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ABSTRACT

The aim of this study was to investigate the effects of different recovery power outputs on the
reconstitution of W' and to develop a dynamic bi-exponential model of W' during depletion
and reconstitution. Ten trained cyclists (mass 71.7 = 8.4 kg; VOsmax 60.0 +6.3 mlkg™"min~")
completed three incremental ramps (20 W-min™') to the limit of tolerance on each of six
occasions with recovery durations of 30 and 240 s. Recovery power outputs varied between 50
W (LOW); 60% of critical power (CP) (MOD) and 85% of CP (HVY). W' reconstitution was
measured following each recovery and fitted to a bi-exponential model. Amplitude and time
constant (1) parameters were then determined via regression analysis accounting for relative
intensity and duration to produce a dynamic model of W'. W’ reconstitution slowed
disproportionately as recovery power output increased (p < 0.001) and increased with recovery
duration (p <0.001). The amplitudes of each recovery component were strongly correlated to
W’ reconstitution after 240 s at HVY (r=0.95), whilst T parameters were found to be related to
the fractional difference between recovery power and CP. The predictive capacity of the
resultant model was assessed against experimental data with no differences found between
predicted and experimental values of W' reconstitution (p > 0.05). The dynamic bi-exponential
model of W accounting for varying recovery intensities closely described W’ kinetics in trained
cyclists facilitating real-time decisions about pacing and tactics during competition. The model
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can be customised for individuals from known CP and W’ and a single additional test session.

Highlights

* A dynamic bi-exponential model of W’ accounting for both varying power output and duration.
¢ Individual customisation of the model can be achieved with a single specific test session.
e W reconstitution slows disproportionally with increasing intensity after repeated bouts.

Introduction

Cycle races are physically demanding events, yet cyclists’
physiological abilities alone are seldom enough to facili-
tate victory. Accordingly, race tactics are a crucial com-
ponent in “mass start” races where decisive moves
may be characterised by repeated short high-intensity
efforts preceding a sustained high-intensity effort
(Abbiss et al., 2013), or other stochastic races such as cri-
teriums where short lapped circuits with technical
corners elicit repeated high-intensity efforts to remain
in contention (Etxebarria et al,, 2019). Such high-inten-
sity efforts are typically within the severe exercise inten-
sity domain, that is above the threshold at which a
metabolic steady state can be maintained (Poole et al.,
2016). Critical power (CP) estimates the threshold separ-
ating the severe exercise domain from the lower heavy

domain, where a metabolic steady state is achievable
(Jones et al., 2019), whereas W’ reflects a finite volume
of work available above CP. Together these parameters
form the 2-parameter CP model (Monod & Scherrer,
1965) which can describe performance within the
severe intensity domain. However, this model does not
account for the reconstitution of W which is assumed
to occur when power falls below CP (Chidnok et al.,
2013). Hence, there is a need for an intermittent model
that can account for continuously varying expenditure
and reconstitution of W’ and facilitate real-time monitor-
ing of fatigue progression (Jones & Vanhatalo, 2017) to
fashion race tactics.

W’ was initially considered to be an anaerobic work
capacity reliant upon anaerobic glycolysis, stored glyco-
gen, ATP and phosphocreatine (PCr) (Moritani et al,,
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1981), but has been shown to be at least partly depen-
dent upon the accumulation of fatiguing metabolites
such as inorganic phosphate, hydrogen ions and adeno-
sine diphosphate (Chidnok et al., 2013; Johnson et al.,
2014) alongside the depletion of substrates such as PCr
(Chidnok et al., 2013). Moreover, since the precise physio-
logical constituents of W’ are not fully understood, this
necessitates that the modelling of W' recovery is based
on experimental observations of performance where W’
is repeatedly depleted and reconstituted. Using this
approach, Skiba, Chidnok, Vanhatalo, Jones (Skiba et al.,
2012; Skiba & Clarke, 2021) derived a mono-exponential
model of W' balance from an intermittent exercise proto-
col based on a60/30 s (equation 1), where Wy, = balance
of W; Wy, = W’ expended; t-u = recovery duration. The
W’ recovery time constant (1) was established as equation
2 using non-linear regression from the experimental
group data, where. Dcp = difference between CP and
recovery power output.

t

W, () = W, — j [e~ 9/ W (u)du )

exp
0

Tw = 546 x e7001DP) 4 316 2)

Whilst successfully validated against similar exercise pro-
tocols (Skiba et al., 2014; Skiba et al., 2014), it was found
that t differed markedly between participants, hence
should be determined on an individual basis (Bartram
et al, 2018; Caen et al,, 2019; Chorley et al., 2019). The
integration model was dependent upon the mean
power output during recoveries being known, conse-
quently W balance could only be resolved retrospec-
tively. To address this problem, a differential form of
the model was produced (Skiba et al., 2015), whereby
the W' balance could be evaluated dynamically by
separating the expenditure and reconstitution phases
(equations 3a-3b). Furthermore, the differential equation
replaces the time constant with a variable derived from
CP and W' aiding its simplicity but removing the customi-
sations previously recommended by fitting t for the
individual.

Wy, () =Wy — (P—CP) x t

(3a)
where: P > CP

Dcp(t)
Wi ) = Wy — | Wo—Wepe Wo
where: P < CP

Both model forms were based on a mono-exponen-
tial reconstitution of W' which was found to
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underestimate the observed W’ reconstitution over
shorter time frames (<2 min) (Caen et al, 2021;
Chorley et al.,, 2019; Chorley et al,, 2022) and overesti-
mate W’ reconstitution over longer time frames (>
5 min) (Caen et al., 2021; Chorley et al., 2022). Sub-
sequently, two independent studies investigated bi-
exponential modelling of W’ reconstitution following
full depletion (Caen et al., 2021; Chorley et al.,, 2022).
Both found the two-component model an excellent fit
to observed W’ reconstitution kinetics for durations
ranging from 15 s to 15 min (Caen et al.,, 2021; Chorley
et al,, 2022). The two-component model may reflect
different physiological mechanisms as the 1 of the two
components are unrelated within individuals (Chorley
et al, 2022). For example, the fast component (FC)
responsible for 30-40% of W’ reconstitution within the
first 30 s when recovery power output is in the moderate
intensity domain (Caen et al., 2021; Chorley et al., 2022)
has a similar T to PCr restoration (van den Broek et al.,
2007). The bi-exponential reconstitution model
(equation 4) has extra complexity compared to the
mono-exponential models requiring the computation
of the amplitude of the fast and slow components (SC)
together with their respective 1 values. Whilst these par-
ameters were found to be highly variable (Caen et al.,
2021; Chorley et al., 2022), individualised estimations
for these parameters could be made from experimental
trials comprising recovery durations of 30 and 240 s
(equations 5a-5d) following full depletion of W’
(Chorley et al., 2022) (where W'30,c and W'240,. are
W’ reconstitution after 30 and 240 s in the respective
recovery periods).

W', = FCamp x (1 — €77 4 SCapmp

x (1 —e /™) where: FCamp + SCamp
=W (4)

FCamp = —0.004 x W'+ 1.104 x W'30/e¢t
+35.812 (5a)

Recovery 1:7rc = 0.917 x FCapmp — 1.517
x W'30yec1 +41.239 (5b)

Recovery 1:75c = 4.113 x FCopp — 5.17
x W'240,01 + 559.944 (5¢)

Recovery 2:7rc = 0.548 x FCgqmp — 0.717
X W30 4 22.903 (5d)

Recovery_2:7sc = 10.048 x FCypp — 26.572
x W'240,e,; + 1803.097 (5e)
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Although the bi-exponential models provided a
framework for W’ reconstitution kinetics, the models
were only verified with recovery power outputs in the
moderate intensity domain. It is known that reconstitu-
tion of W does not occur above CP (Chidnok et al.,,
2012), and that faster W’ reconstitution occurs with
lower recovery intensities (Lievens et al, 2021; Skiba
et al, 2012), but the influence of differing power
outputs on the bi-exponential model parameters has
yet to be quantified. As such, a functional bi-exponential
model that can be applied within cycle sport remains
elusive. Furthermore, a fatiguing effect has been
observed following repeated bouts to exhaustion
which manifests as a slowing of the reconstitution of
W’ (Chorley et al., 2019; Chorley et al., 2022). Whilst
PCr restoration has been linked to the fast phase of W’
reconsitution (Chorley et al.,, 2022), it has been shown
to be inhibited by increased levels of hydrogen ions
(van den Broek et al, 2007) which remain elevated
after 4 mins of rest following severe exercise (Parolin
et al., 1999), thus potentially impacting the slow phase
of W’ reconstitution. Such a slowing of PCr restoration
has been observed during intermittent severe intensity
as the session progresses (Chidnok et al., 2013), but is
not yet accounted for by current intermittent models
of W’ reconstitution.

An individualised dynamic model of W' could be used
in real-time to influence race tactics by providing instan-
taneous feedback to athletes of their current balance of
W, allowing them to judge their ability to sustain severe
intensity efforts. To do so would also require the mini-
misation of the test burden for athletes, such that the
estimation of model parameters would be possible
from a small number (ideally one) of additional test ses-
sions. Therefore, the main aim of this study was to inves-
tigate the effects of varying recovery power outputs (of
30 and 240 s durations) on the parameters of the bi-
exponential model of W’ reconstitution at intensities
within the heavy and moderate intensity domains, and
to produce a dynamic bi-exponential model of W’ recon-
stitution accounting for recovery power and duration.
Secondary aims were to derive an individualised model
estimation from a single test session and to quantify
the fatiguing effects of repeated efforts on W’ reconstitu-
tion kinetics.

Methods
Participants

Ten trained cyclists (male = 9; female = 1; age: 43.6 + 11.9
y; body mass 71.7 + 8.4 kg; stature 176.3 £ 6.0 cm; body
fat  18.3+85%; VOymax 60.0+6.3 mlkg™ min~")

volunteered to participate in this study and provided
written informed consent. All participants were
healthy, competitive amateur cyclists with a regular
weekly training volume of 9.3 + 3.0 h-week™". Following
institutional ethical approval, laboratory testing sessions
were undertaken at the end of their racing seasons.

Experimental design

Within a 4-week period, participants undertook a base-
line ramp all-out test (Figure 1a) to determine CP and
W’ followed by six sessions consisting of a repeated W’
depletion and reconstitution task (Chorley et al., 2019)
with recovery durations fixed at 30 and 240 s and
reversed in order at 240 s and 30 s. Recovery phases
were completed at power outputs of 50 W (LOW);
60% of CP (MOD) and 85% of CP (HVY). Trial order
was randomised and balanced such that each combi-
nation of recovery power output condition and recov-
ery duration (30 and 240 s) was undertaken as both a
first and second recovery period (Figure 1b). Partici-
pants were asked to arrive 3 h post-prandial, having
avoided strenuous exercise and alcohol in the preced-
ing 24 h, and caffeine in the preceding 4 h. A minimum
of 48 h was required between visits. Sessions were
undertaken in an air-conditioned laboratory at similar
times of day (+ 1.5 h).

All exercise sessions were performed seated on an
electronically braked cycle ergometer (Lode Excalibur
Sport, Lode BV, Groningen, Netherlands) fitted to each
participant. Breath-by-breath pulmonary gas exchange
was sampled throughout to determine O, and CO, con-
centrations and volumes using an on-line gas analyser
(Quark CPET, Cosmed, Rome, ltaly) calibrated with
gases of known concentrations and volumes prior to
each test. Strong verbal encouragement was provided
throughout the tests. Changes in cycle ergometer test
phases were automated with pre-programmed
conditions.

Procedures

Baseline ramp all-out test

Participants were measured for stature, body mass
and body composition (BodPod, Cosmed, Rome,
Italy). Prior to the start of the baseline ramp all-out
test, the ergometer’s linear mode resistance was set
based on recent race and training data, and the par-
ticipant’s preferred cadence, to allow for an accurate
determination of CP. The test commenced with a
warm-up at 100 W and after 5 min this transitioned
to an incremental ramp at 20 W-min™' to the limit
of tolerance (deemed to be when cadence fell
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Figure 1. Testing protocol examples of (a) baseline test protocol to determine critical power following the expenditure of W' and
provide a familiarisation prior to (b) the experimental protocol with recovery phases varied in duration and intensity. W' is equal
to the area above CP (in Joules) during the initial ramp phase, and the amount of W’ reconstituted during the recovery phases is

equal to the area above CP in the subsequent ramp phases.

below 60 rmin~'). At this point power output was
reduced to 30 W above predicted CP to utilise any
remaining W' (Chorley et al., 2019) until cadence fell
below 50 rmin~' and W' was deemed expended.
The ergometer then switched to linear mode (at a
fixed resistance calculated for each participant to
elicit their preferred cadence at their estimated CP)
for two minutes of all-out cycling. Time to completion
of this phase was withheld from participants to mini-
mise the adoption of pacing. For familiarisation pur-
poses only, the test continued with a 50 W recovery
for two minutes at 85% of predicted CP, before com-
mencing a second 20 W-min~' ramp at CP +30W (to
reduce errors associated with the intra-day variability

of CP (Chorley et al., 2019), until cadence fell below
60 rrmin~' at which point power output was once
again reduced to CP +30 W until cadence fell below
50 r-min~" (Figure 1a).

W' depletion and reconstitution trials

The depletion and reconstitution trials comprised a
repeated ramp test (Figure 1b) to determine the
amount of W’ reconstituted following 30 and 240 s of
active recovery. Like the baseline test, these tests com-
menced with a 5 min warm-up at 100 W before transi-
tioning to a smooth ramp at 20 W-min™" to the limit of
tolerance (as defined above), following which power
output was reduced to CP +30 W (determined by the
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baseline test) until cadence fell below 50 r-min~" and W’
was deemed to be expended. The first recovery period
(duration of 30 s or 240 s) was then followed by a
second smooth ramp starting at CP +30 W and a rate
of 20 W-min™" to the limit of tolerance and step-down
to CP +30 W. A second recovery period of the alternate
duration to the first (240 s or 30 s) was followed by a
third and final ramp and step-down, again starting at
CP +30 W.

Data processing

Errant breaths differing by >4 SD from the local mean
were removed from the gas exchange data, which was
interpolated and aligned with power output to
produce second-by-second data using a custom Micro-
soft Excel (v. 2110) spreadsheet. CP was calculated as
the mean power output of the last 30 s of the linear
phase of the baseline test (Murgatroyd et al, 2014).
Gas exchange threshold (GET) was determined using
the V-slope method (Beaver et al., 1986) and corrected
for the VO, mean response time using data from the
baseline test, and used to verify recovery intensities
domains (Bergstrom et al., 2013) with the MOD intensity
being below the GET, and HVY intensity being between
GET and CP for each individual participant. Individual
VO5max Was calculated as the highest rolling 30-s
average across all tests (Day et al., 2003). W' was calcu-
lated as the mean work done above CP during the first
ramp and step-down over the series of tests, whilst W’
reconstitution was the amount of work done above CP
in the ramp and step-down phases following its respect-
ive recovery period, expressed as percentage of W',

Model fitting

Bi-exponential model parameters (equation 4) were
fitted to the experimental data with OriginPro 2020b
(Originlab  Corp., Northampton, MA, USA). FCynp
derived from equations 5a-5e was overestimated (see
Results), consequently fitting was achieved for each par-
ticipant’s data by sharing FC,,, across LOW, MOD and
HVY conditions for the first recovery period, Trc and ts¢
were individually fitted for each data set (Chorley et al.,
2022). The sum of FCymp and SC,mp was constrained to
100%, and to prevent non-physiological values 1zc and
Tsc were bounded as >8 s and <5000 s, respectively
(Jones & Vanhatalo, 2017; Skiba et al., 2012). Pearson’s
product-moment correlations were used to assess
potential predictors of model parameters from exper-
imental values of W’ reconstitution, and FC,p,, was sub-
sequently estimated by linear regression. Estimations of
Trc and tsc were derived from non-linear least squares
regression in relation to the fractional difference
between recovery power and CP (%Dcp) using the

Solver add-in for Microsoft Excel and estimations of W’
following the second recovery period were derived
from multiple linear regression in relation to the recon-
stitution following the first recovery period and %Dcp
using Microsoft Solver to match actual W’ reconstitution.
Derived equations were retrofitted into the bi-exponen-
tial model framework (equation 4) for recovery and W’
depletion (equation 3a) to produce a dynamic model
for W balance.

Statistical analysis

Descriptive statistics (mean = SD) were calculated for all
dependent variables and checked for normality using
the Shapiro-Wilk test. Three-way repeated measures
ANOVA (recovery power output x recovery duration x
recovery period) were used to assess differences in W’
reconstitution. Sphericity was checked with Mauchly’s
test and accounted for where necessary using the
Greenhouse-Geisser adjustment. A priori paired sample
t-tests were used to compare differences in the means
of W reconstitution at LOW, MOD and HVY within recov-
ery periods, and at each corresponding intensity and
duration between recovery periods. Effect sizes were cal-
culated using Cohen'’s d. Paired sample t-tests were used
to test the veracity of the bi-exponential model par-
ameters in estimating W’ reconstitution compared to
actual W' reconstitution. Statistical significance was set
at p<0.05. All statistical analyses were performed
using SPSS v.27 (IBM Corp., Armonk, NY, US).

Results

Baseline participant measurements were CP 293 +37 W;
W 11.0+2.9 kJ; GET 223+26 W; PPO 371+40 W, of
which the contribution to W' from the CP +30 W step
down was 929 + 667 J.

W' reconstitution

The experimental procedures produced a range of W’
reconstitution ranging from 63.1+15.2% to 20.6+
9.0% and are detailed in Table 1. Significant main
effects of recovery power output (p <0.001), recovery
duration (p<0.001) and recovery period (p=0.03)
were observed, with W' reconstitution being higher at
lower power outputs, after longer recovery durations,
and within the first recovery period. Additionally, a sig-
nificant (p =0.001) recovery duration x power output
interaction effect was evident, with the enhanced mag-
nitude of W’ reconstitution at 240 s versus 30 s being
greater at lower recovery power outputs, whilst an inter-
action between recovery period x duration approached
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Table 1. Mean + SD W’ reconstitution as a percentage of W' (absolute values in parenthesis), after 30 and 240 s at LOW (50 W), MOD
(60% of CP) and HVY (85% of CP) following both first and second recovery periods.

W’ reconstitution at 30 s

W’ reconstitution at 240 s

% of W’ (kJ) p Cohen’s d % of W’ (kJ) p Cohen’s d
First Recovery LOow 36.8+£9.7 (3.9+£1.0) 63.1+15.2 (6.7+1.3)
0.003 13 0.016 0.9
MoD 266+6.8 (2.8+£0.7) 56.8+15.1 6.0+ 1.1)
0.002 13 0.002 1.4
HVY 21.7+£7.1 (2.3+£0.6) 41.0£14.0 (44+1.6
Second Recovery Low 38.2£10.1 (4.0+0.8) 61.1+12.1 (6.5+1.
0.002 1.4 0.029 0.8
MOD 27.0£9.1 (2.8+0.8) 51.1+10.8 (5.4+0.7)
0.004 1.2 < 0.001 2.1
HVY 20.6 £9.0 (2.1£0.6) 28.7+73 (3.1£0.9)

significance (p = 0.06). Mean W’ reconstitution measure-
ments and effect sizes of increasing recovery intensities
are shown in Table 1. W' reconstitution was reduced
during the second 240 s recovery period at HVY when
compared to the same duration and intensity during
first recovery period (p <0.01; ES =1.3). No significant
differences were found at other corresponding data-
points whilst W' reconstitution of all corresponding
time-points following the first and second recovery
periods were highly correlated (r > 0.67; p < 0.04).

Model assessments

Bi-exponential model parameters calculated using
equations 5a-5e were used to predict fractions of W' recon-
stitution. Analysis revealed that the model performed
better for the LOW recovery condition but as recovery
intensity increased to the HVY condition, the model
tended to overestimate W' reconstitution (Figure 2a).

Model fitting

Individual fitting demonstrated large inter-individual vari-
ations in the bi-exponential model parameters fitted to
measured values (Table 2). The FC,y, parameter was
very strongly correlated to the fraction of W’ reconstitution
after 240 s of recovery in the HVY condition (r=0.949;
p <0.001), with linear regression yielding equation 6a.
Non-linear regression equations for the parameter of
Trc and 1sc produced equations 6b and 6¢, respectively.

%FCamp = 0.75 x %W hvy240ec

+5.26 (6a)
Tec = 45 x e—0.014><%Dcp + 9999
% e70.811x%Dcp (6b)
Tsc = 9999 x e~ 009Bx%DP 4 479 (6¢)

Linear regression yielded equation 7 which described
the decline in W' reconstitution following the second

recovery period in comparison to that of the first recov-
ery period.

%W rec2 = 0.72 X %W o1 + 0.18 x %Dcp (7)

No differences were found in the individualised model
fits using equations 6 and 7 and measured values of
W’ reconstitution (Figure 2b). During the first recovery
period a maximum bias of 1.2% was found at 30 s of
the MOD recovery condition, whilst the maximum bias
of 3.7% in second recovery period was found at 240 s
of the MOD recovery condition.

Discussion

By investigating the effects of different recovery power
outputs on the reconstitution of W’ this study has
yielded a new dynamic bi-exponential model of W’
accounting for both variable recovery power and dur-
ation, that can be individually parameterised from
known CP and W' and a single additional test session.
Bi-exponential models of W’ reconstitution kinetics have
proved to be a superior fit of W’ reconstitution kinetics
when compared to mono-exponential models at moder-
ate intensities (Caen et al,, 2021; Chorley et al,, 2022) fol-
lowing exhaustive exercise. The present findings
demonstrate that increasing recovery intensity slows the
W’ reconstitution kinetics concurring with previous exper-
imental data and mono-exponential models (Morton &
Billat, 2004; Skiba et al, 2012). W' reconstitution was
subject to the interaction effect between recovery dur-
ation and intensity which presented as a disproportionate
slowing of W’ reconstitution over time, which was particu-
larly evident in the HVY condition. Despite the clear effects
of recovery intensity, duration and recovery period on W’
reconstitution, large variations in the experimental
measurements demonstrated markedly different individ-
ual W’ reconstitution kinetics, corroborating findings pre-
viously reported in homogeneous groups (Bartram et al.,
2018; Chorley et al, 2022) and necessitating the need
for individual customisations of W’ reconstitution models.
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Figure 2. (a) Actual versus predicted values of W’ reconstitution derived from the prediction equations for amplitude and time con-
stants. MOD and HVY predictions of time constants maintained the amplitude values derived from LOW. (b) Actual versus predicted
mean + SD values of W’ reconstitution derived from the new prediction equations for FC,, and time constants. Solid bars are actual
measurements, shaded columns are predicted values. * p < 0.05 indicating actual and predicted values are different.

The use of a bi-exponential model of W’ reconstitu-
tion was first proposed by Skiba, Chidnok, Vanhatalo,
Jones (Skiba et al., 2012) and has since been shown to
be an excellent fit when recovery periods have been
undertaken at a low to moderate intensities (Caen
et al,, 2021; Chorley et al., 2022). The ensuing prediction

equations based on 30 and 240 s recovery durations
(Chorley et al., 2022) performed well against actual
measurements in the present study within the moderate
intensity domain but reconstitution of W was overesti-
mated as recovery intensities increased (i.e. heavy
domain) on account of the FC,,, parameter being

Table 2. Individual fitted parameters of bi-exponential recovery to W’ reconstitution during the first recovery period.

Participant FCamp SCamp LOW Trc MOD Trc HVY Trc LOW Tsc MOD Tsc HVY Tsc
1 45.6 54.4 8.0 22.0 28.6 700 955 1414
2 19.3 80.7 8.1 17.4 17.7 536 610 5000
3 26.3 73.7 8.0 23.8 30.5 386 596 5000
4 30.5 69.5 17.8 223 355 918 1961 1186
5 47.6 524 322 27.9 21.6 217 203 893
6 50.5 49.5 8.0 44.2 59.5 338 483 4399
7 403 59.7 38.1 36.8 34.2 200 453 2835
8 45.0 55.0 8.3 27.3 60.2 301 774 1528
9 29.2 70.8 9.6 36.5 38.0 440 357 4960
10 25.3 74.7 8.1 26.5 23.8 1061 2081 5000
Mean £ SD 36.0+11.0 64.0+11.0 150113 28.0+8.2 35.0+ 146 510 £ 295 847 £ 653 3221 +1818
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inflated due to the fitting at lower recovery intensities.
Fitting of the FC,m, parameter across the intensity
range of the present study revealed a lower FCymp
than estimated from the prediction equation (5a)
which is based solely on a recovery intensity of 50
W. Moreover, the W’ reconstituted after 4 min at 85%
of CP proved to be an excellent predictor (r=0.95) of
FCamp. It appears that the recovery in the heavy intensity
domain permits a large portion of the fast component to
be reconstituted after 4 min with only a small (~ 5%)
contribution of the slow component, thus isolating the
FCamp parameter, possibly reflecting a near complete
reconstitution of PCr stores and low levels of metabolite
clearance. The subsequent non-linear regression
equations of tc and tsc reflect the continuous non-
linear relationship with W' reconstitution and recovery
power output inherent within the mono-exponential
models of W' (Skiba et al., 2012; Skiba et al., 2014). It
has been suggested that the non-linear reconstitution
of W may be differentiated within intensity domains
(Lievens et al., 2021) and may have a lower limit of
power output beyond which no further speeding of W’
is achieved (Skiba et al., 2012), however the existence
of such inflection points would require investigations
including many more power outputs than employed in
the studies to date.

Whilst the fitting of experimental data to determine
the amplitude and time constants undoubtedly leads
to the most accurate individual model, the number of
tests required makes this impractical for cyclists, hence
a compromise model is required balancing accuracy
with practicality. The regression equations determined
from the present study successfully accounted for
power and duration when retrofit into the bi-exponen-
tial framework with no statistical biases between
measured and estimated values (although these have
yet to be validated in additional data sets). Anthropo-
metric and physiological variables collated during this
study, including those previously correlated with W’
reconstitution (Chorley et al., 2020) were tested against
the experimental data but failed to improve the model
fit, hence the individual fit of the equations is based
on the single measurement of W reconstituted (240 s
at 85% of CP) and %Dcp. Whilst simply applying the
mean experimental FC,n, of 36% to the model may
offer an alternative to undertaking a specific test
session, the large inter-individual variations in FCyyp
(SD=11.0%) suggests the prudence of incorporating
the additional customisation. Whilst FC,n, has pre-
viously been shown to be unrelated to any prior
known anthropometric or physiological measurement
(Chorley et al., 2022), the fractional difference between
CP and recovery power was found to enable estimations
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of Trc and 7sc, as was the case in the 1 regression
equation previously produced for mono-exponential
models of W’ reconstitution (Bartram et al., 2018; Skiba
et al.,, 2012).

Measures of aerobic fitness such as VO, and CP
have been linked to faster recovery of W (Caen et al.,
2021; Chorley et al., 2022) explaining the inclusion of
Dcp within W' reconstitution models. Indeed, Skiba,
Chidnok, Vanhatalo, Jones (Skiba et al., 2012) suggested
this was related to an oxidative reserve and the ability to
regenerate PCr, which is itself an oxidative process
(Haseler et al., 1999). There is strong evidence that PCr
stores are an important contributor to W' (Chidnok
et al, 2013b; Jones et al., 2008) with its recovery being
linked to the fast component of W' reconstitution
(Caen et al., 2021). It has been suggested that the recov-
ery of PCr is itself a bi-exponential process (Harris et al.,
1976; Nevill et al., 1997) with similar fast component T
values of 15 s following high intensity exercise (Forbes
et al.,, 2009) to that observed in the present study. It is,
however, unlikely, that the bi-exponential model even
with the added complexity of the multi-component
terms for trc and 15c reflects the intricacies of the under-
lying physiology of W' reconstitution. This physiology is
thought to incorporate the hitherto unquantified inter-
actions of fatiguing metabolites (Chidnok et al., 2013b),
muscle fibre phenotype (Lievens et al., 2020), VO, kin-
etics (Caen et al, 2021), and an element of central
fatigue (Hureau et al., 2018) in addition to the replenish-
ment of the high energy stores such as PCr.

The presented model of W' reconstitution can be
paired with a W depletion equation to provide a full
dynamic model of W'. To account for bi-exponential
reconstitution, however, depletion of W' also be
apportioned between the fast and slow components,
hence an assumption is necessary that the depletion is
concurrent and proportional to the amount of W
remaining in each component, such that the full
dynamic model in absolute terms can be given as
equations 8a and 8b.

where: P > CP
W pal(t) = Wo — (Dcp x t X WFCoar + Wpa)—  (8)
(Dcp x t x WSCpai = W par)

where: P < CP
W/bal(t) = (Fcamp - W/FCbal)X

(1 eft/(45><e’0~014X%DfP+9999><e70.811><%Dcp))

+ (SCamp — W'SCar) X (1 — /(9999 xe 202107 +42))
(80)
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And:
FCamp = Wy x (0.75 x [%Wp,, 240,ec1] + 5.26);  FCamp
+ SCamp
=W,

The slowing of W’ reconstitution following a
repeated bout in the present study was similar to pre-
vious findings (Chorley et al., 2019), with little slowing
of W’ reconstitution from the first to the second 30 s
recoveries, whilst the slowing was more evident after
the 240 s recoveries, suggesting different underlying
physiological mechanisms between the fast and
slow components. The present study extended those
findings to demonstrate that W’ reconstitution
slowed disproportionally with increasing recovery
intensity following repeated bouts of exercise and
has been quantified with equation 7. However,
whilst this slowing of W’ reconstitution was related
to the amount of W’ reconstituted following the
initial bout and recovery intensity, it could not be
apportioned to the fast and slow components with
any degree of predictability, thus preventing a con-
tinuous equation incorporating a slowing of 17 and
Tsc from being derived. Furthermore, the application
of this fatiguing effect on further repeats remains
unknown, whilst the effects of repeated partial
depletion of W on W’ reconstitution kinetics during
multiple bouts of exercise have yet to be investigated.
As such, it would be premature to incorporate the
slowing effect into the dynamic model without
further experimental data.

Limitations

The measurements of W' determined in the present
study are towards the lower ranges reported in previous
studies (Bergstrom et al., 2014; Murgatroyd & Wylde,
2011), possibly due to most of the participants being
time-triallist and triathletes. Whilst the absolute values
of W are poorly correlated to the model parameters,
hence unlikely to affect the reconstitution model per
se, it supports the need for individualisation of the
model as suggested.

To date, all models of W' reconstitution have been
developed from exhaustive exercise (Caen et al., 2021;
Chorley et al, 2022; Skiba et al, 2012; Skiba et al.,
2014), yet a dynamic model of W' must account for
partial depletion and reconstitution as typically encoun-
tered during cycle races. Due to the separate fast and
slow components of the bi-exponential model, it must
be assumed that W’ is depleted proportionally across
the two components relative to their individual

balances, and that W' reconstitution follows the same
kinetic trajectory as when following full depletion,
albeit from a different starting point. Investigations
involving partial depletion of W' have been
previously studied (Lievens et al, 2021; Sreedhara
et al., 2020), however these have yet to validate kinetic
models of W' reconstitution, and this remains one
avenue for future research, which may lead to
refinements and improvements in the application of
the proposed model.

Conclusions

This study delivers a full dynamic model of W' account-
ing for power and duration during the expenditure and
reconstitution of W' above and below CP. The model can
be adapted into an iterative function, to provide second-
by-second information to practitioners for training pur-
poses. Furthermore, it can be easily integrated into on-
cycle computers to show instantaneous estimations of
a cyclist's W' that can be used to influence real-time
decisions about pacing strategy, such as deciding the
power output and duration of the next “attack” or
knowing when to abandon such a move before
leaving themselves vulnerable. The single additional
test session in addition to the prior known parameters
of CP and W allows the individual customisation of
the model to be achieved with minimal impact on train-
ing regimes. Further refinement of the W’ reconstitution
model should be encouraged to improve its validity in
differing scenarios, and whilst the slowing of W' can
be estimated following a repeated exhaustive bout,
but further work is required to incorporate this into
the reconstitution model.
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