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Abstract: High-Intensity Interval Training (HIIT) is a time-efficient training method suggested to
improve health and fitness for the clinical population, healthy subjects, and athletes. Many parameters
can impact the difficulty of HIIT sessions. This study aims to highlight and explain, through logical
deductions, some limitations of the Skiba and Coggan models, widely used to prescribe HIIT sessions
in cycling. We simulated 6198 different HIIT training sessions leading to exhaustion, according to
the Skiba and Coggan-Modified (modification of the Coggan model with the introduction of an
exhaustion criterion) models, for three fictitious athlete profiles (Time-Trialist, All-Rounder, Sprinter).
The simulation revealed impossible sessions (i.e., requiring athletes to surpass their maximal power
output over the exercise interval duration), characterized by a few short exercise intervals, performed
in the severe and extreme intensity domains, alternating with long recovery bouts. The fraction
of impossible sessions depends on the athlete profile and ranges between 4.4 and 22.9% for the
Skiba model and 0.6 and 3.2% for the Coggan-Modified model. For practitioners using these HIIT
models, this study highlights the importance of understanding these models’ inherent limitations and
mathematical assumptions to draw adequate conclusions from their use to prescribe HIIT sessions.

Keywords: critical power; anaerobic reserve; modeling; exercise prescription; intermittent exercise

1. Introduction

Interval training, often referred to as high-intensity interval training (HIIT), is a train-
ing method where, in a single session, exercise bouts performed at high intensity are
interspersed with periods of active or passive recovery, both lasting from a few seconds to a
few minutes [1,2]. Many studies have shown that HIIT can be a time-efficient and enjoyable
method to improve health, fitness, and sports performance for clinical populations, healthy
subjects, and athletes [3–5]. Although HIIT is widely used in many sports [6], the prescrip-
tion of HIIT sessions involves several parameters such as the number of sets and repetitions
per set, the duration and intensity of the high-intensity and recovery intervals, etc. Every
parameter can impact the overall difficulty level of the session. For any given individual,
it is therefore hard to anticipate if the prescribed session will lead to the desired training
load [7]. There exists a variety of models to predict and better understand performance
and fatigue over continuous exercise: the two-parameter (or hyperbolic) critical power
model [8], the three-parameter critical power model [9], the Péronnet–Thibault model [10],
and the Omni power-duration model [11]. The two-parameter critical power model was
adapted to intermittent exercise and improved through various iterations [9,12–15]. Other
models, by Coggan [16], Hayes [17], and Purdy [18], can assist practitioners in the pre-
scription and the analysis of HIIT sessions. In cycling specifically, two models stand out.
The Skiba model [14,15], widely referred to in the scientific literature, and the Coggan
model [16], commonly used in the field, in fact by millions of users, in part through com-
mercial apps such as TrainingPeaks (www.trainingpeaks.com, accessed on 20 November
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2021). The main goal in both models is to assess an individual’s residual fatigue or capacity
while performing repeated high-intensity exercise bouts, thus quantifying the relative
training load or difficulty level of any HIIT session, and planning accordingly.

1.1. The Skiba Model

This HIIT model is based on the Monod and Scherer hyperbolic model [8] for contin-
uous exercise, developed more than half a century ago. The model takes the form of the
following equation:

P =
W ′

tlim
+ CP (1)

where tlim is a given time to exhaustion, and P is the maximal average power sustained
over that duration.

Two key performance indices are derived from the Monod and Scherer model: (1) the
critical power (CP), which is the power corresponding to the asymptote of the hyperbolic
relationship between power and exercise duration, and (2) the W′, often assimilated to the
anaerobic energy reserve or the amount of work that can be completed above CP [19,20].
The parameters are found by performing a linear fit of the athlete’s work produced (product
of power and duration) over various exercise trials (or competitions) of durations typically
ranging between 2 and 15 min [21,22]. The slope of the linear fit corresponds to the CP,
and the zero intercept to the W′. The CP is sometimes considered a boundary between the
heavy and severe intensity domains.

The Skiba HIIT model puts forward that exercise at an intensity inferior to the CP
is performed in a steady-state and could theoretically be sustained indefinitely [23]. This
model posits that work performed above the CP depletes the W′ at a rate proportional to
the difference between the actual power output and the CP. It also asserts that when the W′

is completely depleted (W′balance = 0), the athlete has reached exhaustion [19] and cannot
pursue the effort without prior recovery.

Different attempts were made to adapt the Monod and Scherrer continuous exercise
critical power model to intermittent exercise and track the W′balance along the repeated
exercise and recovery bouts [9,12]. In the Skiba model latest iteration [15], work performed
below the CP allows replenishing W′ curvilinearly, at a rate proportional to the difference
between the actual power output during recovery and the CP. The following set of equations
describes the W′ depletion and its recovery. The rate of W′ depletion is always proportional
to the difference between the power output (P) and the CP. Thus,

d W ′(t)
dt

= −(P− CP) (2)

Solving the differential equation (Equation (2)) for the depletion:

W ′(ti) = W ′(ti−1)− (Pi − CP)·(ti − ti−1) (3)

As for the replenishment, the differential equation differs slightly. The replenishment
is still proportional to the difference between P and the CP. However, it is also determined
by the amount of W′ expended from the initial value (W ′0). The W′ reconstitution differential
equation is:

d W ′(t)
dt

=

(
1− W ′(t)

W ′0

)
·(CP− P) (4)

Solving the W′ reconstitution differential equation (Equation (4)):

W ′(ti) = W ′0 −
[
W ′0 −W ′(ti−1)

]
·e
[

Pi−CP
W′0

(ti−ti−1)]
(5)
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1.2. The Coggan Model

A second HIIT model commonly used in cycling is the Coggan model [16]. It starts
with the principle that work (product of power and duration) is a poor indicator of training
load; it introduces new metrics reflecting the curvilinear relationship between power
output and the physiological responses. For any HIIT session, it allows to compute a
Normalised Power (PN), an Intensity Factor (IF), and a Training Stress Score (TSS) [16].
The PN is calculated by an algorithm which (1) takes the average power output over 30 s
rolling average windows, (2) raises the average power of each window to the fourth power,
(3) computes the mean of the values obtained at step 2, and (4) takes the fourth root of that
mean. The IF is a dimensionless value proposed by Coggan to put in perspective the PN of
the session with respect to the athlete’s highest average power output sustained over an
hour (referred to as the Functional Threshold Power, or FTP):

IF =
PN

FTP
(6)

TSS is a metric used to quantify training load. It is computed from the PN and the IF:

TSS =
T·IF·PN

FTP·3600
(7)

where T is the total duration of the session in seconds.

1.3. Practical and Theoretical Value of the Models

On the one hand, the Skiba model and the CP concept are commonly referred to in the
scientific literature. The CP models are considered simple, robust, and promising [20,24].
The parameters (CP and W′) are presumed to be associated with physiological responses to
exercise [20,25–27]. On the other hand, the CP concept is also widely criticized and referred
to as a purely mathematical artifact with very few practical applications [28,29]. The Skiba
model is yet to be adopted by endurance coaches [25]. The W′ reconstitution requires
further work and individual adjustments [19,25,30,31]. At the foundation of the Skiba HIIT
model, the continuous exercise hyperbolic model relies on a specific set of assumptions [25]
restricting its validity to limited intensity and duration windows [32]. We suspect that
the limitations of the hyperbolic model propagate to the Skiba HIIT model and confine its
validity to certain intensity windows.

The Coggan model is widely used in practice but has obvious logical limits. For
instance, the IF and TSS are derived using a single performance, the FTP, which does not
account for the global athlete performance profile. Two athletes may have the same FTP,
but one could produce higher power outputs on shorter effort durations, while the other,
on longer effort durations. By relying on a single metric (FTP), we suspect the model can
provide different outcomes depending on the athlete’s global power profile.

The aims of this paper are to (1) show, through logical deductions and computer
simulations, the limits of the Skiba and Coggan models in the prescription and analysis of
intermittent efforts; (2) put forward explanations as to why these logical issues occur; and
(3) discuss how these limits affect the practical applications of the models.

2. Materials and Methods

The feasibility of an extensive range of simulated HIIT sessions was assessed for three
fictitious athletes.

2.1. Fictitious Athletes’ Profiles

In his book, Coggan [16] provides examples of the power profile distribution for
different types of cyclists. The Péronnet–Thibault [10] continuous exercise model enables
the computation of an athlete’s complete power-duration profile given three inputs: the
anaerobic capacity, maximal aerobic power (MAP), and endurance. Based on different
power-duration distribution examples put forward by Coggan [16], we defined three
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profiles: (1) Time-Trialist (lower anaerobic capacity, average MAP and higher endurance),
(2) All-Rounder (average anaerobic capacity, MAP and endurance), (3) Sprinter (higher
anaerobic capacity, lower MAP and lower endurance) The All-Rounder is meant as a
baseline profile, while the Sprinter displays a higher anaerobic capacity and, the Time-
Trialist, a higher endurance level. The various profiles allowed to assess the influence of the
athletes’ anaerobic capacity and endurance on the model’s outputs. Table 1 provides the
anaerobic capacity, MAP, and endurance values used in the Péronnet–Thibault model to
generate each profile, as well as their CP and W′ values. For simplicity, we arbitrarily chose
male athletes (70 kg body mass), with basal metabolic rates of 1.2 W/kg, and a cycling gross
efficiency of 20% [33]. We also simplify the MAP as the athlete’s best power performance
over 5 min [2,34]. The inputs and outputs of the Péronnet–Thibault model are absolute
metabolic powers produced by the athletes to which the cycling gross efficiency of 20%
has to be applied to obtain the usual mechanical power (as measured by a power meter).
Table 2 presents each athlete’s best mechanical power performance (in W) over a range of
durations (between 1 s and 4 h).

Table 1. Estimated physiological characteristics of each fictitious athlete. The endurance, anaerobic
capacity, and MAP were used as parameters in the Péronnet–Thibault (1989) continuous exercise
model to obtain each athlete’s power profile. The CP and W′ are derived from the fictitious athletes’
respective power profiles.

Profile Endurance
( ∆%MAP

∆log(T) )

Anaerobic
Capacity

(J/kg)

MAP
(W/kg)

Critical
Power

(CP; W)

Anaerobic
Reserve (W′;

kJ)

Time-Trialist −8 1400 25 304 21.5
All-Rounder −10 1600 25 293 27.1

Sprinter −12 1800 23 259 32.3

Table 2. Average power sustained over various durations for each fictitious cyclist, derived using the
Péronnet–Thibault (1989) continuous exercise model.

Performance Duration Sprinter (W) All-Rounder (W) Time-Trialist (W)

1 s 1251 1115 978
15 s 968 876 777
30 s 782 719 647
45 s 665 623 567

1 min 589 561 516
2 min 457 454 431
3 min 411 419 403
4 min 389 402 390
5 min 375 391 382

10 min 317 341 342
20 min 276 307 315
30 min 257 290 301
45 min 239 274 289
60 min 227 264 281
90 min 211 249 269

2 h 199 239 261
4 h 172 214 241

2.2. Combinations of HIIT Parameters

For each fictitious athlete profile, we generated several HIIT sessions over a large
spectrum of possibilities. To define this spectrum, variations in the values for each HIIT
session parameter were made as such: interval durations between 15 s and 5 min, by
increments of 15 s; a number of repetitions between 2 and 20, by increments of one repetition;
rest durations between 15 s and 5 min, by increments of 15 s. By testing every combination of
the above parameters, we obtained 6198 combinations, after filtering out the combinations
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with a total session duration of less than 30 s, required to compute the PN , and longer than
90 min, which are rarely performed in practice [7]. The rest intensity was arbitrarily set as
50% of the athlete’s MAP, as it is an intensity that could reasonably be adopted naturally by
the athletes for recovery, and frequently used in studies on active recovery [35–37]. The
interval exercise intensity was set such that the last repetition led to exhaustion, according
to each model (Skiba and Coggan).

2.3. Exhaustion, According to the Skiba Model

According to the Skiba model, the work intensity was adjusted such that exhaustion
occurs when the W′ is completely depleted at the end of each of the 6198 sessions [25].

2.4. Exhaustion, According to the Coggan Model

Coggan does not refer to exhaustion in his book [16]. To appreciate exhaustion through
the Coggan model, we made a subtle logical modification to it, that we will refer to as the
Coggan-Modified model. The interpretation puts in perspective the HIIT session TSS by
comparing it with the maximal possible TSS over the session duration.

Rearranging equation (Equation (7)), we obtain:

TSS =
T·IF·PN

FTP·3600
=

(
PN

FTP

)2
· T
3600

(8)

Then, if we consider a maximal effort over duration T:

TSSmax=

(
Pmax

FTP

)2
· T
3600

(9)

where Pmax corresponds to the maximal power output produced by the athlete over
a duration T.

If the athlete were to do a HIIT session of duration T, leading to exhaustion, the TSS of
that session would be maximal (TSSmax). Therefore, we obtain the following:

TSSmax=

(
PN

FTP

)2
· T
3600

(10)

(
PN

FTP

)2
· T
3600

=

(
Pmax

FTP

)2
· T
3600

(11)

(
PN

FTP

)2
=

(
Pmax

FTP

)2
(12)

PN = Pmax (13)

To lead to exhaustion, the PN of the session must match the athlete’s maximal power
output over the session duration. Given the 6198 combinations of HIIT parameters, we set
the work intensity such that the PN matches Pmax over the session duration.

We thus end up with two sets of 6198 HIIT sessions for each fictitious athlete profile: a
first set leading to exhaustion according to the Skiba model, and a second set according to
the Coggan-Modified model.

3. Results

By examining the simulated HIIT sessions, we encountered impossible sessions, i.e.,
sessions for which the work intensity derived from the theoretical model (Skiba or Coggan-
Modified) would require the athlete to surpass, on every effort interval, his maximal power
output over the work interval duration.

Figure 1 presents six graphs showing each HIIT session simulated for the Skiba and
the Coggan-Modified models and each respective athlete profile. For each profile, both
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models lead to sessions logically impossible to complete, requiring athletes to better their
personal best performance at each exercise interval. Other HIIT sessions amongst the ones
simulated are likely impossible to realize, even though they do not imply per se that the
athlete must surpass his best performance at every repetition. Thus far, our analysis does
not identify such sessions and is limited to sessions breaking the athletes’ absolute limit,
introducing a logical contradiction in the model.
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practice. These sessions require, on every work interval, to surpass the maximal power output over
the work interval duration. The relative percentage of the 6198 HIIT impossible sessions in practice
for each model and each athlete profile is also reported on each respective graph.
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The graphs in Figure 1 also report the relative percentage of the 6198 HIIT sessions that
are logically impossible to realize for each model and each athlete profile. For both models,
the percentage of impossible sessions is higher for the Time-Trialist. The All-Rounder
profile has a lower percentage of impossible sessions than the Time-Trialist but higher than
the Sprinter. The Sprinter is the profile displaying the lowest percentage of impossible
sessions. The relative percentage of impossible sessions is always higher for the Skiba
model than the Coggan-Modified model.

The HIIT parameters influence the occurrence of impossible sessions. Figure 2 (Skiba
model) and Figure 3 (Coggan-Modified model) show the impossible sessions over subsets
sharing the same HIIT parameters. The parameters studied are (A) the models’ prescribed
work interval power output in percent of the MAP, (B) interval duration, (C) total time
spent at target power output (product of the number of repetitions and interval duration),
and D) rest duration. The curves of the graphs in Figures 2 and 3 (especially for Figure 2A,C
and Figure 3A,C) are not necessarily smooth, which will be discussed in the next section.
However, looking at the general trends of each curve, we observe that impossible sessions
are characterized by a small number of short intervals at high target intensity, in what is
typically referred to as the severe and extreme intensity domains [32], with long recovery
periods in between the efforts. For the same relative power output, interval duration,
total time spent at the target intensity or rest duration, the profile corresponding with the
highest level of endurance (Time-Trialist) is subject to a higher percentage of impossible
sessions than the athlete with a high anaerobic capacity (Sprinter). Similarly, the Skiba
model produces a greater percentage of impossible sessions than the Coggan-Modified
model for the same relative power output, interval duration, time spent at target intensity,
or rest duration. Figures 2A and 3A report the intensity as prescribed by the models.
As expected, the prescription goes to very high intensities that are impossible to reach
for the athletes. Nonetheless, it is important to notice that HIIT sessions prescribed at
intensities ranging between 100 and 150% of the MAP, which are commonly prescribed
by sports practitioners [7], could lead to impossible sessions for every athlete profile if
prescribed using the Skiba model, and only the Time-Trialist profile, if prescribed using the
Coggan-Modified model.
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4. Discussion

This paper aimed to identify potential limits in the Skiba and Coggan models. Simu-
lating fictitious athlete profiles and HIIT sessions shows that logical contradictions occur.
The impossible sessions are characterized by a small number of short effort bouts at power
outputs in the severe and extreme intensity domains, and long rest duration in between
the efforts. This section will discuss why these contradictions are observed and how they
impact the models’ practical applications.

4.1. Variations in the Percentage of Impossible Sessions

In Figures 2A and 3A, the general tendency is that the percentage of impossible
sessions increases as the prescribed intensity goes up. However, drops in the percentage
of impossible sessions can be observed. The most significant drops observed correspond
to sessions composed of 15 s work interval duration, which, in some cases, are possible to
realize at the prescribed intensity, hence the observed decrease in the number of observed
impossible sessions. Similarly, in Figures 2C and 3C, the general tendency is a lower
percentage of impossible sessions as time spent at the target intensity increases. However,
we observe increases in the percentage of impossible sessions at certain target intensities,
due to sessions sharing the same work interval duration and number of repetitions, but
different rest durations. With greater rest duration, a higher work intensity is required to
reach exhaustion, which can sometimes lead to impossible HIIT session configurations.
These observations highlight the complexity of HIIT training modeling and the influence of
every parameter on the session. It also puts forward some limitations in our simulation. We
can hypothesize that simulating more combinations, for example using smaller increments
(ex: 1 s instead of 15 s for the interval duration), would lead to much smoother curves.
Nonetheless, the analysis remains relevant showing that impossible sessions do occur for
specific parameters combinations and at intensities slightly above MAP, for both the Skiba
and Coggan-Modified models.
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4.2. Limitations of the Skiba Model

Built on the Monod and Scherrer hyperbolic relationship, the Skiba model relies on six
assumptions [25]: (1) the CP is a boundary between the heavy and severe intensity domains,
(2) work performed at intensities below this boundary can be sustained indefinitely and
is supplied by aerobic mechanisms only, (3) work performed above the CP are soliciting
anaerobic mechanisms, which is limited and expressed as a reservoir (W′), (4) exhaustion is
reached when W′ is depleted, (5) as duration tends to zero, the theoretical power output
that the athlete could generate is infinite, and (6) movement efficiency remains constant.
These assumptions imply that work performed below the CP can be sustained indefinitely,
which is “physiologically flawed” [28]. In fact, studies of time to exhaustion (TTE) at
CP report mixed results ranging from 20–40 min [38] up to over an hour [39]. Recently,
a study showed that the CP was reduced after 80 min of heavy-intensity work, but that
carbohydrate supplementation could attenuate this reduction [40]. Studies have also shown
TTE trials to provide a potential learning effect [39]. These studies raise questions on the
variability of the CP concept which has also been referred to as a purely mathematical
artifact highly influenced by the duration of the exercise bout used to compute CP [28].
Another problem of the CP model is that as the exercise duration tends to zero, it pre-
dicts that the athlete could produce an infinite power output. The Morton 3-parameter
continuous exercise model [41] has been designed to correct this specific limitation. The
Péronnet–Thibault model [10] is another example of a more complex continuous exercise
model that corrects some of the assumptions of the hyperbolic model. Nevertheless, the
hyperbolic model remains the foundation of the Skiba model. As highlighted by Chorley
and Lamb [25], the cycling training prescription and analysis commonly made based on
the Skiba model relies primarily on cases falling within the model assumptions. The logical
contradictions observed in our simulations occur specifically in cases falling outside the
model assumptions for an interval duration of fewer than 3 min. While these limitations
are well-acknowledged for the continuous hyperbolic model [32], we provide mathemat-
ical evidence that they propagate to the Skiba intermittent exercise model and affect the
prescription and analysis of intermittent efforts in the severe and extreme intensity domain.

The impossible sessions observed with the Skiba model occur in the severe and extreme
intensity domains because the athletes’ capacities are overestimated by the hyperbolic
model in that specific intensity domain. The model assumes more W′ available than in
reality, consistent with observations suggesting that the W′ is not entirely depleted after
the athlete reached exhaustion [31]. It implies that the athlete would have to produce an
“impossible” effort in practice to deplete the W′ completely. For athlete profiles with greater
endurance, such as the Time-Trialist, their limited capacities on short exercise duration
increase this overestimation and lead to more logical contradictions.

4.3. Limitations of the Coggan Model

The PN algorithm, presented in Coggan’s book [16], is suggested to reflect the curvi-
linear relationship between the work intensity and the physiological responses. At a high
relative power output, where impossible sessions are observed, for the session to lead to
exhaustion, the power output that must be sustained for each interval according to the Cog-
gan model is higher than the athletes’ best performance over the interval duration. Since
the anaerobic metabolism is predominant for exercise intensity in the severe and extreme
intensity domain, we believe the PN algorithm could be adapted in order to correct logical
contradictions, because the physiological mechanisms at play in these intensity domains
are different, affecting the functional relationship between exercise intensity and the physi-
ological responses. Our simulations also show that the athlete’s endurance influences the
number of impossible sessions. There might not be a universal power (in the case of PN , the
fourth power) to represent curvilinear relationships between the physiological responses
and intensity of every individual. An athlete with greater endurance (Time-Trialist, for
example) might need a higher exponent to adequately represent the physiological responses
induced by supra-maximal intensity. Athletes with a high anaerobic capacity (such as the
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Sprinter) would more easily “match” the session PN to their maximal power output over
the session’s duration, due to their lower endurance level and their ability to produce a
higher power output over short duration intervals.

As shown in Figure 3, the Coggan-Modified model globally displays less logical
contradiction than the Skiba model. The Coggan model, as presented in the book [16],
is somewhat limited as it only allows for relative comparisons (presented in tables) of IF
and TSS. All the relative indices presented in Coggan’s book rely on a single performance
metric, the FTP. The Coggan-Modified model introduces a subtle modification bringing
an added dimension to it. By comparing the TSS of the training session with the athlete’s
maximal TSS over the session duration, the Coggan-Modified model does not rely on the
FTP anymore but on the athlete’s power profile as a whole. We think this added dimension
is likely one of the reasons why the Coggan-Modified model appears less limited than the
Skiba model in our simulations.

4.4. Applicability of the Models

Impossible sessions, in our analysis, imply that to reach exhaustion according to
the Skiba and Coggan-Modified models, athletes would have to surpass their maximal
power output over the work interval duration. In practice, it implies that HIIT sessions
prescribed using the Skiba model or the Coggan-Modified model, within the same intensity,
interval duration, total time at target intensity, and rest duration ranges as the observed
impossible sessions, would not lead to the desired or expected training response. Both
Skiba and Coggan models were initially derived from continuous exercise models and
adapted for intermittent exercise. Our simulations suggest that the limitations of the
Monod and Scherer hyperbolic model propagate through the Skiba model. Using a model
which relies on the athletes’ global performance profile, such as the Coggan-Modified
model, limits the observed logical contradiction. Traditionally, cyclists (and athletes in
other endurance sports) spend a significant fraction of their training volume around a
“tempo” intensity or near the lactate threshold [42–44], which stands at ~80–90% of their
MAP. The Skiba and Coggan-Modified models do not lead to impossible training sessions
in that intensity domain, but the selected intensity can nevertheless affect the physiological
responses and adaptations associated with the session [7,42]. Numerous studies suggest
other intensity domains to be of interest [7,45]. Indeed, HIIT performed within the severe
and extreme intensity domains has gained popularity over the last years, notably through
the contribution of Tabata [46,47], Gibala [48–51], and Seiler [52,53]. Moreover, a cycling
race can be seen as a complex, stochastic form of HIIT, composed of inevitable supra-
maximal efforts. The Coggan and Skiba models also aim to analyze race data to assist
pacing and race strategies [16,27]. In short, the training and competitive demands now
require the analysis and prescription of HIIT in the severe and extreme intensity domains,
and both the Skiba and Coggan-Modified models have been shown to have limitations for
that purpose.

4.5. Limitations

The analysis approach used in this paper is somewhat unconventional. It was mainly
motivated by the challenge that constitutes reliable data derived from athletes’ power
profiles. Not only accessing a large sample of real training data is challenging but defining
an athlete’s performance profile is also puzzling. It requires determining whether each point
in the power profile represents the athletes’ current fitness and if the test was really maximal
and performed to exhaustion. To avoid those complications, a simulation approach was
preferred, which, for simplicity, is limited to a restricted number of profiles that could
be attributed to elite-level male athletes. The observed outcomes would likely be similar
with recreational athletes since it is performed relative to the athlete’s MAP. In a sense,
the simulation resembles a proof by contradiction in mathematics, where only a single
case figure serves to demonstrate a contradiction of the initial statement (in this case,
Skiba and Coggan models). Simulating over a greater variety of power profiles and larger
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combinations of sessions would likely give more insights and help define the extent of
the models limits. The intensity of the recovery bouts was arbitrarily set at 50% of the
athlete’s MAP. However, there is evidence in the literature that passive recovery leads
to higher work interval power output or velocity [54]. Simulating over various recovery
intensities would provide additional information on the extents of the models’ limitations
as lower recovery intensities would necessarily lead to more logical contradictions from
the models, because of the increased work intensity. As a final note, being derived from
continuous exercise models, both Skiba and Coggan models potentially neglect factors that
could influence the performance over intermittent efforts, such as the athlete’s ability to
repeat high-intensity efforts, motivation, or residual fatigue at the beginning of the session,
and potential learning effects induced by performing numerous HIIT sessions.

4.6. Future Perspective

Other HIIT models exist to assist practitioners in the prescription of HIIT training. The
Purdy model [18], developed for running, does not currently have the same commercial
impact as the Coggan model nor generate the same interest in the scientific literature. It is
built along a train of thought more specific to the sport of running, where the intensity of
work intervals is set as a percentage of the race pace over a target distance rather than using
any physiological marker [1]. In doing so, the model never requires athletes to execute
work intervals at an intensity superior to their personal best. Adapting the Purdy model
to other cyclic sports, such as cycling, and making it more robust and polyvalent could
greatly benefit the practitioners’ ability to prescribe HIIT training in cycling.

An obvious solution to the limits of the Skiba model could be to adapt the Péronnet–
Thibault model [10] and Morton model [41], which relax the assumptions of the Monod
and Scherrer model, to intermittent efforts.

To our knowledge, the latest iteration of the Skiba [15] model has yet to be validated.
Although three validations have been attempted on the first iteration [55–57], many studies
conclude that to this day, the reconstitution of W′ requires further research [19,25,30], the
model is subject to inter-athlete variability and needs individual adjustments [19,25,30].
On the other hand, there appears to be only one form of validation of the Coggan model: a
study by Wallace et al. [58] measuring the training load associated with performance on
a 1500 m run using Training-Impulse (TRIMP) [59], Session-Rating of Perceived Exertion
(sRPE) [60], and TSS. The three training load indices were shown to be highly correlated
with the 1500 m running performance [58]. In order to be useful for practitioners, models
need to be valid and reliable, and more data is needed to assess the current models.

5. Conclusions

Through a set of logical deductions and simulations, this study shows the limitations
of two models commonly used to prescribe and analyze HIIT sessions in cycling. The
main takeaway is that both the Skiba and the Coggan models are limited in analyzing and
prescribing HIIT in the severe and extreme intensity domains, especially for sessions with
a low number of short interval durations and long recovery. When working with such
models, practitioners should be aware of their limitations for HIIT prescription to remain
relevant, and draw adequate conclusions from their analysis.
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4. Milanović, Z.; Sporiš, G.; Weston, M. Effectiveness of high-intensity interval training (HIT) and continuous endurance training for

VO2max improvements: A systematic review and meta-analysis of controlled trials. Sports Med. 2015, 45, 1469–1481. [CrossRef]
[PubMed]

5. Shiraev, T.; Barclay, G. Evidence based exercise-clinical benefits of high intensity interval training. Aust. Fam. Physician 2012, 41,
960–962. Available online: https://ncbi.nlm.nih.gov/pubmed/23210120 (accessed on 20 November 2021).

6. Rosenblat, M.A. Programming Interval Training to Optimize Endurance Sport Performance; University of Toronto TSpace: Toronto,
ON, Canada, 2021; Available online: https://tspace.library.utoronto.ca/handle/1807/106260 (accessed on 4 July 2021).

7. Buchheit, M.; Laursen, P.B. High-Intensity Interval Training, Solutions to the Programming Puzzle. Sports Med. 2013, 43, 313–338.
[CrossRef] [PubMed]

8. Monod, H.; Scherrer, J. The Work Capacity of a Synergic Muscular Group. Ergonomics 1965, 8, 329–338. [CrossRef]
9. Morton, R.H.; Billat, L.V. The critical power model for intermittent exercise. Eur. J. Appl. Physiol. 2004, 91, 303–307. [CrossRef]
10. Péronnet, F.; Thibault, G. Mathematical analysis of running performance and world running records. J. Appl. Physiol. 1989,

67, 453–465. [CrossRef]
11. Puchowicz, M.J.; Baker, J.; Clarke, D.C. Development and field validation of an omni-domain power-duration model. J. Sports Sci.

2020, 38, 801–813. [CrossRef]
12. Ferguson, C.; Rossiter, H.B.; Whipp, B.J.; Cathcart, A.J.; 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]
[PubMed]

13. Pettitt, R.W. Applying the Critical Speed Concept to Racing Strategy and Interval Training Prescription. Int. J. Sports Physiol.
Perform. 2016, 11, 842–847. [CrossRef]

14. Skiba, P.F.; 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] [PubMed]

15. Skiba, P.F.; Fulford, J.; Clarke, D.C.; Vanhatalo, A.; Jones, A.M. Intramuscular determinants of the ability to recover work capacity
above critical power. Eur. J. Appl. Physiol. 2015, 115, 703–713. [CrossRef] [PubMed]

16. Allen, H.; Coggan, A.R.; McGregor, S. Training and Racing with a Power Meter; VeloPress: Boulder, CO, USA, 2019; 384p.
17. Hayes, P.R.; Quinn, M.D. A mathematical model for quantifying training. Eur. J. Appl. Physiol. 2009, 106, 839–847. [CrossRef]

[PubMed]
18. Purdy, G. RunningTrax: Computerized Running Training Programs. Prairie Striders Librairie Collection; Tafness Press: Los Altos,

CA, USA, 1996; 130p.
19. Bartram, J.C.; Thewlis, D.; Martin, D.T.; Norton, K.I. Accuracy of W′ Recovery Kinetics in High Performance Cyclists-Modeling

Intermittent Work Capacity. Int. J. Sports Physiol. Perform. 2018, 13, 724–728. [CrossRef] [PubMed]
20. Sreedhara, V.S.M.; Mocko, G.M.; Hutchison, R.E. A survey of mathematical models of human performance using power and

energy. Sports Med. Open 2019, 5, 54. [CrossRef] [PubMed]
21. Muniz-Pumares, D.; Karsten, B.; Triska, C.; Glaister, M. Methodological Approaches and Related Challenges Associated with the

Determination of Critical Power and Curvature Constant. J. Strength Cond. Res. 2019, 33, 584–596. [CrossRef]
22. 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]
23. Black, M.I.; Jones, A.M.; Blackwell, J.R.; Bailey, S.J.; Wylie, L.J.; McDonagh, S.T.J.; Thompson, C.; Kelly, J.; Sumners, P.; Mileva,

K.N.; et al. Muscle metabolic and neuromuscular determinants of fatigue during cycling in different exercise intensity domains. J.
Appl. Physiol. 2017, 122, 446–459. [CrossRef]

24. Jones, A.M.; Vanhatalo, A.; Burnley, M.; Morton, R.H.; Poole, D.C. Critical power: Implications for determination of V O2max and
exercise tolerance. Med. Sci. Sports Exerc. 2010, 42, 1876–1890. [CrossRef] [PubMed]

http://doi.org/10.2165/00007256-200131010-00002
http://www.ncbi.nlm.nih.gov/pubmed/11219499
http://doi.org/10.1055/s-2001-11357
http://www.ncbi.nlm.nih.gov/pubmed/11258638
http://doi.org/10.1371/journal.pone.0073182
http://www.ncbi.nlm.nih.gov/pubmed/24066036
http://doi.org/10.1007/s40279-015-0365-0
http://www.ncbi.nlm.nih.gov/pubmed/26243014
https://ncbi.nlm.nih.gov/pubmed/23210120
https://tspace.library.utoronto.ca/handle/1807/106260
http://doi.org/10.1007/s40279-013-0029-x
http://www.ncbi.nlm.nih.gov/pubmed/23539308
http://doi.org/10.1080/00140136508930810
http://doi.org/10.1007/s00421-003-0987-z
http://doi.org/10.1152/jappl.1989.67.1.453
http://doi.org/10.1080/02640414.2020.1735609
http://doi.org/10.1152/japplphysiol.91425.2008
http://www.ncbi.nlm.nih.gov/pubmed/20093659
http://doi.org/10.1123/ijspp.2016-0001
http://doi.org/10.1249/MSS.0b013e3182517a80
http://www.ncbi.nlm.nih.gov/pubmed/22382171
http://doi.org/10.1007/s00421-014-3050-3
http://www.ncbi.nlm.nih.gov/pubmed/25425258
http://doi.org/10.1007/s00421-009-1084-8
http://www.ncbi.nlm.nih.gov/pubmed/19468747
http://doi.org/10.1123/ijspp.2017-0034
http://www.ncbi.nlm.nih.gov/pubmed/29035607
http://doi.org/10.1186/s40798-019-0230-z
http://www.ncbi.nlm.nih.gov/pubmed/31883068
http://doi.org/10.1519/JSC.0000000000002977
http://doi.org/10.1249/MSS.0000000000000939
http://doi.org/10.1152/japplphysiol.00942.2016
http://doi.org/10.1249/MSS.0b013e3181d9cf7f
http://www.ncbi.nlm.nih.gov/pubmed/20195180


Sports 2022, 10, 10 14 of 15

25. Chorley, A.; Lamb, K.L. The Application of Critical Power, the Work Capacity above Critical Power (W′), and Its Reconstitution:
A Narrative Review of Current Evidence and Implications for Cycling Training Prescription. Sportscience 2020, 8, 123. [CrossRef]

26. 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]

27. Vanhatalo, A.; Jones, A.M.; Burnley, M. Application of critical power in sport. Int. J. Sports Physiol. Perform. 2011, 6, 128–136.
[CrossRef] [PubMed]

28. Gorostiaga, E.M.; Sánchez-Medina, L.; Garcia-Tabar, I. Over 55 years of critical power: Fact or artifact? Scand. J. Med. Sci. Sports
2021, 32, 116–124. [CrossRef] [PubMed]

29. Vandewalle, H. Puissance critique: Passé, présent et futur d’un concept. Sci. Sports 2008, 23, 223–230. [CrossRef]
30. Caen, K.; Bourgois, J.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] [PubMed]
31. Chorley, A.; Bott, R.P.; Marwood, S.; Lamb, K.L. Slowing the Reconstitution of W′ in Recovery with Repeated Bouts of Maximal

Exercise. Int. J. Sports Physiol. Perform. 2019, 14, 149–155. [CrossRef]
32. Leo, P.; Spragg, J.; Podlogar, T.; Lawley, J.S.; Mujika, I. Power profiling and the power-duration relationship in cycling: A narrative

review. Eur. J. Appl. Physiol. 2021. [CrossRef]
33. Hopker, J.; Jobson, S.; Carter, H.; Passfield, L. Cycling efficiency in trained male and female competitive cyclists. J. Sports Sci. Med.

2010, 9, 332–337. Available online: https://ncbi.nlm.nih.gov/pubmed/24149704 (accessed on 20 November 2021).
34. Pinot, J.; Grappe, F. Determination of Maximal Aerobic Power from the Record Power Profile to improve cycling training. J. Sci.

Cycl. 2014, 3, 26–32. Available online: https://jsc-journal.com/index.php/JSC/article/view/59 (accessed on 20 November 2021).
35. Thevenet, D.; Leclair, E.; Tardieu-Berger, M.; Berthoin, S.; Regueme, S.; Prioux, J. Influence of recovery intensity on time spent at

maximal oxygen uptake during an intermittent session in young, endurance-trained athletes. J. Sports Sci. 2008, 26, 1313–1321.
[CrossRef] [PubMed]

36. Thevenet, D.; Tardieu-Berger, M.; Berthoin, S.; Prioux, J. Influence of recovery mode (passive vs. active) on time spent at maximal
oxygen uptake during an intermittent session in young and endurance-trained athletes. Eur. J. Appl. Physiol. 2007, 99, 133–142.
[CrossRef] [PubMed]

37. Barbosa, L.F.; Denadai, B.S.; Greco, C.C. Endurance Performance during Severe-Intensity Intermittent Cycling: Effect of Exercise
Duration and Recovery Type. Front. Physiol. 2016, 7, 602. [CrossRef]

38. Brickley, G.; Doust, J.; Williams, C.A. Physiological responses during exercise to exhaustion at critical power. Eur. J. Appl. Physiol.
2002, 88, 146–151. [CrossRef]

39. Hill, D.W.; Smith, J.C. Determination of critical power by pulmonary gas exchange. Can. J. Appl. Physiol. 1999, 24, 74–86.
[CrossRef]

40. Clark, I.E.; Vanhatalo, A.; Thompson, C.; Joseph, C.; Black, M.I.; Blackwell, J.R.; Wylie, L.J.; Tan, R.; Bailey, S.J.; Wilkins, B.W.; et al.
Dynamics of the power-duration relationship during prolonged endurance exercise and influence of carbohydrate ingestion. J.
Appl. Physiol. 2019, 127, 726–736. [CrossRef]

41. Morton, R.H. A new modelling approach demonstrating the inability to make up for lost time in endurance running events. IMA
J. Manag. Math. 2009, 20, 109–120. [CrossRef]

42. Faude, O.; Kindermann, W.; Meyer, T. Lactate Threshold Concepts. Sports Med. 2009, 39, 469–490. [CrossRef] [PubMed]
43. Hawley, J.A.; Myburgh, K.H.; Noakes, T.D.; Dennis, S.C. Training techniques to improve fatigue resistance and enhance endurance

performance. J. Sports Sci. 1997, 15, 325–333. [CrossRef]
44. Stepto, N.K.; Hawley, J.A.; Dennis, S.C.; Hopkins, W.G. Effects of different interval-training programs on cycling time-trial

performance. Med. Sci. Sports Exerc. 1999, 31, 736–741. [CrossRef]
45. Laursen, P.B.; Jenkins, D.G. The Scientific Basis for High-Intensity Interval Training. Sports Med. 2002, 32, 53–73. [CrossRef]
46. Viana, R.B.; de Lira, C.A.B.; Naves, J.P.A.; Coswig, V.S.; Del Vecchio, F.B.; Gentil, P. Tabata protocol: A review of its application,

variations and outcomes. Clin. Physiol. Funct. Imaging 2019, 39, 1–8. [CrossRef]
47. Tabata, I. Tabata training: One of the most energetically effective high-intensity intermittent training methods. J. Physiol. Sci. 2019,

69, 559–572. [CrossRef] [PubMed]
48. Gibala, M.J.; McGee, S.L. Metabolic adaptations to short-term high-intensity interval training: A little pain for a lot of gain? Exerc.

Sport Sci. Rev. 2008, 36, 58–63. [CrossRef] [PubMed]
49. Gibala, M.J.; Little, J.P.; Macdonald, M.J.; Hawley, J.A. Physiological adaptations to low-volume, high-intensity interval training

in health and disease: Adaptations to low-volume, high-intensity interval training. J. Physiol. 2012, 590, 1077–1084. [CrossRef]
[PubMed]

50. Gibala, M.J.; Gillen, J.B.; Percival, M.E. Physiological and health-related adaptations to low-volume interval training: Influences
of nutrition and sex. Sports Med. 2014, 44 (Suppl. S2), S127–S137. [CrossRef]

51. Gibala, M.J.; Little, J.P. Physiological basis of brief vigorous exercise to improve health. J. Physiol. 2020, 598, 61–69. [CrossRef]
[PubMed]

52. Seiler, S.; Jøranson, K.; Olesen, B.V.; Hetlelid, K.J. Adaptations to aerobic interval training: Interactive effects of exercise intensity
and total work duration. Scand. J. Med. Sci. Sports 2013, 23, 74–83. [CrossRef]

53. Ingham, S.A.; Fudge, B.W.; Pringle, J.S. Training distribution, physiological profile, and performance for a male international
1500-m runner. Int. J. Sports Physiol. Perform. 2012, 7, 193–195. [CrossRef]

http://doi.org/10.3390/sports8090123
http://doi.org/10.1007/s40279-017-0688-0
http://doi.org/10.1123/ijspp.6.1.128
http://www.ncbi.nlm.nih.gov/pubmed/21487156
http://doi.org/10.1111/sms.14074
http://www.ncbi.nlm.nih.gov/pubmed/34618981
http://doi.org/10.1016/j.scispo.2007.06.017
http://doi.org/10.1249/MSS.0000000000001968
http://www.ncbi.nlm.nih.gov/pubmed/31083026
http://doi.org/10.1123/ijspp.2018-0256
http://doi.org/10.1007/s00421-021-04833-y
https://ncbi.nlm.nih.gov/pubmed/24149704
https://jsc-journal.com/index.php/JSC/article/view/59
http://doi.org/10.1080/02640410802072697
http://www.ncbi.nlm.nih.gov/pubmed/18821267
http://doi.org/10.1007/s00421-006-0327-1
http://www.ncbi.nlm.nih.gov/pubmed/17115178
http://doi.org/10.3389/fphys.2016.00602
http://doi.org/10.1007/s00421-002-0706-1
http://doi.org/10.1139/h99-008
http://doi.org/10.1152/japplphysiol.00207.2019
http://doi.org/10.1093/imaman/dpn022
http://doi.org/10.2165/00007256-200939060-00003
http://www.ncbi.nlm.nih.gov/pubmed/19453206
http://doi.org/10.1080/026404197367335
http://doi.org/10.1097/00005768-199905000-00018
http://doi.org/10.2165/00007256-200232010-00003
http://doi.org/10.1111/cpf.12513
http://doi.org/10.1007/s12576-019-00676-7
http://www.ncbi.nlm.nih.gov/pubmed/31004287
http://doi.org/10.1097/JES.0b013e318168ec1f
http://www.ncbi.nlm.nih.gov/pubmed/18362686
http://doi.org/10.1113/jphysiol.2011.224725
http://www.ncbi.nlm.nih.gov/pubmed/22289907
http://doi.org/10.1007/s40279-014-0259-6
http://doi.org/10.1113/JP276849
http://www.ncbi.nlm.nih.gov/pubmed/31691289
http://doi.org/10.1111/j.1600-0838.2011.01351.x
http://doi.org/10.1123/ijspp.7.2.193


Sports 2022, 10, 10 15 of 15

54. Toubekis, A.G.; Smilios, I.; Bogdanis, G.C.; Mavridis, G.; Tokmakidis, S.P. Effect of different intensities of active recovery on sprint
swimming performance. Appl. Physiol. Nutr. Metab. 2006, 31, 709–716. [CrossRef] [PubMed]

55. Broxterman, R.M.; Skiba, P.F.; Craig, J.C.; Wilcox, S.L.; Ade, C.J.; Barstow, T.J. W′ expenditure and reconstitution during severe
intensity constant power exercise: Mechanistic insight into the determinants of W′. Physiol. Rep. 2016, 4, e12856. [CrossRef]

56. Skiba, P.F.; Clarke, D.; Vanhatalo, A.; Jones, A.M. Validation of a novel intermittent W′ model for cycling using field data. Int. J.
Sports Physiol. Perform. 2014, 9, 900–904. [CrossRef] [PubMed]

57. Shearman, S.; Dwyer, D.; Skiba, P.; Townsend, N. Modeling Intermittent Cycling Performance in Hypoxia Using the Critical
Power Concept. Med. Sci. Sports Exerc. 2016, 48, 527–535. [CrossRef] [PubMed]

58. Wallace, L.K.; Slattery, K.M.; Coutts, A.J. A comparison of methods for quantifying training load: Relationships between modelled
and actual training responses. Eur. J. Appl. Physiol. 2014, 114, 11–20. [CrossRef] [PubMed]

59. Banister, E.W.; Calvert, T.W.; Savage, M.V.; Bach, T. A systems model of training for athletic performance. J. Sci. Med. Sport 1975,
7, 57–61.

60. Foster, C.; Hector, L.L.; Welsh, R.; Schrager, M.; Green, M.A.; Snyder, A.C. Effects of specific versus cross-training on running
performance. Eur. J. Appl. Physiol. Occup. Physiol. 1995, 70, 367–372. [CrossRef]

http://doi.org/10.1139/h06-075
http://www.ncbi.nlm.nih.gov/pubmed/17213885
http://doi.org/10.14814/phy2.12856
http://doi.org/10.1123/ijspp.2013-0471
http://www.ncbi.nlm.nih.gov/pubmed/24509723
http://doi.org/10.1249/MSS.0000000000000794
http://www.ncbi.nlm.nih.gov/pubmed/26460632
http://doi.org/10.1007/s00421-013-2745-1
http://www.ncbi.nlm.nih.gov/pubmed/24104194
http://doi.org/10.1007/BF00865035

	Introduction 
	The Skiba Model 
	The Coggan Model 
	Practical and Theoretical Value of the Models 

	Materials and Methods 
	Fictitious Athletes’ Profiles 
	Combinations of HIIT Parameters 
	Exhaustion, According to the Skiba Model 
	Exhaustion, According to the Coggan Model 

	Results 
	Discussion 
	Variations in the Percentage of Impossible Sessions 
	Limitations of the Skiba Model 
	Limitations of the Coggan Model 
	Applicability of the Models 
	Limitations 
	Future Perspective 

	Conclusions 
	References

