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Abstract

Purpose Power output at the moderate-to-heavy-intensity transition decreases during prolonged exercise, and resilience to
this has been termed ‘durability’. The purpose of this study was to assess the relationship between durability and the effect
of prolonged exercise on severe-intensity performance, and explore intramuscular correlates of durability.

Methods On separate days, 13 well-trained cyclists and triathletes (VO,peak, 57.3 +4.8 mL kg~! min~!; training volume,
12+2.1 h week™!) undertook an incremental test and 5-min time trial (TT) to determine power output at the first ventilatory
threshold (VT,) and severe-intensity performance, with and without 150-min of prior moderate-intensity cycling. A single
resting vastus lateralis microbiopsy was obtained.

Results Prolonged exercise reduced power output at VT (211 +£40 vs. 19839 W, A -13+16 W, A -6 +7%, P=0.013)
and 5-min TT performance (333 +75 vs. 302+63 W, A -31+41 W, A -9+10%, P=0.017). The reduction in 5-min TT
performance was significantly associated with durability of VT, (r,=0.719, P=0.007). Durability of VT, was not related
to vastus lateralis carnosine content, citrate synthase activity, or complex I activity (P> 0.05).

Conclusion These data provide the first direct support that durability of the moderate-to-heavy-intensity transition is an
important performance parameter, as more durable athletes exhibited smaller reductions in 5-min TT performance following
prolonged exercise. We did not find relationships between durability and vastus lateralis carnosine content, citrate synthase
activity, or complex I activity.

Keywords Durability - Exercise - Muscle

Abbreviations PFO Peak fat oxidation rate
CS Citrate synthase S0, Muscle oxygen saturation
cv Coefficient of variation I Spearman’s rank-order correlation coefficient
EE Energy expenditure VO, Rate of oxygen consumption
VO,peak Peak rate of oxygen consumption
VT, First ventilatory threshold
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such as road cycling, are often determined by the ability to
produce high work outputs in the severe-intensity domain
following multiple hours of exercise, primarily performed
in the moderate-intensity domain (Fernandez-Garcia et al.
2000; Sanders et al. 2019). Physiological profiling charac-
teristics are estimated in well-rested athletes during routine
laboratory assessments and used for the assessment of per-
formance capabilities, within-session intensity regulation,
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and monitoring training load and adaptation (Maunder et al.
2021b). Prolonged exercise elicits progressive physiologi-
cal changes, such as increased core and muscle temperature
(Febbraio et al. 1994), depletion of endogenous fuel stores
(Gonzalez et al. 2016; Areta and Hopkins 2018; Stokie
et al. 2023), accumulation of muscle damage (Stevens et al.
2018), and cellular stress (Morton et al. 2009; Peake et al.
2017). Consequently, physiological profiling characteristics,
such as work output at the moderate-to-heavy (Stevenson
et al. 2022b) and heavy-to-severe (Clark et al. 2018, 2019a,
2019b)-intensity transitions, gross cycling efficiency (Pass-
field and Doust 2000; Hopker et al. 2017) and the peak rate
of oxygen consumption (VO,peak) (Brownstein et al. 2022)
may, in some instances, degrade during prolonged exercise.
‘Durability’ is defined as an individual’s resilience to dete-
riorations in physiological profiling characteristics during
prolonged exercise, and has been proposed as a key endur-
ance performance parameter (Maunder et al. 2021b). How-
ever, the influence of durability on performance outcomes
has not been well-characterised.

Like physiological profiling characteristics, severe-inten-
sity performance decreases with prolonged exercise (Spragg
et al. 2023a, b). Durability of the intensity domain transi-
tions may promote resilience to the effects of prolonged
exercise on severe-intensity performance. As power output
at the moderate-to-heavy-intensity transition decreases dur-
ing prolonged exercise (Stevenson et al. 2022b), an initially
moderate-intensity power output may drift into the heavy-
intensity domain. Heavy-intensity exercise elicits distinct
physiological responses compared to the moderate-intensity
domain, such as greater plasma K* accumulation, reduced
intramuscular pH, and phosphocreatine depletion (Black
et al. 2017). Therefore, greater time spent in the heavy-
intensity domain may result in reduced subsequent capac-
ity for work outputs in the severe-intensity domain. This
‘domain drift’ may also be present during prolonged exercise
initially in the heavy intensity domain, where exercise may
drift into the severe domain. Accordingly, better durability
of the intensity transitions may promote resilience to the
effects of prolonged exercise on subsequent severe-intensity
performance. However, the relationship between these vari-
ables has not been assessed.

The effect of prolonged exercise on subsequent severe-
intensity performance may also be related to glycogen deple-
tion. Glycogen depletion may impair Na*,K*-ATPase pump
activity, and therefore the ability to regulate K™ homeosta-
sis and maintain muscle contractile function (Jensen et al.
2020). Specifically, Nat,K*-ATPase function appears
dependent on intramyofibrillar glycogen (Nielsen et al.
2022), and intramyofibrillar glycogen depletion has been
implicated in impaired muscle contractile function (Nielsen
et al. 2009, 2014; @rtenblad et al. 2011, 2013). Furthermore,
recent work in mouse muscle suggests glycogen depletion
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increases the number of inexcitable muscle fibres unable
to contribute to force and power production, and therefore
performance (Cairns and Renaud 2023). Therefore, it is
plausible that athletes capable of oxidising fat at high rates
to preserve glycogen during submaximal exercise may be
better able to maintain severe-intensity performance follow-
ing prolonged exercise. Indeed, fat oxidation rates during
submaximal exercise have been associated with durability
of the heavy-to-severe-intensity transition and severe-inten-
sity performance (Spragg et al. 2023b). The capacity for
fat oxidation during exercise has been quantified using the
peak fat oxidation rate (PFO) observed during an incremen-
tal exercise test (Maunder et al. 2018, 2023), and PFO has
been related to endurance performance outcomes (Frandsen
et al. 2017; Maunder et al. 2022). However, the relationship
between PFO and the effect of prolonged exercise on severe-
intensity performance has not been assessed.

Similarly, the physiological determinants of durability are
not well-explored. Plausibly, skeletal muscle fibre type com-
position may influence durability, as type I fibres are more
fatigue resistant (Thorstensson and Karlsson 1976). Like-
wise, possessing a larger mitochondrial pool may spread the
oxidative burden of a given work rate, and therefore reduce
negative effects on the function of individual mitochondria
during prolonged exercise (Sahlin et al. 2010; Trewin et al.
2017; Layec et al. 2018; Lewis et al. 2021). This may pro-
mote durability by delaying deteriorations in mitochondrial
function, and therefore the oxidative capacity of muscle.
Heat shock protein 70 (HSP70) availability may also relate
to durability. HSP70 is an intracellular chaperone involved
in managing protein aggregation and cellular stress (Kriiger
et al. 2019). Greater HSP70 abundance may, therefore, aug-
ment the capacity to manage the cellular stress generated
during prolonged exercise, and therefore promote durability.
Understanding the mechanistic determinants of durability
may allow for the development of targeted interventions to
improve it.

Therefore, the primary aims of the present investigation
were to: (i) determine if durability of the moderate-to-heavy
transition is related to the magnitude of prolonged exercise-
induced reductions in severe-intensity performance, (ii)
assess the relationship between prolonged exercise-induced
reductions in severe-intensity performance and PFO and
(iii) quantify relationships between various intramuscular
characteristics and durability of the moderate-to-heavy-
intensity transition. We hypothesised that cyclists who
have greater durability of the moderate-to-heavy-intensity
transition would be more resilient to the effect of prolonged
exercise on severe-intensity performance, that resilience to
the effects of prolonged exercise on severe-intensity perfor-
mance would be related to PFO, and that durability of the
moderate-to-heavy-intensity transition would be related to
various oxidative properties of skeletal muscle.
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Methods
Ethical approval

The study was performed in accordance with the Declaration
of Helsinki, 2013. The Auckland University of Technology
Ethics Committee approved all procedures (22/163), and all
participants provided written informed consent prior to par-
ticipation. This study was not registered in a database. Raw
data are available upon request.

Participants

Thirteen well-trained endurance cyclists and triathletes com-
pleted the present investigation (eleven males, two females;
age, 29+ 7; height, 182.6 +8 cm; mass, 78.1 +11.7 kg;
VO,peak, 57.3+4.8 mL kg~! min~!; training volume,
12+2.1 h week™!). A-priori calculations indicated that 15
participants were required to detect a significant bivariate
correlation of r=0.6, assuming a null hypothesis correlation
of r=0, and a one-tailed test, with 80% statistical power and
a type I error rate of 0.05. All participants were free of recent
(< 3 months) illness and musculoskeletal injury, free of car-
diovascular disease, and training > 8 h week ™' in endurance
cycling, with a peak oxygen uptake > 55 mL kg1 min~!
and self-reported best-effort 20-min power output of > 3.5
W kg!. All participants provided written informed consent.
Three participants dropped out after the first visit due to the
inclusion criteria of remaining free of illness for >3 months.

Study design

Participants visited the laboratory on four separate occa-
sions, ~5-14 days apart, at~6:00 am (Fig. 1). The first
visit was a characterisation trial, involving an incremen-
tal cycling test for estimation of power output at the first
ventilatory threshold (VT,) for use in subsequent trials and
peak oxygen uptake (VO,peak), and a familiarisation 5-min
time trial. The second and third visits took place in ran-
dom, counterbalanced order and involved either (i) PRE: a
submaximal incremental test to determine the moderate-to-
heavy-intensity transition, and performance and VO,peak
in a 5-min time trial, or (ii) POST: 150 min of cycling at
90% of the first ventilatory threshold (VT,) power output
estimated in the characterisation trial, followed by the sub-
maximal incremental test to determine the moderate-to-
heavy-intensity transition, and performance and VO,peak in
a 5-min time trial. The 5-min time trials were used to mimic
a decisive effort in a road cycling event, and because these
fall within the severe-intensity domain (Jones et al. 2019).
Fixed-duration cycling time trials also produce reliable data,

particularly in trained cyclists following a familiarisation
trial (Hopkins et al. 2001; Paton and Hopkins 2001; Leo
et al. 2022). The remaining visit was for a resting vastus
lateralis microbiopsy.

Characterisation trial

Participants reported to the laboratory for an initial incre-
mental cycling test and 5-min familiarisation time trial,
after having fasted overnight for ~ 10 h and having ingested
1-2 L of plain water before arrival. After providing writ-
ten informed consent, height and mass were determined.
Cycling commenced with a 5-min warm-up at 100 W on per-
sonal road bicycles mounted to a direct-drive smart indoor
trainer (Kickr, Wahoo Fitness, GA, USA). Subsequently, the
incremental cycling test began at 95 W, with the power out-
put increasing by 35 W every 3 min. Expired gases and heart
rate were collected continuously using indirect calorimetry
(TrueOne 2400, ParvoMedics, UT, USA) and a chest-strap
heart rate monitor (Polar Electro Oy, Kempele, Finland).
When the respiratory exchange ratio reached 1.0, power
output was increased by 35 W every minute until volitional
exhaustion. The VO,peak was accepted as the highest 15-s
average VO,, and VT, was identified as the first VO, break-
point in the VO, vs. V;'VO, ™! relationship. This VO, was
converted to power output by linear regression of the VO,
vs. power output relationship, using the last minute of VO,
data from each 3-min stage. The last minute of expired gas
data in each 3-min stage was also used to quantify whole-
body rates of carbohydrate and fat oxidation using standard
equations (Eq. 1) (Jeukendrup and Wallis 2005). The high-
est observed rate of whole-body fat oxidation was identified
as the peak fat oxidation rate (PFO) (Maunder et al. 2022).

Carbohydrate oxidation rate (g min™")
— 4210 x VC0,-2.962 x VO,

Fat oxidation rate ( g min_l)
= 1.695 x VO,—1.701 x VCO,

ey

where VO2 and VO2 are in L.min"!

Following completion of the incremental test, participants
rested for 15 min before completing a 5-min performance
time trial at maximal effort, with the goal of achieving the
highest possible average power output. Expired gases and
heart rate were collected throughout; however, participants
were blinded to all data other than elapsed time. Verbal
encouragement was not provided to control the influence of
this variable on performance outcomes (McCormick et al.
2015). We have refrained from providing verbal encourage-
ment during time trials previously (Maunder et al. 2021a).
The importance of providing a maximum effort during time
trials was stressed to participants at the beginning of the
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Fig1 Schematic of the study Characterisation and familiarisation trial
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study, and participants were reminded of this ahead of each
time trial. The highest 15-s average of VO, was accepted as
the time trial VO,peak. If this value exceeded the VO,peak
achieved during the maximal, incremental cycling test, it
was used as the characterisation trial VO,peak. Following
the time trial, participants were provided with blank 7-d
exercise and 2-d diet record sheets, which were completed
in advance of the second trial, and replicated in advance of
the third trial.
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Visits two and three: PRE and POST assessments

Participants returned to the laboratory 5—14 days following
the characterisation trial to complete the first of the two
subsequent trials. Participants arrived having consumed a
standardised breakfast containing ~2 g kg~! of carbohy-
drate and ~ 800 mL of water 1 h beforehand. Participants
were fitted with a chest-strap heart rate monitor, and a
wireless near-infrared spectroscopy device for estimation
of muscle oxygenation (S,,0,) on their right leg (Moxy
Monitor, Fortiori Design LLC, Hutchinson, MN, USA).
The device was placed over the mid-belly of the vastus
lateralis, half the distance between the tibial tuberosity
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and greater trochanter. The precise site of the device was
recorded such that it could be repeated in the remaining
trial. Heart rate and muscle oxygenation were measured
continuously throughout the trial.

The PRE and POST trials began with a 5-min warm-up at
100 W. Following warm-up, participants cycled for 150 min
at 90% of their estimated VT, power output in the POST but
not PRE trial, with expired gases collected for 4 min every
15 min. Expired gases were used to quantify rates of whole-
body rates of energy expenditure, carbohydrate oxidation,
and fat oxidation during the 150-min preload using standard
equations (Jeukendrup and Wallis 2005). In POST, partici-
pants consumed 150 mL of water every 15 min in a solution
made with electrolyte mix (LMNT) containing 125 mg Na™,
25 mg K*, and 7.5 mg Mg?" during the first 120 min of the
150-min preload.

Subsequently, the moderate-to-heavy-intensity transi-
tion was estimated precisely using a five-step incremental
test with continuous collection of expired gases. The first
step began 50 W below the VT, power output estimated
in the first laboratory visit, and increased by 25 W every
4 min, such that the fifth and final step was 50 W above
the VT, power output estimated in the first laboratory visit.
The moderate-to-heavy-intensity transition power output
was estimated using the methods described for determining
VT, in the first laboratory visit, but with greater precision
given the greater density of data around the transition. This
method has been used to estimate the moderate-to-heavy-
intensity transition previously, producing similar results
to blood lactate-derived measurements (Stevenson et al.
2022b). Following the five-step incremental test, partici-
pants cycled at 100 W for 5 min before completing a 5-min
performance time trial according to the procedures described
above. The effect of prolonged exercise on the moderate-
to-heavy-intensity transition power output, 5S-min time trial
performance, and VO,peak during the 5-min time trial was
determined by subtracting PRE from POST values. We used
this exercise protocol as we previously observed reduced
power output at the moderate-to-heavy-intensity transition
after 150 min of initially moderate-intensity cycling (Ste-
venson et al. 2022b), and to simulate a road cycling event,
in which a severe-intensity effort near the finish may follow
a longer period of lower intensity cycling (Fernindez-Garcia
et al. 2000; Sanders et al. 2019).

Visit four: resting vastus lateralis microbiopsy

Approximately 5-14 days following the third visit, partici-
pants returned to the laboratory having consumed break-
fast and having refrained from vigorous exercise for 24 h.
A ~15-30 mg resting microbiopsy sample was obtained
from the mid-belly of the vastus lateralis of the dominant
leg,~10-15 cm above the patella. Local anaesthesia was

applied to the skin and superficial muscle fascia. A micro-
biopsy needle was then inserted into the mid-belly of the
vastus lateralis to a depth of ~2 cm to recover ~20-40 mg
of tissue using a spring-loaded mechanism (14G Ultimate
Biopsy Needle, Zamar Care, Croatia). Muscle tissue was
immediately frozen on dry ice and stored at —80 °C until
further analysis.

Muscle analyses

Frozen muscle was cut and rinsed using cold phosphate-
buffered saline (PBS) and then suspended to~25 mgmL~" in
PBS. Samples were then ground manually and thoroughly
using a pre-cooled Dounce homogeniser. Homogen-
ate was solubilised in extraction buffer (ab260490,
Abcam®) to~5 mg mL~! and incubated on ice for 20 min
prior to centrifugation at 16,000 g for 10 min at 4 °C. Super-
natant was extracted and stored at —80 °C prior to further
analysis. Supernatant was thawed and assayed in duplicate
for carnosine concentration (MBS721162, MyBioSource®;
our laboratory-specific coefficient of variation [CV], 12.6%),
citrate synthase enzyme activity (ab119692, Abcam®; CV,
11.4%), and complex I enzyme activity (ab109721, Abcam®;
CV, 12.1%). All outcome measures were expressed relative
to sample protein concentration using a Bradford assay, per-
formed in triplicate (ab102535, Abcam®; CV, 6.1 %). Carno-
sine concentrations, as assessed by 'H-magnetic resonance
spectroscopy, have been related to fibre type profile (Baguet
et al. 2011). Lower carnosine concentrations are observed
in type I compared to type II skeletal muscle fibres (Harris
et al. 1998). We, therefore, used our measures of muscle
carnosine as an indicator of muscle fibre type profile. CS and
complex I activities are related to mitochondrial protein con-
tent (Larsen et al. 2012). We, therefore, used our measures
of CS and complex I activities as markers of mitochondrial
protein content.

Statistical analyses

Data are expressed as mean + standard deviation, unless
otherwise stated. Normality of datasets was assessed using
Shapiro—Wilk tests. Simple PRE vs. POST comparisons of
the moderate-to-heavy-intensity transition power output,
VO,peak, and time trial performance were made using
paired ¢ tests or Wilcoxon signed-rank tests, depending on
normality, and used to verify the effect of prolonged exercise
on these parameters. The effect of time on whole-body rates
of energy expenditure, carbohydrate oxidation, fat oxidation,
S,,0,, and heart rate during the 150 min preload in POST
was analysed using one-way repeated measures analyses of
variance.

Bivariate relationships between (i) the magnitude of
the PRE vs. POST change in moderate-to-heavy-intensity
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transition power output and the magnitude of the PRE vs.
POST change in time trial performance, (ii) the magnitude
of the PRE vs. POST change in VO,peak and the magnitude
of the PRE vs. POST change in time trial performance, (iii)
the magnitude of the PRE vs. POST change in time trial per-
formance and PFO, (iv) the magnitude of the PRE vs. POST
change in moderate-to-heavy-intensity transition power out-
put and skeletal muscle characteristics were assessed using
Pearson’s or Spearman’s rank-order correlation coefficients
(depending on normality), and expressed with 95% confi-
dence intervals. The strength of correlations were assessed
according to the following qualitative criteria: <0.10, trivial,
0.10-0.29, small; 0.30-0.49, moderate; > 0.50, large (Cohen
1992). The PRE and POST values for SO, at the moderate-
to-heavy-intensity transition were compared using paired ¢
tests or Wilcoxon signed-rank tests, depending on normal-
ity, and intra-class correlation coefficients and coefficient of
variation statistics were computed. All analyses were per-
formed in GraphPad Prism Version 9.3.1. Significance was
inferred when P <0.05.
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Results
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The estimated power output at VT in the initial assessment
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longed phase, there was an effect of time on heart rate, EE,
carbohydrate oxidation, and fat oxidation (P <0.05). Sig-
nificant effects of time on VO, and S, 0, were not observed
(Fig. 2).

Effects of prolonged exercise

Power output at VT (211 +40 W vs. 198 +39 W, A -13+16
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and S, O, at VT 37+ 13 vs. 40+ 16%, P=0.139) were not
significantly different between PRE and POST (Fig. 3). The
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13.0%, with an intra-class correlation of 0.874.
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Fig3 A Power output at the A
first ventilatory threshold
(VT1), B 5-min time trial (TT)
performance, C peak rate of
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and D muscle oxygen saturation
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Correlational analyses

The change in power output at VT, from PRE to POST was
strongly associated with PRE-to-POST change in 5-min
time trial power output and VO,peak (P <0.05). The PRE-
to-POST change in VO,peak was not significantly asso-
ciated with the change in 5-min time trial power output,
nor was PFO (Fig. 4). No significant relationships were
observed between the PRE-to-POST change in power out-
put at VT, and vastus lateralis carnosine concentration
(24.0+12.2 ug'g~! protein), CS activity (16.1+5.1 umol ~!
min~! mg~! protein), or complex I activity (5.8 +3.2 umol ~!
min~! mg~! protein) (Fig. 5).

Discussion

Our primary observations were that: (i) prolonged exercise-
induced reductions in severe-intensity time trial performance
were strongly related to durability of the moderate-to-heavy-
intensity transition, (ii) prolonged exercise-induced reduc-
tions in severe-intensity time trial performance were not
related to PFO, (iii) no relationships were observed between
vastus lateralis CS activity, complex I activity, or carnosine
concentration and durability of the moderate-to-heavy-inten-
sity transition. These observations provide the first direct
support for the hypothesis that durability of the moderate-
to-heavy-intensity transition is an important endurance
performance parameter, and therefore further support that

durability of the moderate-to-heavy-intensity transition
might be monitored at an individual level. The physiologi-
cal determinants of durability remain to be identified.

In line with our hypothesis and previous work (Steven-
son et al. 2022a; Spragg et al. 2023a, b), prolonged exer-
cise led to a reduction in power output at the moderate-to-
heavy-intensity transition and 5-min time trial performance
(Fig. 3). Our novel observation is that those exhibiting larger
reductions in power output at the moderate-to-heavy-inten-
sity transition with prolonged exercise exhibited the larg-
est reductions in 5-min time trial performance (Fig. 3). The
strong relationship between the effects of prolonged exer-
cise on the moderate-to-heavy-intensity transition and 5-min
time trial performance could plausibly be mechanistically
related. Athletes demonstrating greater reductions in power
output at the moderate-to-heavy-intensity transition likely
spent more time in the heavy domain during the prolonged
phase. Heavy-intensity exercise results in greater extracellu-
lar K* accumulation than moderate-intensity exercise (Black
et al. 2017). Extracellular K* accumulation depresses mus-
cle force production, and therefore induces fatigue in vitro
(Cairns et al. 1997; de Paoli et al. 2007). It is, therefore,
plausible the more durable athletes were better able to main-
tain 5-min time trial performance due to better ability to
maintain Kt homeostasis. However, given an incremental
exercise test and 5-min recovery period occurred between
the end of the prolonged phase and the 5-min time trial,
it is possible that extracellular K* concentrations were
restored (Mohr et al. 2011). We suggest that this mechanism
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is interrogated in studies with measurement of plasma and
interstitial K* concentrations.

Second, prolonged exercise-induced reductions in 5-min
time trial performance were not related to PFO (Fig. 4d). As
muscle glycogen is an important fuel for high-intensity exer-
cise (Vigh-Larsen et al. 2022), and glycogen availability is
implicated in muscle fibre excitability and sensitivity to K*
disturbance (Cairns and Renaud 2023), we hypothesised that
athletes with a higher PFO would better maintain muscle
glycogen availability during the prolonged phase, and that
this would be favourable for mitigating the fatiguing effects
of K disturbances and maintaining muscle fibre excitabil-
ity during the subsequent 5-min time trial. Despite the lack
of association between the effect of prolonged exercise on
5-min time trial performance and PFO, it remains possible
that glycogen availability may at least partially mediate the
effects of prolonged exercise on severe-intensity perfor-
mance. Although PFO during incremental exercise relates
to fat oxidation rates during prolonged exercise (Maunder
et al. 2022), PFO is not a direct measure of glycogen utili-
sation or availability. In support, fat oxidation rates during
submaximal exercise have been associated with durability of
the heavy-to-severe-intensity transition and severe-intensity
performance (Spragg et al. 2023b). We, therefore, recom-
mend that future studies interrogate the relationship between
the effects of prolonged exercise on severe-intensity perfor-
mance and muscle glycogen availability using direct meas-
ures of glycogen content, ideally with subcellular analyses.

In contrast to our hypothesis, durability of the moderate-
to-heavy-intensity transition was not related to vastus lateralis
carnosine concentration, citrate synthase activity, or complex
I activity (Fig. 5). The absence of relationships between these
variables and durability of the moderate-to-heavy-intensity tran-
sition may indicate that these variables are not mechanistically
related, or may be due to the variability in these outcome meas-
ures, relatively low sample size, and/or relatively homogenous
participant group. We did attempt to measure HSP70 in our
muscle samples, but unfortunately this assay did not produce
usable results (measured concentrations exceeded the detect-
able range of the assay). Due to budgetary constraints, we were
unable to repeat the assay. We recommend that the relation-
ship between intramuscular HSP70 abundance and durability
is assessed in future studies.

As power output at the moderate-to-heavy-intensity
transition declines during prolonged exercise, identifica-
tion of a marker that can be viewed live during prolonged
exercise and used to assess proximity to the moderate-to-
heavy-intensity transition would be useful for within-ses-
sion training intensity regulation (Maunder et al. 2021b).
Here we measured muscle oxygenation (S,,0,) using a
non-invasive, wireless near-infrared spectroscopy device
that could theoretically be used for this purpose. Measures
of S0, reflect the balance between local oxygen use and

supply (Wittekind et al. 2012; Yogev et al. 2023). The
exercise intensity domains show distinct SO, responses
to prolonged exercise (Kirby et al. 2021), and the S0,
response to incremental exercise can be used to identify
intensity domain transitions (Batterson et al. 2023). We
found that the SO, coinciding with the moderate-to-
heavy-intensity transition was not systematically different
between PRE and POST (Fig. 3d). This supports the live
monitoring of S, O, for within-session intensity regulation,
as estimates of the S O, associated with the moderate-to-
heavy-intensity transition derived in routine physiological
profiling assessments appear to hold over time during pro-
longed exercise. However, the within-subject CV for SO,
at the moderate-to-heavy-intensity transition was ~ 13%,
which suggests these measurements should be applied to
prolonged exercise with caution. This variability may be
due to movement of the device and therefore measurement
site (Crum et al. 2017). Nevertheless, our data support
further exploration of how S, O, can be applied to within-
session intensity regulation during prolonged exercise. We
recommend that other S O, indices such as deoxygenated
haemoglobin are also explored.

This study is limited by the sample size. We may have
been insufficiently powered to detect relationships between
durability and the intramuscular variables, given the
known variability in the assays performed. In a between-
subject analysis, this variability is further exacerbated by
minor between-subject differences in the biopsy site, given
previous research showing variability in intramuscular
parameters within an individual at different sites along
a muscle tissue (Horwarth et al. 2021). Furthermore, we
cannot determine if the results observed within this study
readily translate to elite athletes, to prolonged exercise
with carbohydrate ingestion, or during stochastic-intensity
prolonged exercise protocols, that may be more reflective
of real-world road cycling events (Fernandez-Garcia et al.
2000; Sanders et al. 2019). We, therefore, recommend that
the implications of durability for endurance performance
are studied using a range of prolonged exercise protocols,
athlete populations, and sports to provide a more detailed
understanding of how durability influences real-world
endurance performance outcomes.

In conclusion, we observed that durability of the mod-
erate-to-heavy-intensity transition was related to the effect
of prolonged exercise on severe-intensity time trial perfor-
mance. However, we were unable to identify intramuscu-
lar variables that related to durability of the moderate-to-
heavy-intensity transition. This study provides the first direct
support that durability of the moderate-to-heavy-intensity
transition is an important endurance performance parameter,
and therefore that individual monitoring of durability of the
moderate-to-heavy-intensity transition may be valuable.
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