Height and weight were assessed at the beginning
of every visit prior to exercise. Participants wore a heart rate monitor (Polar Electro Oy,
Finland) for continuous monitoring of heart rate response during all exercise tests. Inspired
and expired gases were collected (7450 Series Silicone V2 Oro-Nasal Mask, Hans Rudolph,
Shawnee, KS, USA) and analyzed via a calibrated open circuit spirometry system (TrueOne
2400, Parvo Medics, Sandy, UT, USA) during all exercise tests. The gas analyzers were
calibrated with room air and gases of known concentration before all testing sessions. Visit
1 consisted of the informed consent, incremental cycling test (ICT), immediately followed
by a square wave bout verification protocol. Participants then rested for 30 min before
completing the 3-Minute All-Out Test (3MT). Visit 2 consisted of a repeat of the 3MT using
the same parameters and instructions as Visit 1. Visits 3 and 4 consisted of a standardized
warmup and completion of either FSHIIE or SPHIIE. The order in which HIIE format
was completed was randomized, and participants were blinded to the format that was
being completed.

2.1. Visit 1

Incremental Cycling Test (ICT): Participants gave written consent and completed the
physical activity rating scale (PA-R), which was used to determine the starting power for
the ICT [26]. The following equations were used to estimate the participant’s VOpmy,x and
Peak Work Rate in Watts (W) in order to determine the Work Rate (W) Increments for the
ICT [27]:

Estimated VOomayx = (56.3) + (1.921 x PA-R) — (0.381 x AGE) — (0.754 x BMI) + (10.987 x Sex);

(Sex, 1 = Male, 0 = Female)

Estimated Peak Work Rate = ((Estimated VOomax — 7) X Body Mass)/1.8))/6.12

Work Rate (Watts (W)) Increments = Estimated Peak Work Rate/10 (number of stages)

The cycle ergometer was adjusted to the comfort of each participant, with setting being
recorded and replicated for subsequent visits. Participants wore a heart rate monitor (Polar
Electro Oy, Kempele, Finland) for continuous monitoring of heart rate response during
exercise. Prior to testing, participants were instructed to select and maintain their preferred
pedaling cadence throughout all cycling exercises. A >10 RPM decrease in cadence from
selected cadence for >5 s, despite verbal encouragement, was indicative of volitional
exhaustion and test termination. The ICT began at the predetermined W and increased by
the calculated work rate increment every minute until volitional fatigue was reached. To
account for the lag in the VO, kinetics during the ramp test, two-thirds of the ramp rate (i.e.,
2/3 x 30 W recorded PPO = 20 W) was deducted from the highest power output achieved
and was defined as the peak power output (PPO) [28-32]. Upon reaching volitional fatigue,
participants continued to exercise at 50 W for a 3 min period of active recovery before
completing a verification protocol [31,33-35]. At the end of the 3 min period, the exercise
intensity was increased to 105% of PPO, and participants cycled at the same cadence as
the ICT until volitional exhaustion (i.e., >10 RPM decrease in cadence). Once volitional
exhaustion was reached, participants began a 5 min cool-down at 25 W before dismounting
cycle ergometer. VOyx Was defined as the highest 20 s average obtained during either
the ICT or Verification Protocol, and Heart Rate max (HRmax) was defined as the highest
1 s value recorded.

Three-Minute All-Out Test (3MT): Following the 5 min cooldown, participants were
given 25 min of rest (total of 30 min of recovery) after completing the ICT and verification
protocol before completing the 3MT. Using the data collected from the ICT and verifica-
tion protocol, parameters for the 3SMT were set using the gas exchange threshold (GET)
and PPO [36,37]. The GET and PPO were used to normalize the fixed resistance for the
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3MT [38]. The resistance for the 3MT was applied using the linear factor function of the
cycle ergometer and was calculated with the following equations [39]:

Estimated GET = (PPO/PA-R score”) " if PAR > 8 then 0.65, if <8 then 0.60

Estimated 50% Delta = (((PPO — Estimated GET) x 0.5) + Estimated GET)
Torque for 3MT = (Estimated 50% Delta/9.8)
Linear Factor = ((Torque for 3MT/BM (kg))/9.8)

The 3MT protocol began with a warm-up consisting of 3 min of unloaded cycling.
During the last 5 s of the warm-up, the participants were instructed to increase their cadence
to 110 to 120 rpm. The 3MT involves cycling at all-out effort for 3 min; therefore, instructions
were given to reach peak power output as quickly as possible and to maintain the all-out
effort throughout the test. Strong verbal encouragement was given throughout the 3MT, and
participants were not informed of the elapsed time to prevent self-pacing. Upon completion
of the 3MT, participants began a 5 min cool-down at 25 W before dismounting the cycle
ergometer. Additional time was provided for the participant to cool down upon request.

2.2. Visit 2

The 3MT on Visit 1 served as a familiarization for the 3MT conducted on Visit 2, as
the 3MT involves all-out effort without any pacing strategy. This may be unfamiliar to
some participants; therefore, the data used to create the parameters for the HIIE programs
were from Visit 2 3MT. Height and weight were collected before participants began the
3MT. Visit 2 consisted of a repeat of the 3MT using the same parameters (linear factor) and
instructions from Visit 1. VOppax and power data were collected during the test and used
to calculate CP and W’ parameters.

Calculating Critical Power (CP) and W Prime (W’)

The 3MT has been found to be a valid assessment of CP and W’ quantities [40,41].
Using the 3MT, CP is calculated as the mean power output over the final 30 s of the test,
while W’ is calculated as the work performed above CP over the first 150 s of the test. The
following equation was used to find W’ from the 3MT:

W’ = ((150 x (p150 — CP))/1000)

Power data from the 3MT included max power achieved (pMax), average power over
the first 150 s (p150), and the average power over the last 30 s (CP), which was then used to
calculate W’.

2.3. Visits 3and 4

Visits 3 and 4 consisted of either the FSHIIE or SPHIIE session. The order in which
HIIE format was to be completed was randomized, and participants were blinded to
which format was being assessed. Height and weight were collected before participants
were instructed to sit in a chair to obtain their resting blood lactate level. Blood lactate
measurements were taken from the fingertip using a lancet (Unistik 3, Owen Mumford
Ltd., Brook Hill, Wood Stock, Oxfordshire, UK) and a lactate strip (Lactate Plus, Nova
Biomedical, Waltham, MA, USA) and analyzed using a lactate analyzer (Lactate Plus, Nova
Biomedical, Waltham, MA, USA). Once resting blood lactate was recorded, the participants
began the assigned HIIE protocol.

Each HIIE session began with a 15 min standardized warmup. Participants began
with 5 min of cycling at 50 W, followed by 5 min of cycling at each participant’s GET, and
then 5 min at 50 W. Immediately after completing the warmup, the first interval began.
Both the FSHIIE and SPHIIE intervals were designed to deplete W’ by 60% (W’target) in
each working interval [41-45]. The time intervals followed previous recommendations of
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performing 4 and 3 min intervals (4 X 3 min) with 3 min of active recovery at 50 W between
each high-intensity interval (1:1 work-to-rest ratio) [13,41,46—48]. The only difference
between sessions was the amount of the W’target that was depleted in each minute of the
intervals. FSHIIE was designed to deplete 50% of the determined W’target within the first
minute of the 3 min interval, with the remaining 50% evenly dispersed between minutes 2
and 3 (25%, respectively). For example, if a participant had a W’ of 10 kJ, this would result
in a W’target of 6 kJ. Within the first minute of the FSHIIE session, 3 k] of work would
be completed (50% of W’target) with 1.5 k] of work performed in minutes 2 and 3 (25%
of W'target each). This interval setup was repeated for the entire 4 intervals completed.
SPHIIE was designed to deplete the determined W’target evenly across the 3 min interval
(33.33%, respectively). Therefore, in both HIIE sessions, the same amount of W'target was
depleted, with varying power in FSHIIE and constant power in SPHIIE. The following
equation was used to determine the work rate for each interval:

(W’ to be depleted/desired length of interval) + Critical Power = Interval work rate (Watts)

Both formats followed a 1:1 work-to-rest ratio, allowing 3 min of active recovery at
50 W between each work interval. This has been shown to allow for the repletion of W’
between intervals [49-52]. During each HIIE session, inspired and expired gases were
collected continuously with rating of perceived exertion (RPE), using the Borg Scale, and
blood lactate was assessed immediately after each work interval (i.e., after the completion
of each 3 min high-intensity interval) [53]. Upon completion of the final high-intensity
interval, participants completed 3 min of active recovery at 50 W and then immediately
completed a 5 min cool-down at 25 W.

2.4. Statistical Analysis

All analyses were performed using IBM SPSS Statistics (version 26.0; IBM Corp.,
Armonk, NY, USA). Descriptive statistics were used to summarize the demographic data.
VO, data were exported in 5 s averages and used for analysis. Data from each minute
of the intervals were averaged within each trial (e.g., the minute 1 VO, response from
each of the four work intervals in the FSHIIE were averaged, and the same for minutes
2 and 3 and the SPHIIE [19]. Peak VO, was defined as the highest VO, response in each
minute of the work interval and was also expressed as a percentage of VOymax. A two-way
repeated measure analysis of variance (time x condition) was used to detect differences in
VO, response between minutes 1, 2, and 3 of each condition. Bonferroni post hoc analyses
were conducted if significant interactions were detected. Eta squared (n?) was used to
interpret effect sizes for the ANOVA, with values of 0.02, 0.13, and 0.26 indicative of small,
medium, and large effects, respectively. RPE and blood lactate were averaged across the
4 intervals within each session with peak RPE and peak blood lactate defined as the highest
value obtained in each session. Additionally, the PT > 90% VOomax was calculated for
each session. Paired sample f-tests were used to detect statistically significant differences
between FSHIIE and SPHIIE in terms of RPE, blood lactate, and PT > 90% VOyax. Cohen’s
d effect sizes were utilized, with values of 0.2, 0.5, and 0.8 indicating small, medium, and
large effects, respectively.

3. Results

A total of eight participants (1 = 8; 7 males, 1 female) completed the investigation, and
individual data are reported in Table 1. According to De Pauw et al.’s 2013 guidelines for
the performance classification of cycling-related research, the current cohort consists of
two, five, and one performance levels and relative VOyn,x values of two, three, and four,
respectively [54].
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Table 1. Individual demographic data.

Participant

Sex

Body Mass VOomax CP W’

Age (years) Height (cm) (g) (mL-kg~1-min-1) W) (Kj)

XTI Ul WN -

EmEZEEEEXR

19 173 65.70 66.30 304.50 11.26
31 176 76.00 55.50 291.85 10.92
20 166 60.00 64.60 289.81 13.55
27 173 94.90 45.30 289.27 10.15
29 174 68.10 55.00 259.29 14.05
28 179 77.50 59.60 339.72 19.06
36 158 58.20 55.20 242.89 10.98
24 183 102.80 53.50 341.39 12.68

300 4

Power Output (Watts)

100 4

250 +

200 4

Abbreviation: M = male, F = female VO, = maximal oxygen consumption, CP = critical power, W’ = W prime,
W = watts, Kj = kilojoules.

Data pertaining to oxygen consumption responses to HIIE are reported in Table 2. The
repeated measure ANOVA revealed no statistically significant condition x time interaction
(f =0.482, p = 0.628, and n = 0.064) for the average VO, response with no statistically
significant main effect for the condition (f = 1.669, p = 0.237, n = 0.192). However, a
significant main effect for time was present (f = 50.932, p = 0.000, n = 0.879). Pairwise
comparisons indicated a statistically significant difference between minute 1 and minute 2
(p =0.001, d =2.9), minute 1 and minute 3 (p = 0.000, d = 3.31), and minute 2 and minute
3 (p=0.014, d = 0.29). The repeated measure ANOVA revealed no statistically significant
condition x time interaction (f = 0.093, p = 0.912, and n = 0.013) for the average peak VO,
response, with no statistically significant main effect for the group (f = 0.244, p = 0.636,
1 = 0.034). However, the significant main effect for time was present (f = 77.692, p = 0.000,
1 = 0.917). Pairwise comparisons indicated a statistically significant difference between
minute 1 and minute 2 (p = 0.000, d = 1.69) and minute 1 and minute 3 (p = 0.000, d = 2.05),
with no significant difference between minute 2 and minute 3 (p = 0.069, d = 0.23). Figure 1
illustrates a representative individual’s VO, response to both FSHIIE and SPHIIE.

FSHIIE Power Output [ 7°

= = = = SPHIIE Power Output
- 60

FSHIIE VO2

- = = = SPHIIE VO2

- 40

VO2 (ml/kg/min)

- 20

- 10

60% Depletion of W'

16 17 ... .
’ " Time (minutes)

Figure 1. Representative individual oxygen consumption response to both fast-start and steady-
power high-intensity intermittent exercise.
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Table 2. Oxygen consumption response across intervals.

Conditions
SPHIIE FSHIIE Main Effect Main Effect Condition X Time
Time (Minutes) Time (Minutes) Condition Time Interaction
Variable 1 2 3 1 2 3 r n? % n? p n?

Average VO, 3139 5159 5396 2996 4784 5007 i
(mLkg Imin'1)  (428) (577  (536) (537) (1194) (1Les) 27 0192 00007 0879 0.628 0064
AveragePeak VO, 4245 5364 5501 4161 5288  54.68 .
(mLkg 'min1) (559 (6000 (547) (7.63) (838) (733 0696 003400007 0917 0912 0.013

Data are presented as mean (SD). Abbreviations: VO, = oxygen consumption; SPHIIE = steady power high-
intensity intermittent exercise; FSHIIE = fast start high-intensity intermittent exercise; n? = effect size, expressed
as partial eta squared. * p < 0.05 represents statistical significance.

Acute perceptual and blood lactate responses to HIIE are reported in Table 3. Paired
sample t-tests revealed no significant differences for peak (t = 1.080, p = 0.316, d = 0.3)
and average (t = 0.523, p = 0.617, d = 0.1) RPE and peak (t = —1.220, p = 0.262, d = 0.4)
and average (t = —1.057, p = 0.326, d = 0.3) lactate between conditions. The paired sample
t-tests revealed no significant differences for PT > 90% VOpny,x between the conditions
(t=—-0.159, p = 0.878,d = 0.01).

Table 3. Acute perceptual and blood lactate responses to high-intensity intermittent exercise conditions.

Variable FSHIIE SPHIIE
% of Total Training Time Above 90% VOymax 25.20 £8.77 26.07 £11.84
Peak Lactate 14.77 £ 3.43 16.02 £ 2.39
Average Lactate 12.98 £ 2.28 13.61 £1.55
Peak RPE 19.00 £+ 1.30 18.50 £+ 1.69
Average RPE 1721 £1.26 17.06 = 1.74

All data are presented as mean + standard deviation (SD) %: percent, VOpmax: maximal oxygen consumption
(mL-kg~!-min~1), RPE: rate of perceived exertion.

4. Discussion

The main purpose of this study was to investigate the physiological responses to two
different HIIE conditions, which were matched based on the depletion of W’ by 60% in
each working interval. The primary hypothesis was that the FSHIIE condition would elicit
a greater PT > 90% VOymax compared to the SPHIIE condition. The null hypothesis was
accepted, as there were no significant differences found between the two conditions.

Previous investigations have used both CP and W’ to prescribe HIIE and compare
different HIIE formats. However, the current investigation is the first to explore the use of
fast start intervals when matched based on W’ expenditure. Appropriate external work
rates or power outputs for working intervals of HIIE can easily be calculated using the
desired W’ depletion across a given duration. Theoretically, the same metabolic strain can
be applied across varying durations as long as the depletion of W’ is matched. A recent
investigation observed a lower adherence, 20%, to HIIE when prescribed using VO;pmax
when compared to HIIE prescribed using CP and W’, 100% [55]. It was hypothesized
that this was due to the traditional measures groups’ inability to demarcate the heavy-
to severe-intensity domains within their participants, which leads to higher variability
compared to when using CP [55]. Using CP and W’ metrics allowed this study to match
work intervals in the severe exercise-intensity domain [56-58]. By implementing CP and
W’, we hypothesized that the HIIE sessions can be better tailored to increase athletic
performance [43].

The current investigation matched the working intervals via W’ depletion while
applying varied power outputs between conditions. Again, this differs from the most
common application of HIIE interval parameters, which have followed a method of constant
work rate in the interval followed by a rest period. A plethora of studies have investigated
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the outcomes of low-, moderate-, and high-intensity intervals, yet the use of varied power
outputs within the working intervals has been limited. However, a study by Rennestad
et al. (2022) implemented the use of a fast-start strategy in which a group of cross-country
skiing participants began their high-intensity interval at a higher power output (based
on maximal aerobic speed and velocity that elicited lactate threshold response) for 2 min,
which then dropped in power for the remaining 3 min of the interval [19]. This study
compared three different conditions and found that the fast-start group and varied power
output group led to a higher PT > 90% VOjmax compared to a constant power interval
group. A limitation of the investigation by Rennestad et al. (2022) was the use of the TM to
set the HIIE parameters that do not account for the demarcations between exercise intensity
domains [19].

Within the current investigation, no significant differences were detected in PT > 90%
VOomax. This is due to matching the depletion of W’ by 60% in each working interval
for both conditions. By matching W’, participants were completing the same amount of
work in kjs and time above their CP in both HIIE conditions, which would, therefore, lead
to similar VO, responses. Although there were no differences found between groups in
PT > 90% VOomax, participants completed the SPHIIE and FSHIIE sessions with an average
of 25.20% and 26.07% of PT > 90% VOjmax, respectively. According to a systematic review
by Buchheit and Laursen (2013), the PT > 90% VOjpnax found during running intervals
based on the velocity of VO;pax ranging from 2 min to 5 min intervals were 13%, 19%, 21%,
and 26% [2,10]. Based on these data, the FSHIIE and SPHIIE conditions were quantified for
greater training time near VOypax. It can then be hypothesized that when utilizing W’ or
D’ (distance prime) to set HIIE parameters, a greater PT > 90% VOpmax can be achieved.
Beneficially, when training time is near VOyp,y, there will also be an increase in VOymay,
CP, and the aforementioned physiological adaptations. This subsequently will lead to
improvements in both athletic performance and health status.

There was a statistically significant difference between the VO, response from minute
1 compared to minute 2 and minute 3 in the working intervals. The observed rapid increase
in VO, kinetics at the initiation of the work interval is known as the fast component, also
known as phase 1 of the gas exchange phases of VO, kinetics. This phase occurs when there
is an initiation of exercise with a need to increase oxygen uptake to provide the working
muscles with oxygen for oxidative phosphorylation to continue power output [59,60].
During phase 1, the rapid increase in VO, is also due to the large amount of CO, production
that is associated when utilizing anaerobic energy pathways [61]. When participants
transitioned from 50 W to their individual interval power outputs, the VO, time constraint,
which is known to exponentially increase VO, to match the ATP requirement, caused
the large slope seen within minute 1 VO,. The participants in this study were trained
cyclists, which also accounts for the accelerated phase 1 as well as increases in the priming
of mitochondrial enzymes [62,63]. With an improved ability to distribute and extract O,
in the blood to localized muscle, a large increase would be seen in the first minute with a
leveling off in the subsequent minutes of the working intervals, if they were at a constant
work rate that was below CP [59,64]. In this case, however, participants were set above CP;
therefore, there would be no leveling off, but a slight increase in VO, until power output
was lowered.

There were no differences found between the minute 2 and minute 3 VO, responses,
which is due to the slow component, also known as phase 2, of VO, kinetics. After phase 1
occurred within minute 1, which allowed for the blood flow distribution and extraction of
O, in the working muscles, a slowly developing VO, took place over minute 2 and minute
3 [63,65]. While not statistically different, there was no leveling off of VO, found within
these minutes as the steady state cannot be reached when exercise intensity is above CP
within the severe exercise intensity domain [11,59]. A hallmark characteristic of exercise
within the severe-exercise intensity domain is the continuous drifting of VO, upwards
towards VOpmax. The relationship between W’ depletion and the development of the
slow component can be attributed to the increased recruitment of type II muscle fibers
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due to muscle fatigue in type I that leads to less efficient use of O,, and the reliance on
phosphocreatine as well as fatigue due to H" accumulation [59,65-67]. Endurance athletes
have been found to have a relatively smaller slow component phase as this population
has CP levels that are near their VO, due to the physiological adaptations mentioned
previously [59]. Therefore, no differences were found between minute 2 and minute 3 VO,
as the VO, response would slowly drift upwards until power output dropped below CP, or
volitional exhaustion was reached.

It is interesting that the FSHIIE group had no significant differences from the SPHIIE
group considering that the FSHIIE condition dropped to a power output that was lower
for the last 2 min of the intervals. Reasonably, it would be hypothesized that the drop in
power below the SPHIIE condition would reflect differences in the VO, response. However,
this was not the case, as no differences were found. It can be speculated that the combined
results are due to not accounting for the severe exercise intensity zones that the participants
were completing the intervals in [68]. Within the severe exercise intensity domain, there
is zone 1 (Z1), which is found above CP, zone 2 (Z2), which is above Z1 at approximately
50% of the difference between CP and VOypax power, and the extreme zone (EZ) [68,69].
When the exercise is conducted above CP, the slow component of VO, response will be
dependent on the severe intensity zone, while peak VO, cannot be obtained within the
EZ [69,70]. This study did not establish the Z1, Z2, or EZ within the participant’s intervals;
therefore, a discrepancy in individual exercise intensity could have taken place. Without
constituting the participants in matched intensity zones, participants with smaller W’s
could have been in a higher zone compared to those with a larger W’. In relation to the fast
and slow components of the VO, response and PT > 90% VO, if matched within Z1 or
72 for all participants, differences might have been found.

Other limitations in this study include matching the work-to-rest ratios, as well as
matching the percentage of W’ depletion between the FSHIIE and SPHIIE conditions.
Previous investigations have manipulated the time of the working intervals from short
sprints (5-10 s) up to 3 min as well as decreasing the rest intervals allowed for adaptations
of the neuromuscular, anaerobic, and aerobic systems and increases in time spent near
VOomax [2,7,10,71]. This, however, has not been tested when using CP and W’ to set HIIE
parameters. Future research is needed to implement CP and W’ in HIIE conditions that
modify the interval times, work-to-rest ratio, and/or the adjustment of the percentage of
W’ depletion in each interval as well as testing different populations.

5. Conclusions

In conclusion, trained cyclists had no significant difference in PT > 90% VOjpax
between the FSHIIE and SPHIIE conditions when W’ depletion is matched. Applying a
fast-start, varied power output method using CP and W’ to HIIE intervals could increase
the priming and fast component of VO, kinetics as well as better prepare athletes for race
scenarios. This accounts for road cyclists’ race performance needs that include increases
and decreases in power output depending on the terrain, team strategy, and individual
performance. Therefore, by applying a fast-start strategy compared to a constant power, the
racing conditions could be better applied. Further studies are needed in order to investigate
the acute physiological differences, chronic cardiovascular and metabolic adaptations that
can be observed when HIIE sessions are curated with CP and W’, and the manipulation of
the above variables.

Author Contributions: Conceptualization: J.W.EIIL; methodology, J.W.EIIL; analysis, PM. and
J.W.EIL; writing, PM. and ]. W.EIIL; writing—review and editing, PM., N.P. and J.W.EIII. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Texas State University (protocol code
8340 approved 30 June 2022).



Sports 2023, 11, 238 10 of 12

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Atakan, M.M.; Li, Y,; Kosar, $.N.; Turnagol, H.H.; Yan, X. Evidence-Based Effects of High-Intensity Interval Training on Exercise
Capacity and Health: A Review with Historical Perspective. Int. |. Environ. Res. Public Health 2021, 18, 7201. [CrossRef]

2. Buchheit, M.; Laursen, P.B. High-Intensity Interval Training, Solutions to the Programming Puzzle: Part I: Cardiopulmonary
Empbhasis. Sports Med. 2013, 43, 313-338. [CrossRef] [PubMed]

3.  Lundby, C,; Jacobs, R.A. Adaptations of Skeletal Muscle Mitochondria to Exercise Training. Exp. Physiol. 2016, 101, 17-22.
[CrossRef] [PubMed]

4. Maclnnis, M.].; Gibala, M.]. Physiological Adaptations to Interval Training and the Role of Exercise Intensity. J. Physiol. 2017, 595,
2915-2930. [CrossRef] [PubMed]

5. Huang, G.; Wang, R; Chen, P.; Huang, S.C.; Donnelly, ].E.; Mehlferber, ].P. Dose-Response Relationship of Cardiorespiratory
Fitness Adaptation to Controlled Endurance Training in Sedentary Older Adults. Eur. J. Prev. Cardiol. 2016, 23, 518-529. [CrossRef]
[PubMed]

6. Hawley, ].A,; Hargreaves, M.; Joyner, M.].; Zierath, ].R. Integrative Biology of Exercise. Cell 2014, 159, 738-749. [CrossRef]
[PubMed]

7.  Ma, X,; Cao, Z.; Zhu, Z.; Chen, X.; Wen, D.; Cao, Z. VOymax (Vo2peak) in Elite Athletes under High-Intensity Interval Training: A
Meta-Analysis. Heliyon 2023, 9, e16663. [CrossRef]

8.  Saltin, B.; Calbet, J.A.L. Point: In Health and in a Normoxic Environment, VOyp,,« Is Limited Primarily by Cardiac Output and
Locomotor Muscle Blood Flow. J. Appl. Physiol. 2006, 100, 744-748. [CrossRef]

9.  Hellsten, Y.; Nyberg, M. Cardiovascular Adaptations to Exercise Training. In Comprehensive Physiology; Prakash, Y.S., Ed.; Wiley:
Hoboken, NJ, USA, 2015; pp. 1-32. ISBN 978-0-470-65071-4.

10. Buchheit, M.; Laursen, P.B. High-Intensity Interval Training, Solutions to the Programming Puzzle: Part II: Anaerobic Energy,
Neuromuscular Load and Practical Applications. Sports Med. 2013, 43, 927-954. [CrossRef]

11.  Jamnick, N.A ; Pettitt, R.W.; Granata, C.; Pyne, D.B.; Bishop, D.J. An Examination and Critique of Current Methods to Determine
Exercise Intensity. Sports Med. 2020, 50, 1729-1756. [CrossRef]

12.  Gildea, N.; McDermott, A.; Rocha, J.; Crognale, D.; Nevin, A.; O’Shea, D.; Green, S.; Egafia, M. Low-Volume HIIT and MICT
Speed VO, Kinetics during High-Intensity “Work-to-Work” Cycling with a Similar Time-Course in Type 2 Diabetes. ]. Appl.
Physiol. 2022, 133, 273-287. [CrossRef] [PubMed]

13. Jones, A.M.; Vanhatalo, A. The ‘Critical Power” Concept: Applications to Sports Performance with a Focus on Intermittent
High-Intensity Exercise. Sports Med. 2017, 47, 65-78. [CrossRef] [PubMed]

14. Bailey, S.J.; Vanhatalo, A.; Dimenna, E].; Wilkerson, D.P.; Jones, A.M. Fast-Start Strategy Improves VO, Kinetics and High-Intensity
Exercise Performance. Med. Sci. Sports Exerc. 2011, 43, 457-467. [CrossRef] [PubMed]

15.  Burnley, M.; Doust, ].H.; Vanhatalo, A. A 3-Min All-Out Test to Determine Peak Oxygen Uptake and the Maximal Steady State.
Med. Sci. Sports Exerc. 2006, 38, 1995-2003. [CrossRef] [PubMed]

16. Brickley, G.; Doust, J.; Williams, C. Physiological Responses during Exercise to Exhaustion at Critical Power. Eur. J. Appl. Physiol.
2002, 88, 146-151. [CrossRef] [PubMed]

17.  Coats, E.M.; Rossiter, H.B.; Day, ].R.; Miura, A.; Fukuba, Y.; Whipp, B.]. Intensity-Dependent Tolerance to Exercise after Attaining
VOomax in Humans. J. Appl. Physiol. 2003, 95, 483-490. [CrossRef] [PubMed]

18. Moritani, T.; Nagata, A.; Devries, H.A.; Muro, M. Critical Power as a Measure of Physical Work Capacity and Anaerobic Threshold.
Ergonomics 1981, 24, 339-350. [CrossRef]

19. Rennestad, B.R.; Bakken, T.A.; Thyli, V.; Hansen, J.; Ellefsen, S.; Hammarstrem, D. Increasing Oxygen Uptake in Cross-Country
Skiers by Speed Variation in Work Intervals. Int. J. Sports Physiol. Perform. 2022, 17, 384-390. [CrossRef]

20. Warburton, D.E.R,; Gledhill, N.; Jamnik, V.K.; Bredin, S.5.D.; McKenzie, D.C.; Stone, J.; Charlesworth, S.; Shephard, R.J. Evidence-
Based Risk Assessment and Recommendations for Physical Activity Clearance: Consensus Document 2011. Appl. Physiol. Nutr.
Metab. 2011, 36, S266-5298. [CrossRef]

21. Zadow, E.; Gordon, N.; Abbiss, C.; Peiffer, J. Pacing, the Missing Piece of the Puzzle to High-Intensity Interval Training. Int. J.
Sports Med. 2014, 36, 215-219. [CrossRef]

22. Lisboa, ED.; Salvador, A.F.; Raimundo, J.A.G.; Pereira, K.L.; De Aguiar, R.A.; Caputo, F. Decreasing Power Output Increases
Aerobic Contribution during Low-Volume Severe-Intensity Intermittent Exercise. J. Strength Cond. Res. 2015, 29, 2434-2440.
[CrossRef] [PubMed]

23. De Aguiar, R.A; Turnes, T.; De Oliveira Cruz, R.S.; Caputo, F. Fast-Start Strategy Increases the Time Spent above 95% VOymax

during Severe-Intensity Intermittent Running Exercise. Eur. J. Appl. Physiol. 2013, 113, 941-949. [CrossRef] [PubMed]


https://doi.org/10.3390/ijerph18137201
https://doi.org/10.1007/s40279-013-0029-x
https://www.ncbi.nlm.nih.gov/pubmed/23539308
https://doi.org/10.1113/EP085319
https://www.ncbi.nlm.nih.gov/pubmed/26440213
https://doi.org/10.1113/JP273196
https://www.ncbi.nlm.nih.gov/pubmed/27748956
https://doi.org/10.1177/2047487315582322
https://www.ncbi.nlm.nih.gov/pubmed/25901000
https://doi.org/10.1016/j.cell.2014.10.029
https://www.ncbi.nlm.nih.gov/pubmed/25417152
https://doi.org/10.1016/j.heliyon.2023.e16663
https://doi.org/10.1152/japplphysiol.01395.2005
https://doi.org/10.1007/s40279-013-0066-5
https://doi.org/10.1007/s40279-020-01322-8
https://doi.org/10.1152/japplphysiol.00148.2022
https://www.ncbi.nlm.nih.gov/pubmed/35678744
https://doi.org/10.1007/s40279-017-0688-0
https://www.ncbi.nlm.nih.gov/pubmed/28332113
https://doi.org/10.1249/MSS.0b013e3181ef3dce
https://www.ncbi.nlm.nih.gov/pubmed/20689463
https://doi.org/10.1249/01.mss.0000232024.06114.a6
https://www.ncbi.nlm.nih.gov/pubmed/17095935
https://doi.org/10.1007/s00421-002-0706-1
https://www.ncbi.nlm.nih.gov/pubmed/12436283
https://doi.org/10.1152/japplphysiol.01142.2002
https://www.ncbi.nlm.nih.gov/pubmed/12665540
https://doi.org/10.1080/00140138108924856
https://doi.org/10.1123/ijspp.2021-0226
https://doi.org/10.1139/h11-062
https://doi.org/10.1055/s-0034-1389973
https://doi.org/10.1519/JSC.0000000000000914
https://www.ncbi.nlm.nih.gov/pubmed/26308828
https://doi.org/10.1007/s00421-012-2508-4
https://www.ncbi.nlm.nih.gov/pubmed/23053127

Sports 2023, 11, 238 11 of 12

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Lisboa, ED.; Raimundo, ].A.G.; Salvador, A.F; Pereira, K.L.; Turnes, T.; Diefenthaeler, F.; de Oliveira, M.EM.; Caputo, F. Acute
Cardiopulmonary, Metabolic, and Neuromuscular Responses to Severe-Intensity Intermittent Exercises. J. Strength Cond. Res.
2019, 33, 408-416. [CrossRef] [PubMed]

Rennestad, B.R.; Remer, T.; Hansen, J. Increasing Oxygen Uptake in Well-Trained Cross-Country Skiers During Work Intervals
with a Fast Start. Int. |. Sports Physiol. Perform. 2020, 15, 383-389. [CrossRef] [PubMed]

Kirkeberg, ].M.; Dalleck, L.C.; Kamphoff, C.S.; Pettitt, R.W. Validity of 3 Protocols for Verifying Vopmax. Int. J. Sports Med. 2011,
32, 266-270. [CrossRef] [PubMed]

Jamnick, N.A.; By, S.; Pettitt, C.D.; Pettitt, R. W. Comparison of the YMCA and a Custom Submaximal Exercise Test for Determining
VOomax- Med. Sci. Sports Exerc. 2016, 48, 254-259. [CrossRef] [PubMed]

Beaver, W.L.; Wasserman, K.; Whipp, B.]. A New Method for Detecting Anaerobic Threshold by Gas Exchange. . Appl. Physiol.
1986, 60, 2020-2027. [CrossRef] [PubMed]

Hill, D.W.; Poole, D.C.; Smith, ]J.C. The Relationship between Power and the Time to Achieve VOyp,,x. Med. Sci. Sports Exerc. 2002,
34,709-714. [CrossRef]

Jones, A.M.; Berger, N.J.A.; Wilkerson, D.P,; Roberts, C.L. Effects of “Priming” Exercise on Pulmonary O, Uptake and Muscle
Deoxygenation Kinetics during Heavy-Intensity Cycle Exercise in the Supine and Upright Positions. J. Appl. Physiol. 2006, 101,
1432-1441. [CrossRef]

Rossiter, H.B.; Kowalchuk, ].M.; Whipp, B.J. A Test to Establish Maximum O, Uptake despite No Plateau in the O, Uptake
Response to Ramp Incremental Exercise. . Appl. Physiol. 2006, 100, 764-770. [CrossRef]

Whipp, B.J.; Davis, ].A.; Torres, E.; Wasserman, K. A Test to Determine Parameters of Aerobic Function during Exercise. J. Appl.
Physiol. 1981, 50, 217-221. [CrossRef] [PubMed]

Beltz, N.M.; Gibson, A.L; Janot, ].M.; Kravitz, L.; Mermier, C.M.; Dalleck, L.C. Graded Exercise Testing Protocols for the
Determination of Vopmax: Historical Perspectives, Progress, and Future Considerations. J. Sports Med. 2016, 2016, 3968393.
[CrossRef] [PubMed]

Foster, C.; Kuffel, E.; Bradley, N.; Battista, R.A.; Wright, G.; Porcari, ].P; Lucia, A.; de Koning, J.J. VOpyax during Successive
Maximal Efforts. Eur. |. Appl. Physiol. 2007, 102, 67-72. [CrossRef] [PubMed]

Midgley, A.W.; McNaughton, L.R.; Carroll, S. Verification Phase as a Useful Tool in the Determination of the Maximal Oxygen
Uptake of Distance Runners. Appl. Physiol. Nutr. Metab. 2006, 31, 541-548. [CrossRef] [PubMed]

Bergstrom, H.C.; Housh, T.J.; Zuniga, ].M.; Traylor, D.A.; Lewis, R.W.; Camic, C.L.; Schmidt, R.J.; Johnson, G.O. Differences
among Estimates of Critical Power and Anaerobic Work Capacity Derived from Five Mathematical Models and the Three-Minute
All-Out Test. J. Strength Cond. Res. 2014, 28, 592—-600. [CrossRef]

Hill, D.W.; Smith, J.C. Determination of Critical Power by Pulmonary Gas Exchange. Can. J. Appl. Physiol. 1999, 24, 74-86.
[CrossRef]

Pettitt, R.W. Using Scatterplots to Teach the Critical Power Concept. Adv. Physiol. Educ. 2012, 36, 172-175. [CrossRef]

Dicks, N.D.; Jamnick, N.A.; Murray, S.R.; Pettitt, R.W. Load Determination for the 3-Minute All-Out Exercise Test for Cycle
Ergometry. Int. ]. Sports Physiol. Perform. 2016, 11, 197-203. [CrossRef]

Black, ML.I.; Durant, J.; Jones, A.M.; Vanhatalo, A. Critical Power Derived from a 3-Min All-out Test Predicts 16.1-Km Road
Time-Trial Performance. Eur. J. Sport Sci. 2014, 14, 217-223. [CrossRef]

Clark, LE.; West, B.M.; Reynolds, S.K.; Murray, S.R.; Pettitt, R W. Applying the Critical Velocity Model for an Off-Season Interval
Training Program. J. Strength Cond. Res. 2013, 27, 3335-3341. [CrossRef]

Vanhatalo, A.; Doust, J.H.; Burnley, M. Determination of Critical Power Using a 3-Min All-out Cycling Test. Med. Sci. Sports Exerc.
2007, 39, 548-555. [CrossRef] [PubMed]

Poole, D.C.; Burnley, M.; Vanhatalo, A.; Rossiter, H.B.; Jones, A.M. Critical Power: An Important Fatigue Threshold in Exercise
Physiology. Med. Sci. Sports Exerc. 2016, 48, 2320-2334. [CrossRef] [PubMed]

Chidnok, W.; DiMenna, FJ.; Fulford, J.; Bailey, S.J.; Skiba, P.F.; Vanhatalo, A.; Jones, A.M. Muscle Metabolic Responses during
High-Intensity Intermittent Exercise Measured by 3! P-MRS: Relationship to the Critical Power Concept. Am. J. Physiol.-Regul.
Integr. Comp. Physiol. 2013, 305, R1085-R1092. [CrossRef] [PubMed]

Murgatroyd, S.R.; Ferguson, C.; Ward, S.A.; Whipp, B.J.; Rossiter, H.B. Pulmonary O, Uptake Kinetics as a Determinant of
High-Intensity Exercise Tolerance in Humans. J. Appl. Physiol. 2011, 110, 1598-1606. [CrossRef] [PubMed]

Laursen, P.B.; Jenkins, D.G. The Scientific Basis for High-Intensity Interval Training: Optimising Training Programmes and
Maximising Performance in Highly Trained Endurance Athletes. Sports Med. 2002, 32, 53-73. [CrossRef]

Billat, V.; Slawinksi, J.; Bocquet, V.; Chassaing, P.; Demarle, A.; Koralsztein, J. Very Short (15 s-15 s) Interval-Training Around
the Critical Velocity Allows Middle-Aged Runners to Maintain VOppy,x for 14 Minutes. Int. . Sports Med. 2001, 22, 201-208.
[CrossRef] [PubMed]

Chorley, A.; Lamb, K.L. Effect of Varying Recovery Intensities on Power Outputs during Severe Intensity Intervals in Trained
Cyclists during the Covid-19 Pandemic. Sport Sci. Health 2023, 19, 1199-1207. [CrossRef] [PubMed]

Caen, K.; Bourgois, ].G.; Bourgois, G.; Van Der Stede, T.; Vermeire, K.; Boone, J. The Reconstitution of W Depends on Both Work
and Recovery Characteristics. Med. Sci. Sports Exerc. 2019, 51, 1745-1751. [CrossRef]

Ferguson, C.; Rossiter, H.B.; Whipp, B.J.; Cathcart, A.].; Murgatroyd, S.R.; Ward, S.A. Effect of Recovery Duration from Prior
Exhaustive Exercise on the Parameters of the Power-Duration Relationship. J. Appl. Physiol. 2010, 108, 866-874. [CrossRef]


https://doi.org/10.1519/JSC.0000000000002130
https://www.ncbi.nlm.nih.gov/pubmed/28704307
https://doi.org/10.1123/ijspp.2018-0360
https://www.ncbi.nlm.nih.gov/pubmed/31621643
https://doi.org/10.1055/s-0030-1269914
https://www.ncbi.nlm.nih.gov/pubmed/21271494
https://doi.org/10.1249/MSS.0000000000000763
https://www.ncbi.nlm.nih.gov/pubmed/26339726
https://doi.org/10.1152/jappl.1986.60.6.2020
https://www.ncbi.nlm.nih.gov/pubmed/3087938
https://doi.org/10.1097/00005768-200204000-00023
https://doi.org/10.1152/japplphysiol.00436.2006
https://doi.org/10.1152/japplphysiol.00932.2005
https://doi.org/10.1152/jappl.1981.50.1.217
https://www.ncbi.nlm.nih.gov/pubmed/6782055
https://doi.org/10.1155/2016/3968393
https://www.ncbi.nlm.nih.gov/pubmed/28116349
https://doi.org/10.1007/s00421-007-0565-x
https://www.ncbi.nlm.nih.gov/pubmed/17891414
https://doi.org/10.1139/h06-023
https://www.ncbi.nlm.nih.gov/pubmed/17111008
https://doi.org/10.1519/JSC.0b013e31829b576d
https://doi.org/10.1139/h99-008
https://doi.org/10.1152/advan.00106.2011
https://doi.org/10.1123/ijspp.2015-0116
https://doi.org/10.1080/17461391.2013.810306
https://doi.org/10.1519/JSC.0b013e31828f9d87
https://doi.org/10.1249/mss.0b013e31802dd3e6
https://www.ncbi.nlm.nih.gov/pubmed/17473782
https://doi.org/10.1249/MSS.0000000000000939
https://www.ncbi.nlm.nih.gov/pubmed/27031742
https://doi.org/10.1152/ajpregu.00406.2013
https://www.ncbi.nlm.nih.gov/pubmed/24068048
https://doi.org/10.1152/japplphysiol.01092.2010
https://www.ncbi.nlm.nih.gov/pubmed/21415174
https://doi.org/10.2165/00007256-200232010-00003
https://doi.org/10.1055/s-2001-16389
https://www.ncbi.nlm.nih.gov/pubmed/11354523
https://doi.org/10.1007/s11332-023-01050-2
https://www.ncbi.nlm.nih.gov/pubmed/36820074
https://doi.org/10.1249/MSS.0000000000001968
https://doi.org/10.1152/japplphysiol.91425.2008

Sports 2023, 11, 238 12 of 12

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

Skiba, PF,; Chidnok, W.; Vanhatalo, A.; Jones, A.M. Modeling the Expenditure and Reconstitution of Work Capacity above Critical
Power. Med. Sci. Sports Exerc. 2012, 44, 1526-1532. [CrossRef]

Skiba, P.E; Jackman, S.; Clarke, D.; Vanhatalo, A.; Jones, A.M. Effect of Work and Recovery Durations on W' Reconstitution
during Intermittent Exercise. Med. Sci. Sports Exerc. 2014, 46, 1433-1440. [CrossRef]

Williams, N. The Borg Rating of Perceived Exertion (RPE) Scale. Occup. Med. 2017, 67, 404—405. [CrossRef]

Pauw, K.D.; Roelands, B.; Cheung, S.S.; De Geus, B.; Rietjens, G.; Meeusen, R. Guidelines to Classify Subject Groups in
Sport-Science Research. Int. J. Sports Physiol. Perform. 2013, 8, 111-122. [CrossRef] [PubMed]

Meyler, S.; Bottoms, L.; Wellsted, D.; Muniz-Pumares, D. Variability in Exercise Tolerance and Physiological Responses to Exercise
Prescribed Relative to Physiological Thresholds and to Maximum Oxygen Uptake. Exp. Physiol. 2023, 108, 581-594. [CrossRef]
[PubMed]

Nixon, R].; Kranen, S.H.; Vanhatalo, A.; Jones, A.M. Steady-State VO, above MLSS: Evidence That Critical Speed Better
Represents Maximal Metabolic Steady State in Well-Trained Runners. Eur. |. Appl. Physiol. 2021, 121, 3133-3144. [CrossRef]
[PubMed]

Jones, AM.; Burnley, M.; Black, M.I; Poole, D.C.; Vanhatalo, A. The Maximal Metabolic Steady State: Redefining the ‘Gold
Standard’. Physiol. Rep. 2019, 7, €14098. [CrossRef] [PubMed]

Collins, J.; Leach, O.; Dorff, A.; Linde, J.; Kofoed, J.; Sherman, M.; Proffit, M.; Gifford, J.R. Critical Power and Work-Prime Account
for Variability in Endurance Training Adaptations Not Captured by VOomax. J. Appl. Physiol. 2022, 133, 986-1000. [CrossRef]
Jones, A.M.; Grassi, B.; Christensen, P.M.; Krustrup, P.; Bangsbo, J.; Poole, D.C. Slow Component of VO, Kinetics: Mechanistic
Bases and Practical Applications. Med. Sci. Sports Exerc. 2011, 43, 2046-2062. [CrossRef]

Koppo, K.; Bouckaert, J.; Jones, A.M. Effects of Training Status and Exercise Intensity on Phase II VO, Kinetics. Med. Sci. Sports
Exerc. 2004, 36, 225-232. [CrossRef]

Lucia, A.; Hoyos, J.; Santalla, A.; Perez, M.; Chicharro, L. Kinetics of VO, in Professional Cyclists. Med. Sci. Sports Exerc. 2002, 34,
320-325. [CrossRef]

Murias, ] M.; Kowalchuk, ].M.; Paterson, D.H. Speeding of VO, Kinetics with Endurance Training in Old and Young Men Is
Associated with Improved Matching of Local O, Delivery to Muscle O, Utilization. J. Appl. Physiol. 2010, 108, 913-922. [CrossRef]
[PubMed]

Murias, J.M.; Spencer, M.D.; DeLorey, D.S.; Gurd, B.J.; Kowalchuk, ].M.; Paterson, D.H. Speeding of VO, Kinetics during
Moderate-Intensity Exercise Subsequent to Heavy-Intensity Exercise Is Associated with Improved Local O, Distribution. J. Appl.
Physiol. 2011, 111, 1410-1415. [CrossRef] [PubMed]

Spencer, M.D.; Murias, ].M.; Grey, T.M.; Paterson, D.H. Regulation of VO, Kinetics by O, Delivery: Insights from Acute Hypoxia
and Heavy-Intensity Priming Exercise in Young Men. J. Appl. Physiol. 2012, 112, 1023-1032. [CrossRef] [PubMed]

Vanhatalo, A.; Fulford, J.; DiMenna, EJ.; Jones, A.M. Influence of Hyperoxia on Muscle Metabolic Responses and the Power-
Duration Relationship during Severe-Intensity Exercise in Humans: A 3P Magnetic Resonance Spectroscopy Study: Hyperoxia
and the Power-Duration Relationship. Exp. Physiol. 2010, 95, 528-540. [CrossRef] [PubMed]

Jones, A.M.; Wilkerson, D.P,; DiMenna, E.; Fulford, ].; Poole, D.C. Muscle Metabolic Responses to Exercise above and below the
“Critical Power” Assessed Using 3'P-MRS. Am. ]. Physiol.-Regul. Integr. Comp. Physiol. 2008, 294, R585-R593. [CrossRef] [PubMed]
Krustrup, P; Soderlund, K.; Mohr, M.; Bangsbo, ]. The Slow Component of Oxygen Uptake during Intense, Sub-Maximal Exercise
in Man Is Associated with Additional Fibre Recruitment. Pfliig. Arch. Eur. . Physiol. 2004, 447, 855-866. [CrossRef]

Bergstrom, H.C.; Housh, T.J.; Cochrane-Snyman, K.C.; Jenkins, N.D.M.; Byrd, M.T.; Switalla, J.R.; Schmidt, R.J.; Johnson, G.O. A
Model for Identifying Intensity Zones Above Critical Velocity. J. Strength Cond. Res. 2017, 31, 3260-3265. [CrossRef]

Bergstrom, H.C.; Housh, T.J.; Dinyer, TK,; Byrd, T.M.; Jenkins, N.D.M.; Cochrane-Snyman, K.C.; Succi, PJ.; Schmidt, R.J.; Johnson,
G.O.; Zuniga, ].M. Neuromuscular Responses of the Superficial Quadriceps Femoris Muscles: Muscle Specific Fatigue and
Inter-Individual Variability during Severe Intensity Treadmill Running. J. Musculoskelet. Neuronal Interact. 2020, 20, 77-87.

Hill, D.W,; Stevens, E.C. VO, Response Profiles in Severe Intensity Exercise. J. Sports Med. Phys. Fit. 2005, 45, 239-247.

Midgley, A.W.; Mc Naughton, L.R. Time at or near VOy,x during Continuous and Intermittent Running. A Review with Special
Reference to Considerations for the Optimisation of Training Protocols to Elicit the Longest Time at or near VOypax. J. Sports Med.
Phys. Fit. 2006, 46, 1-14.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1249/MSS.0b013e3182517a80
https://doi.org/10.1249/MSS.0000000000000226
https://doi.org/10.1093/occmed/kqx063
https://doi.org/10.1123/ijspp.8.2.111
https://www.ncbi.nlm.nih.gov/pubmed/23428482
https://doi.org/10.1113/EP090878
https://www.ncbi.nlm.nih.gov/pubmed/36710454
https://doi.org/10.1007/s00421-021-04780-8
https://www.ncbi.nlm.nih.gov/pubmed/34351531
https://doi.org/10.14814/phy2.14098
https://www.ncbi.nlm.nih.gov/pubmed/31124324
https://doi.org/10.1152/japplphysiol.00344.2022
https://doi.org/10.1249/MSS.0b013e31821fcfc1
https://doi.org/10.1249/01.MSS.0000113473.48220.20
https://doi.org/10.1097/00005768-200202000-00021
https://doi.org/10.1152/japplphysiol.01355.2009
https://www.ncbi.nlm.nih.gov/pubmed/20150562
https://doi.org/10.1152/japplphysiol.00607.2011
https://www.ncbi.nlm.nih.gov/pubmed/21836042
https://doi.org/10.1152/japplphysiol.01215.2011
https://www.ncbi.nlm.nih.gov/pubmed/22194321
https://doi.org/10.1113/expphysiol.2009.050500
https://www.ncbi.nlm.nih.gov/pubmed/20028850
https://doi.org/10.1152/ajpregu.00731.2007
https://www.ncbi.nlm.nih.gov/pubmed/18056980
https://doi.org/10.1007/s00424-003-1203-z
https://doi.org/10.1519/JSC.0000000000001769

	Introduction 
	Materials and Methods 
	Visit 1 
	Visit 2 
	Visits 3 and 4 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

