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Abstract

Aim To investigate the impact of prolonged running on speed at the moderate-to-heavy intensity transition, and whether
increased eccentric load modifies exercise-induced shifts in the moderate-to-heavy intensity transition.

Methods Twelve endurance-trained runners (4 females, 8 males, peak oxygen uptake 51.5 mL kg~! min~! in females and
56.1 mL kg~' min~' in males) participated. Following trials to assess speed at the first ventilatory threshold (VT ona0%
gradient and -10% gradient, participants completed two trials: (i) level trial (LVL): 120-min of running at 0% gradient and
(i1) downhill trial (DH): 120-min of running with 90-min at 0% gradient and 6 X 5-min intervals at -10% gradient (DH).
Running was conducted at 90% of VT, speed for respective gradients. Speed at VT, on 0% gradient, perceived leg muscle
soreness, and maximal voluntary isometric knee extensor torque were assessed pre- and post-prolonged exercise.

Results An effect of time was observed for speed at VT, (A-6.2+3.6% in LVL and A-7.6 +3.2% in DH, P <0.001), with no
effect of condition (LVL vs. DH, P=0.382), or time X condition interaction (P =0.295). Reduced metabolic energy expendi-
ture (metabolic power) significantly contributed to the reduced speed at VT, in both trials (P <0.001), whereas changes in
running economy (energetic efficiency) did not (P =0.228).

Conclusion Prolonged moderate-intensity running reduced speed at the moderate-to-heavy intensity transition, but this was
not exacerbated by increased eccentric load. Reduced speed at the moderate-to-heavy intensity transition following prolonged
running was primarily attributed to decreased metabolic power.
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Abbreviations Introduction

DH Downbhill trial

IET Incremental exercise test The physiological response to exercise can be divided into
LT, First lactate threshold three distinct intensity domains (Jones et al. 2019). During
LVL Level trial moderate-intensity exercise, disturbances to muscle meta-
Vo, Rate of oxygen uptake bolic and ionic homeostasis are minimal, and blood lactate
VO, max Maximal rate of oxygen uptake concentrations remain close to baseline. During heavy-inten-
VO,peak Peak rate of oxygen uptake sity exercise, a delayed steady state is established for blood
VT, First ventilatory threshold lactate concentration, whole-body oxygen consumption
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domain transitions has been termed ‘durability’ (Maunder
et al. 2021) and has been proposed as a key performance
determinant (Maunder et al. 2021; Jones 2023).

The effects of prolonged exercise on intensity domain
transitions have only been investigated in cycling thus far,
with limited research in running (Nuuttila et al. 2024). Key
differences between running and cycling that could influence
durability include use of the stretch—shortening cycle and the
induction of muscle damage (Jones 2023), and greater loss
of neural function, during running (Brownstein et al. 2022).
The stretch—shortening cycle is characterised by repeti-
tive eccentric and concentric muscle activity (Bijker et al.
2002). Eccentric activity, which is largely absent in cycling,
is associated with significantly greater mechanical loads
than concentric contractions (Marcora and Bosio 2007). The
resultant mechanical stress can damage contractile proteins
(McCully and Faulkner 1986), disrupt myofilament struc-
ture (Morgan 1990; Talbot and Morgan 1996; Proske and
Morgan 2001), and damage the dystrophin complex (Gao
and McNally 2015; Owens et al. 2019). This structural dam-
age can impair the function of contractile apparatus, exci-
tation—contraction coupling and glucose oxidative function
within individual muscle fibres (Macpherson et al. 1996;
Tee et al. 2007). A reduction in speed at the moderate-to-
heavy intensity transition during prolonged running may be
attributed to two broad factors: reduced metabolic energy
expenditure before transitioning to heavy intensity responses
(‘metabolic power’, i.e. lower kcal'min~! at the transition)
and reduced running economy (‘energetic efficiency’, i.e.
greater kcal'min~! at a given speed; Stevenson et al. 2022).
It is therefore plausible that the mechanical stress and mus-
cle damage during running might impair contractile func-
tion in individual muscle fibres, reduce the size of the active
fibre pool, and therefore contribute to a decline in speed
at the moderate-to-heavy intensity transition via effects on
metabolic power and energetic efficiency. Negatively-graded
running intensifies the eccentric phase of the stretch—short-
ening cycle (Bontemps et al. 2020), resulting in increased
markers of exercise-induced muscle damage, such as per-
ceived muscle soreness and reduced maximal voluntary
force production (Eston et al. 1996, 2000; Rowlands et al.
2001; Braun and Dutto 2003). Therefore, performing rela-
tive intensity-matched running on level and negative gradi-
ents may offer an ecologically valid model for studying the
impact of eccentric load on the moderate-to-heavy intensity
transition in running.

Muscle glycogen depletion might also contribute to a loss
of metabolic power by impairing the contractile function of
individual fibres, as glycogen depletion beyond a threshold
may render individual fibres inexcitable (Cairns and Renaud
2023; Ortenblad et al. 2013; Nielsen et al. 2024). This is
pertinent in the prolonged exercise context, as the most-oxi-
dative, type I fibres are preferentially activated, and therefore
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most rapidly glycogen-depleted, meaning the active fibre
pool may be progressively less oxidative as exercise pro-
gresses (Nielsen et al. 2024). A less-oxidative fibre pool may
plausibly exhibit a heavy-intensity response at a lower meta-
bolic energy expenditure and running speed. Greater use
of type II fibres is also likely to reduce energetic efficiency
(Swinnen et al. 2024). Also, some studies have observed
reduced running economy over time during moderate/heavy
intensity running (Unhjem 2024; Zanini et al. 2024). This
could similarly be a result of a shift in the exercising fibre
pool from oxidative type I to less oxidative type II fibres
(Jones et al. 2011; Nielsen et al. 2024) and contribute to the
reduction in speed at the moderate-to-heavy intensity tran-
sition via effects on energetic efficiency. Therefore, further
investigation of the effect of prolonged running on speed
at the moderate-to-heavy intensity transition is warranted.

Therefore, the aims of this study were to investigate: (i)
the effect of prolonged running on speed at the moderate-
to-heavy intensity transition, (ii) the contribution made
by metabolic power and energetic efficiency to prolonged
running-induced changes in speed at the moderate-to-heavy
intensity transition, and (iii) whether increasing the eccen-
tric load of running while remaining in the same intensity
domain affects the magnitude of change in speed at the
moderate-to-heavy intensity transition. We hypothesised
that: (i) prolonged running would decrease speed at the mod-
erate-to-heavy transition, (ii) reduced energetic efficiency
and metabolic power would contribute to reduced speed at
the moderate-to-heavy intensity transition, and (iii) greater
eccentric load would exacerbate the reduction in speed at the
moderate-to-heavy intensity transition.

Methods
Ethical approval

This study adhered to the Declaration of Helsinki, 2013.
The Auckland University of Technology Ethics Committee
approved all procedures (23/362), and participants provided
written informed consent prior to participation. This study
was not registered in a database. Raw data are available upon
request.

Participants

Twelve endurance-trained runners participated in this
investigation (Table 1). Participants were free from ill-
ness and musculoskeletal injury (>3 months), had no his-
tory of cardiovascular disease, trained >3 times week ™!,
ran>30 km week ™!, and could run 5 km in < 20-min for
males and < 23-min for females (self-reported). Participants
completed a general health screening questionnaire and
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Table 1 Participant characteristics

N=12 Male (N=8) Female (N=4)
Age (y) 39+8 37+9

Height (cm) 1824+6.6 163.0+3.0
Mass (kg) 744+11.2  59.0+6.9
VO,peak(mL kg~! min~") 56.1+3.5  51.5+69
PFO (g min™") 0.58+0.10  0.47+0.26
Training volume (km week™!) 79+31 6022
Training frequency (sessions week™!) 6+ 1 T2

Data are presented as mean +standard deviation. PFO peak fat oxida-
tion rate, VO,peak peak rate of oxygen uptake

provided written informed consent. Participants received a
report detailing key data upon study completion.

Study design

Participants visited the laboratory on four occasions. Visit
1 was a characterisation trial involving an incremental
exercise test (IET) to estimate the running speed at VT,
for use in subsequent trials and peak rate of oxygen uptake
(VO,peak; Fig. 1). Visit 2 included a submaximal IET on
a — 10% gradient to determine ‘downhill’ running speed at
VT, and familiarisation with an exercise induced muscle
damage indicators battery (Fig. 1). Visits 3 and 4, conducted
in random counterbalanced order, began with the exercise
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induced muscle damage indicators battery to assess maxi-
mal voluntary isometric knee extensor torque and perceived
leg muscle soreness, followed by a 0% gradient submaximal
IET to assess speeds at VT; (PRE-LVL and PRE-DH). Par-
ticipants then completed either: (i) 120-min of running on a
0% gradient at 90% of ‘level’ VT, speed estimated in visit
1 (LVL), or (ii) 120-min of running, with the last 5-min of
every 20-min on a — 10% gradient at 90% of the ‘downhill’
VT, speed estimated in visit 2, and the remainder on a 0%
gradient at 90% of ‘level’ VT, estimated in visit 1 (DH).
Following this, participants performed the 0% gradient sub-
maximal IET to determine speed at VT, and the exercise
induced muscle damage indicators battery to assess maximal
voluntary isometric knee extensor torque and perceived leg
muscle soreness (POST-LVL and POST-DH). Perceived leg
muscle soreness was also recorded at ~24-,~48- and ~72-h
after visits 3 and 4 (Fig. 1). All trials commenced at~6 am in
a temperature-controlled laboratory (18-20 °C). Visits 1 and
2 were ~2—7 days apart, while 2, 3, and 4 were 7-14 days
apart. Participants arrived fasted (overnight~ 10-h) for visit
1 and consumed a standard breakfast of ~ 1 gkg~! carbohy-
drates before visits 2—4. The same pair of running shoes was
worn for all trials.

Visit 1: characterisation trial

Participants reported to the laboratory for the initial maxi-
mal [ET having fasted overnight (~ 10-h), ingested 1-2 L of
plain water, and refrained from caffeine and vigorous exer-
cise for ~24-h (Fig. 1). After completing a health screen-
ing questionnaire and providing written informed consent,
height and mass were measured. Running commenced on a
motorised treadmill (gradient 0%; Saturn 250-75R, HP Cos-
mos, Germany) with a 5-min warm-up at 9 km h™!. The IET
began at 10 km h™!, with speed increased by 1 km h™! every
3 min. Expired gas and heart rate were collected continu-
ously using indirect calorimetry (TrueOne 2400, ParvoMed-
ics, UT, USA) and a chest-strap heart rate monitor (Polar
Electro Oy, Kempele, Finland). When respiratory exchange
ratio > 1.0 and a decrease in end-tidal partial pressure of car-
bon dioxide was observed, speed was increased by 1 km h™!
each minute until volitional exhaustion. The VO,peak was
accepted as the highest 15-s average rate of oxygen uptake
(VO,), and VT, was identified at the breakpoint of the VO,
vs. ventilatory equivalent for oxygen (Vg - VO; ! relation-
ship and confirmed by the breakpoint in end-tidal oxygen
partial pressure. This VO, was converted to speed by linear
regression of the VO, vs. speed relationship, using the aver-
age VO, for the final minute of each 3-min stage. A detailed
example of this process is provided in Supplementary Mate-
rial S1. Heart rate, VO, and metabolic energy expenditure
at VT, were calculated by linear regression of the respec-
tive variables vs. speed (Eq. 1). Expired gas data from the
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final minute of every 3-min stage was also used to quantify
whole-body rates of fat oxidation using standard equations
and peak fat oxidation was taken as the greatest final minute
fat oxidation value (Jeukendrup and Wallis 2005; Eq. 1).

Visit 2: downhill incremental exercise test
and familiarisation

Participants reported to the laboratory 3—7 days following
the characterisation trial, having been asked to consume a
breakfast containing ~ 1 g’kg™! carbohydrate and 1-2 L plain
water. Participants recorded their breakfast using a smart-
phone-based application which features food from Australia
and New Zealand (Easy Diet Diary, https://xyris.com.au/
products/easy-diet-diary), to allow for replication in subse-
quent visits. Participants completed a submaximal IET on
a — 10% gradient to determine ‘downhill” speed at VT, and
were familiarised with the exercise induced muscle damage
indicators battery (Fig. 1). Negative gradients were achieved
by reversing the direction of travel of the treadmill belt, con-
verting what was a positive gradient in the forward direction
to a negative gradient.

Participants initially acclimated to the negatively graded
treadmill (~5-min walking and light running). After indicat-
ing readiness, a 4-min warm-up at 9 km h~! (0% gradient)
was completed before the treadmill was adjusted to a -10%
gradient. The IET comprised five 3-min stages, starting at
4 km h™! below 120% of the ‘level’ speed at VT, deter-
mined at visit 1. Speed increased by 2 km h™! per stage,
with the third stage at 120% of the ‘level’ VT, speed. This
value of 120% of the ‘level’ VT, speed was selected for
the third stage based on our pilot work and previous stud-
ies indicating VT, speed on a -10% gradient was ~ 15-30%
greater than at a 0% gradient, in endurance-trained runners
(Lemire et al. 2020). Expired gas and heart rate were con-
tinuously measured and speed, heart rate, VO2 and metabolic
energy expenditure at VT, were estimated using the meth-
ods described for visit 1. A detailed example of this process
is provided in Supplementary Material S2. One participant
completed only four stages, but a clear increase in VO, vs.
Vg - VO; ! was observed before cessation, allowing speed at
VT, to be estimated. Following a short rest, for familiarisa-
tion purposes, participants completed the exercise induced
muscle damage indicators battery.

Visit 3 and 4: experimental trials

Participants reported to the laboratory for the first of two, ran-
domised, counterbalanced order, prolonged trials ~7 days after
visit 2, and completed the second prolonged trial ~7—14 days
later. Before both trials, participants were asked to replicate
their breakfast from visit 2 and consume 1-2 L plain water.
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Prolonged trials began with the exercise induced muscle dam-
age indicators battery. Following this, participants performed
a 4-min warm-up running at 9 km h™!' (0% gradient) fol-
lowed by a five-stage 0% gradient IET to determine speed and
metabolic energy expenditure at VT (Eq. 1). The IET began
2 km h™! below the estimated ‘level’ VT, speed from visit 1,
and the speed increased by 1 km h™! every 4 min. Expired
gas was measured continuously and speed and metabolic
energy expenditure at VT, were estimated using the methods
described for visit 1. A detailed example of this process is pro-
vided in Supplementary Material S3. Cadence was measured
continuously and used to calculate stride length (Stryd power
meter, Boulder, Colorado, USA).

Subsequently, participants walked for 5 min at 5 km h™!
before running for either (i) 120 min on a 0% gradient at 90%
of the ‘level’ VT, speed estimated in visit 1 (LVL) or (ii)
120 min with the last 5 min of every 20 min on a — 10% gra-
dient at 90% of the ‘downhill’ VT, speed estimated in visit 2,
and the remainder on a 0% gradient at 90% of the ‘level’ VT,
speed estimated in visit 1 (DH; Fig. 1). Continuous heart rate
and cadence data were collected, with expired gases sampled
every 20 min for 10 min. This ensured data were obtained
for both ‘level’ and ‘downhill” sections in the DH trial. Two
3-min averages for expired gases, heart rate, and cadence were
calculated for each collection period (e.g., for min 10-20, aver-
ages were obtained from min 12—15 and 17-20). The 3-min
expired gas samples were used to calculate whole-body rates
of metabolic energy expenditure, fat oxidation and carbohy-
drate oxidation using standard equations (Jeukendrup and
Wallis 2005; Eq. 1). Total metabolic energy expenditure, car-
bohydrate oxidation, and fat oxidation over the 120 min were
calculated using the area under the curve method. Throughout
the trial participants consumed plain water ad libitum.

Whole-body rate of metabolic energy expenditure
(kcal min™") = 0.550 x VCO, x +4.471 x VO,

Whole-body rate of fat oxidation ( g min_l)
= 1.695 x V0,—-1.701 x VCO,

Whole-body rate of carbohydrate oxidation ( g min_l)

. . 1
= 4344 x VC0,-3.061 x VO, )

where VCO,=rate of oxygen uptake (L min~') and
VCO,=rate of carbon dioxide production (L min™').
Following the 120-min prolonged run phase, participants
walked for 5-min at 5 km h~! before repeating the five-stage
level-gradient IET to estimate speed and metabolic energy
expenditure at VT, using the methods described for visit
1 (Fig. 1; Supplementary Material S3). Participants then
rested for 30-min before completing the exercise induced
muscle damage indicators battery. Post-trial, participants

recorded perceived leg muscle soreness at~24-, ~48-,
and ~72-h (Fig. 1).

Mathematically, loss of speed at VT, can be attributed
to: (i) reduced running economy at a given rate of metabolic
energy expenditure (reduced energetic efficiency) and (ii)
a reduction in the rate of metabolic energy expenditure at
VT, (reduced metabolic power). To determine the contribu-
tions made by changes in energetic efficiency and metabolic
power to changes in speed at VT, in LVL and DH, the rate
of metabolic energy expenditure associated with VT, in the
POST IET was converted to speed using linear regression of
the speed vs. energy expenditure relationship in the PRE IET
(denoted POSTgPRELy). Therefore, POSTgPREL identi-
fies the theoretical speed that the rate of whole-body meta-
bolic energy expenditure measured at VT, in POST would
have produced with the same level of energetic efficiency as
in the PRE IET. Accordingly, the contributions to changes
in speed at VT; made by changes in energetic efficiency and
metabolic power, in LVL and DH, were calculated (Eq. 2).
A detailed worked example of these calculations is available
in Supplementary Material S4.

Contribution of change in energetic efficiency to change
in speed at the moderate-to-heavy intensity transition
= POST—POSTyPREg4

Contribution of change of metabolic energy expenditure to change
in speed at the moderate-to-heavy intensity transition

= POST,.PRE;—PRE
@
where energetic efficiency is equivalent to running econ-
omy, POST =speed at VT, assessed in the post-exercise
incremental exercise test, POSTpgPREg;=the speed that
would have been achieved in the PRE assessment at the rate
of metabolic energy expenditure observed at the moderate-
to-heavy intensity transition in the POST assessment and
PRE =speed at VT assessed in the pre-exercise incremental
exercise test.

To quantify whole-body sweat loss in both trials, par-
ticipants arrived in separate clothes from those worn dur-
ing running. Pre- and post-exercise clothing mass, body
mass, and water bottle mass were recorded. If a participant
used the toilet during the trial, changes in body mass were
recorded and the trial was ‘paused’ to maintain a total dura-
tion of 120-min. Dehydration was calculated by changes in
body mass, adjusted for fluid consumption during the trial.

Exercise-induced muscle damage indicators battery
Unilateral (right leg) maximal voluntary isometric knee

extensor torque was measured using isokinetic dynamometry
(Humac NORM, CSMi, Stoughton, MA, USA). Participants
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were seated (seat angle 80°), aligning the dynamometer’s
axis of rotation with the lateral femoral epicondyle. The
lever arm length was adjusted to position the pad at the dis-
tal tibia near the malleoli, ensuring full ankle mobility. The
chest and right thigh were secured with straps to prevent
extraneous movement. Positional measurements from visit
2 were replicated in visits 3 and 4. Torque measurements
were taken at a knee joint angle of 80°, from full extension
(180°), measured using goniometry with the dynamometer.

Participants completed a brief warm-up of 10X 3-s con-
tractions with a 5-s rest between contractions. For this,
participants were instructed to “push at 50% effort”. After
a 30-s rest, participants performed five maximal contrac-
tions, each lasting 3-s with a 30-s rest between contractions.
To promote maximal force output, all participants were
instructed to exert maximal force as fast as possible against
the lever arm and to look at the monitor displaying force
production (Baltzopoulos et al. 1991). Researchers gave a
count of three before each push and provided strong verbal
encouragement. The first two of the five contractions were
omitted, and maximal voluntary isometric knee extensor
torque was recorded as the greatest of the final three values.

Evidence of exercise-induced muscle damage was
assessed by perceived leg muscle soreness before (PRE-
LVL and PRE-DH), after (POST-LVL and POST-DH), and
at~24- (24H-LVL, 24H-DH), ~48- (48H-LVL, 48H-DH)
and ~72-h (72H-LVL, 72H-DH) after the prolonged trial.
The perceived leg muscle soreness was assessed using a
visual analogue scale printed on a piece of white A4 paper,
consisting of a 100 mm horizontal line anchored by two
descriptors labelled from left (‘no soreness’) to right (‘worst
soreness ever’). Participants squatted to parallel (~90° knee
angle) and marked their perceived leg muscle soreness level
on the printed horizontal line with a vertical line using a
pen. Soreness was quantified by measuring the distance from
the “no soreness” anchor point and the participant’s marked
line (Davies et al. 2009, 2011). Assessments were conducted
under researcher supervision for PRE-LVL, POST-LVL,
PRE-DH, and POST-DH. For 24-, 48-, and 72-h measure-
ments, participants used provided paper forms at home, seal-
ing each in separate envelopes to avoid influencing subse-
quent responses.

Statistical analysis

Data are presented as mean + standard deviation unless
otherwise specified. All analyses were performed in JASP
(Version 0.18.3). Statistical significance was defined as
P <0.05. The normality of datasets was assessed using the
Shapiro—Wilk test. Two-way repeated measures analysis of
variance was used to test the effect of time and condition on
speed, metabolic energy expenditure and VO, at VT,, maxi-
mal voluntary isometric knee extensor torque, perceived leg
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muscle soreness, and VO,, metabolic energy expenditure,
carbohydrate oxidation, fat oxidation, heart rate and stride
length during the 120-min prolonged run. If the assump-
tion of sphericity was violated, as assessed by Mauchly's
test of sphericity, the Greenhouse—Geisser correction was
applied to adjust the degrees of freedom for the F-tests.
When significant main effects were found, post-hoc analysis
was conducted using paired 7-tests with Holm-Bonferroni
correction applied to adjust for multiple comparisons. One
sample t-tests were used to determine whether changes in
energetic efficiency and metabolic power were significant.
Paired t-tests were used to compare total metabolic energy
expenditure, oxygen consumption, carbohydrate oxidation,
fat oxidation, sweat loss and dehydration between trials.

Results
Prolonged phase

Assessed in visits 1 and 2, ‘level’ (0% gradient) VT, speed
was 12.6+0.8 km h™! and ‘downhill’ (-10% gradient) VT,
speed was 15.8 + 1.3 km h™!. Consequently, during the two-
hour prolonged phase, level sections were completed at
11.3+0.7 km h™!, and downhill sections at 14.3 + 1.2 km
h~!. Additionally, ‘level’ VO, at VT, was greater than
‘downhill’ (2.80+0.45 L min~ ! vs. 2.46+0.43 L min™}),
as was metabolic energy expenditure (13.7 +2.3 kcal min~!
vs. 12.0+2.1 kcal min™") and heart rate (15249 b min~! vs.
145+ 12 b min™").

There was a significant interaction between time and
condition for metabolic energy expenditure and VO,
during the prolonged phase (P <0.001; Figs. 2A and
4B). However, post-hoc analysis revealed no within- or
between-condition effects when comparing 15-min val-
ues for metabolic energy expenditure and VO, to all other
level-gradient timepoints (all P > 0.05). Metabolic energy
expenditure and VO, were decreased in DH during the six
downhill sections when compared with equivalent LVL
timepoints (all P <0.05). There was a significant time x
condition interaction for carbohydrate (P < 0.001) and fat
(P=0.033) oxidation during the prolonged phase (Figs. 2C
and 4D). Carbohydrate oxidation decreased significantly
after 75-min and 95-min vs. 15-min in LVL and DH,
respectively (all P <0.01). Fat oxidation increased sig-
nificantly after 80-min and 75-min vs. 15-min in LVL and
DH, respectively (all P <0.05). No significant between-
condition differences were observed at each timepoint
(all P> 0.05). Total metabolic energy expenditure over
the 120-min was significantly greater in LVL compared
to DH (1478 +267 kcal vs. 1403 243 kcal, A 5.5 +5.4%,
P=0.019). However, there was no significant difference
in total oxygen uptake (286 +59 L vs. 275+51 L, A
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Fig.2 Physiological responses to prolonged running. A Rate of oxy-
gen uptake (VO, L min~!), B rate of metabolic energy expenditure

3.4+5.7%, P=0.053), carbohydrate oxidation (229 +59 g
vs. 219+62 g, A 7.8+21.9%, P=0.432) or fat oxida-
tion (56+23 gvs. 52+ 18 g, A 10.8+47.5%, P=0.591)
between trials. A significant interaction between time and
condition was observed for heart rate (P =0.029; Fig. 2E)
during the prolonged phase, with significant increases after
100-min and 95-min vs. 15-min in LVL and DH, respec-
tively (all P <0.01). There were no significant between-
condition differences at each timepoint (all P> 0.05).

A significant interaction between time and condition was
observed for stride length (P <0.001; Fig. 2F), but post-hoc
analysis revealed no significant effect of time or condition on
stride length in either trial when comparing 15-min values to
other level-gradient timepoints (all P> 0.05). Stride length
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(EE kcal min™"), C carbohydrate oxidation rate (g min~"), D fat oxi-
dation rate (g min~"), E heart rate (b min™") and F stride length (m)
during the 120-min prolonged phase of the LVL and DH trials

was shorter in DH during downhill sections compared to
LVL (all P <0.05).

Moderate-to-heavy intensity transition

PRE speed at VT, was consistent (CV =1.53%). There
was a significant main effect of time (PRE vs. POST,
P<0.001), but no effect of condition (LVL vs. DH,
P=0.382) or time x condition interaction on speed at VT,.
Specifically, speed at VT, decreased from PRE to POST
in both trials (12.7+1.0 km h™' to 11.9+ 1.1 km h™!, A
—6.2+3.6%inLVLand 12.7+1.0kmh™'to 11.7+ 1.1 km
h™!, A — 7.6 +3.2% in DH, Fig. 3). There was a signifi-
cant main effect of time (PRE vs. POST, P <0.001), but
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no effect of condition (LVL vs. DH, P <0.386), on meta-
bolic energy expenditure at VT, which decreased PRE to
POST in both trials (13.9 +2.3 kcal min~! to 12.8 +2.1 kcal
min~!, A — 7.8 +-1.1% in LVL and 13.7 +2.2 kcal min~' to
12.7+2.3 kcal min~!, A — 7.1+ — 1.0% in DH). There was
a significant main effect of time (PRE vs. POST, P <0.001),
but no effect of condition (LVL vs. DH, P<0.738), on
VO, at VT,, which decreased PRE to POST in both trials
(2.75+0.50 Lmin~' t0 12.8 +2.1 Lmin™", A — 5.4+ —3.8%
in LVL and 2.76 +0.44 L min~! t0 2.56 £0.45 L min™!, A
—7.5+4.3 in DH).

Reduced metabolic power significantly contributed to the
reduction in speed at VT, in both trials (— 0.64 +0.38 km
h™!, P<0.001 in LVL and — 0.89+£0.29 km h™', P<0.001
in DH; Fig. 4). In contrast, there was no significant contribu-
tion of reduced energetic efficiency (— 0.12+0.33 km h™!,
P=0.229 in LVL and — 0.02+0.35 km h™!, P=0.844 in
DH,; Fig. 4).

Exercise-induced muscle damage indicators

There was low variability in baseline perceived muscle
soreness (IQR=28.5 for LVL and 12 for DH). A significant
main effect of time on perceived leg muscle soreness was
observed (P=0.004). At PRE, perceived leg muscle sore-
ness was low (PRE-LVL, 6 +6/100 and PRE-DH, 8 +9/100,
Fig. 5A). Perceived leg muscle soreness significantly
increased at POST (POST-LVL, 26 + 18/100 and POST-DH,
284+ 19/100, P=0.003) and remained increased at 24-h (24-
LVL, 20+ 13/100 and 24-DH, 27 +16/100, P=0.013) and
48-h (48-LVL, 15+ 12/100 and 48-DH, 27+ 16, P=0.02),
before returning to PRE values at 72-h (72-LVL, 6 +6 /100
and 72-DH, 16+ 13, P=0.58). There was a significant
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Fig.3 Speed at the moderate-to-heavy intensity transition. A Speed
(km h™") at the moderate-to-heavy intensity transition before (Pre)
and after (Post) 120-min of prolonged running in the level and down-
hill trials, as determined by the first ventilatory threshold (VT,). Error
bars indicate standard deviation. *** denotes P<0.001. B Change
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Fig.4 Physiological contributions to prolonged running-induced
changes in the speed at the moderate-to-heavy intensity transition.
The contributions of changes in energetic efficiency and metabolic
power to prolonged running induced changes (A) in the speed (km
h™') at the moderate-to-heavy intensity transition before and after
120-min of running in the level and downhill trials as determined by
the first ventilatory threshold (VT)). Bars indicate mean values and
error bars indicate standard deviation

main effect of condition on perceived leg muscle soreness
(P=0.029), but post-hoc analysis revealed no significant dif-
ferences in perceived leg muscle soreness at each timepoint
between conditions (all P> 0.05).

There was minimal variability in baseline maximal vol-
untary isometric peak torque (CV=1.70%). A significant
interaction between time and condition was found for maxi-
mal voluntary isometric knee extensor torque (P=0.04,
Fig. 5B). Post-hoc analysis showed no difference in baseline
maximal voluntary isometric knee extensor torque (DH:224
224 +80 nM vs. 224 +79). However, torque significantly
decreased from pre- to post-exercise DH (224 + 80 nM

- Level
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(A) in speed (km h™!) at the moderate-to-heavy intensity before and
after 120-min of prolonged running in the level and downhill trials.
Bars indicate mean values while points with connecting lines indicate
individual responses
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Fig.5 Muscle damage indicators. A Perceived leg muscle soreness
(1-100 mm) estimated using a 100 mm visual analogue scale follow-
ing a squat to parallel, before (Pre), 30 min after (Post),~24 h,~48 h
and~72 h after LVL and DH prolonged trials. Points indicate mean
values and error bars indicate standard deviation. B Change (A) in

vs. 201 £84 nM, A — 11+£11%, P=0.01), but not in LVL
(224+79 vs. 211 +78, A — 6+8%, P=0.15).

Sweat loss and dehydration

Sweat loss was significantly higher in DH compared with
LVL (2.63+0.60 L in LVL vs. 2.78 +£0.59 in DH, A 5.7%,
P=0.005), however, dehydration, as a percentage loss of BM
was not significantly different between trials (2.58 +0.73%
in LVL vs. 2.73+0.62% in DH, P=0.113).

Discussion

We investigated the effect of prolonged running, and the
effect of downhill running-induced eccentric load, on dura-
bility of the moderate-to-heavy intensity transition. Con-
sistent with our hypothesis, speed at the moderate-to-heavy
intensity transition decreased following 120-min of moder-
ate-intensity running. This was explained by reduced meta-
bolic power without changes in energetic efficiency. How-
ever, in contrast to our hypothesis, increasing the eccentric
load did not appear to significantly exacerbate the decline in
speed at the moderate-to-heavy intensity transition.

The observed decrease in speed at the moderate-to-heavy
intensity transition following 120-min of moderate-intensity
running in LVL and DH is consistent with previous find-
ings in cycling (Stevenson et al. 2022; Gallo et al. 2024;
Hamilton et al. 2024), and with a recent study in running
(Nuuttila et al. 2024; Fig. 3). Metabolic power at the mod-
erate-to-heavy intensity transition following prolonged
running was reduced in both trials, as demonstrated by
an~7.8% and ~7.1% decrease in whole-body metabolic
energy expenditure at the transition PRE-to-POST, similar

-o- Level
-0~ Downhill

Level Downhill

maximal voluntary isometric knee extensor torque (MVIT; %) before
(PRE) and 30 min after (POST) LVL and DH trials. Bars indicate
mean values while points with connecting lines indicate individual
responses. *Denotes P <0.05

to the ~6.3% reduction previously observed following pro-
longed cycling (Stevenson et al. 2022; Fig. 4). Mechanisti-
cally, this may be driven in part by exercise-induced muscle
damage, which is associated with damage to contractile
proteins (McCully 1986), disrupted myofilament struc-
ture (Morgan 1990; Talbot and Morgan 1996; Proske and
Morgan 2001) and damage to the dystrophin complex (Gao
and McNally 2015; Owens et al. 2019). Combined, this
may impair the contractile ability of individual fibres via
disruption of the contractile apparatus and increased mem-
brane permeability which impairs excitation—contraction
coupling (Macpherson et al. 1996). However, the absence
of a condition effect on speed at the moderate-to-heavy
intensity transition makes it difficult to discern an effect of
exercise-induced muscle damage on shifts in this transition,
as greater exercise-induced muscle damage in DH did not
correspond with a larger decline in speed. The perceived
leg muscle soreness increased significantly for 48-h fol-
lowing both trials, with greater effect in DH. However, the
absence of time-point specific differences between LVL vs.
DH suggests, while statistically detectable over the entire
period, the greater effect in DH is relatively subtle and dif-
fuse (Fig. SA). Additionally, there was a significant reduc-
tion in maximal voluntary isometric knee extensor torque in
DH of ~ 10%, but no significant decrease in LVL (Fig. 5B).
These data suggest a muscle-damaging effect in both trials,
with a more pronounced response in DH (Eston et al. 1996,
2000; Warren et al. 1999; Rowlands et al. 2001; Braun and
Dutto 2003; Fig. 5). It is important to note that the ~5.5%
reduction in overall energy cost during the prolonged phase
of the DH trial may have influenced these results. Given the
lower energy expenditure, the relative decline in VT, speed
in DH may have been greater. It also possible that glyco-
gen depletion, which has been proposed as a mechanism
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of reduced metabolic power (Stevenson et al. 2022), con-
tributed to impaired contractile function in individual mus-
cle fibres following the prolonged run (Cairns and Renaud
2023; Ortenblad et al. 2013), and that preferential activation
and therefore glycogen depletion in the most-aerobic, type
I fibres shifted the pool of active fibres to a progressively
less-oxidative phenotype (Nielsen et al. 2024). However, as
we did not measure glycogen depletion in this study, we
cannot further examine this hypothesis. Therefore, future
studies assessing durability of the intensity domain transi-
tions during running with measures of muscle glycogen are
warranted.

We observed no reduction in energetic efficiency at the
moderate-to-heavy intensity transition (Fig. 2), nor shifts in
energy expenditure or VO, during the prolonged run (Fig. 4),
contrasting previous findings in both running (Unhjem 2024;
Zanini et al. 2024) and cycling (Stevenson et al. 2022; Ham-
ilton et al. 2024; Fig. 5). Studies that reported declines in
running economy over 90- and 60-min regulated intensity
at 100% LT, (Zanini et al. 2024) and 70% VO, max speeds
(Unhjem 2024), respectively, while we regulated intensity
at 90% VT, speed. A recent study reported reduced running
economy following 90 min of running at 90% of speed at
the moderate-to-heavy intensity transition, assessed using
the lactate threshold in female runners, but not in males
(Nuuttila et al. 2024). Regulating intensity at 100% LT,
may have placed participants in the heavy-intensity domain.
This is due to the estimation involved in determining LT,
combined with the exercise-induced decline in speed at
the moderate-to-heavy intensity transition observed in this
study and others (Nuuttila et al. 2024). Additionally, due to
the interindividual variability in fraction of VO, max at the
moderate-to-heavy intensity transition, regulating intensity
at 70% VO, max speed may have placed some participants
in the heavy domain (Iannetta et al. 2020). Given that~60%
VO, max corresponded to the moderate-to-heavy intensity
transition in the mentioned study (Unhjem 2024), many
participants likely exercised in the heavy-intensity domain.
Given distinct metabolic differences between exercise inten-
sity domains (Black et al. 2017), this may explain discrep-
ancies between our data and others, though reductions in
energetic efficiency have been observed during moderate-
intensity cycling (Stevenson et al. 2022; Hamilton et al.
2024). Higher-performing runners typically exhibit greater
durability of running economy (Unhjem 2024; Zanini et al.
2024), but our participants were likely ‘lower perform-
ing’ than in the discussed studies, with VO,peak values
of ~51.5+6.9 ml kg~! min~! in females and ~56.1 +3.5 ml
kg™! min~! in males, compared to~62.4 ml kg~ min~!
(Zanini et al. 2024) and ~64.4 ml kg~! min~! (Unhjem
2024). The speed at the moderate-to-heavy intensity transi-
tion was also lower (13.2 km h~!vs. 14.1 km h™'; Zanini
et al. 2024). Therefore, despite indications of glycogen
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depletion, reflected by increased fat oxidation, and that this
is associated with a shift from type I fibres to the less oxi-
dative type II fibres (Nielsen et al. 2024), the absence of a
significant change in energetic efficiency at the moderate-to-
heavy intensity transition and energy expenditure and VO,
during prolonged exercise in this study remains unexplained
and warrants further investigation.

Sweat loss and dehydration were assessed to rule out
possible confounding effects of hydration status. Sweat loss
was ~5.3% greater in DH vs. LVL; however, no significant
differences in dehydration were observed between trials.
This aligns with research indicating that heat production dur-
ing eccentric exercise can exceed metabolic energy expendi-
ture by up to three times (Nielsen 1966), leading to greater
sweat loss during eccentric vs. concentric exercise (Nielsen
1966; Nielsen et al. 1972), likely because energy supplied by
the treadmill is dissipated as heat during muscle lengthen-
ing (Davies and Barnes 1972). Participants consumed water
ad libitum without specific hydration instructions, suggest-
ing they intuitively increased water consumption during DH
to compensate for the higher sweat loss. Thus, it is unlikely
that increased sweat loss in DH substantially confounded
our results.

Our data demonstrate that prolonged exercise induces a
reduction in speed at the moderate-to-heavy intensity tran-
sition, a phenomenon now observed in both running and
cycling (Stevenson et al. 2022; Gallo et al. 2024; Hamilton
et al. 2024; Nuuttila et al. 2024; Fig. 5SA and B). This high-
lights a critical issue: using assessments of speed from well-
rested states to programme prolonged exercise may cause
athletes to inadvertently drift from moderate to heavy inten-
sity, increasing physiological stress and recovery time in
training (Stanley et al. 2013), or negatively impacting perfor-
mance in ultra-endurance running events performed largely
at moderate-intensity (De Pauw et al. 2024). Additionally,
training load models could consider the durability of the
moderate-to-heavy intensity transition to enhance accuracy
in quantifying training demands. Our findings also suggest
that maintaining relative intensity across gradients results
in similar degradation of the moderate-to-heavy intensity
transition. This is challenging in real-world settings; run-
ners often regulate intensity through heart rate and speed,
which vary by gradient (Lemire et al. 2020). For example,
in this study, speed at the moderate-to-heavy intensity tran-
sition was~13.2 km h™! on a 0% gradient and ~ 15.8 km
h™! on a — 10%, with heart rate~ 152 b min~' and ~ 145
b min~!, and metabolic energy expenditure ~13.7 kcal
min~! and ~ 12.0 kcal min~!, respectively. While grade-
adjusted speed attempts to align energy cost across gradi-
ents (Minetti et al. 1994, 2002; Smyth and Muniz-Pumares
2020), it does not effectively regulate relative intensity, as
metabolic energy expenditure relative to the moderate-to-
heavy intensity transition decreases on negative gradients.
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Thus, using grade-adjusted speed on downhill sections to
align energy cost of different gradients could push runners
into a higher intensity domain than intended. Real-time
power output measurement, common in cycling, may better
regulate intensity across gradients if power output at inten-
sity domain transition remains consistent. Given eccentric
activity in downhill running produce greater force at a lower
metabolic cost than concentric (Hill 1938; Bigland-Ritchie
and Woods 1976; Aura and Komi 1986; Perrey et al. 2001),
metabolic energy expenditure may be lower during down-
hill running despite equivalent power output. While run-
ning power meters are available, their reliability remains
uncertain (Imbach et al. 2020; Cerezuela-Espejo et al. 2021;
Linkis et al. 2021). Future research should explore whether
power output at the transition is consistent across gradients
and if power meters can provide reliable real-time data.

This study has several methodological considerations
and limitations. Firstly, different IET protocols with vary-
ing stage durations were used, deliberately designed for
specific objectives. The characterisation incremental trial
used 3-min stages to initially estimate VT, speed and
VO,peak using a standardised protocol in participants
with diverse physiological profiles, providing a standard-
ised basis for programming speeds during the prolonged
run. Similarly, five 3-min downhill stages were used to
estimate downhill-specific VT, as longer downhill tread-
mill running became intolerable for some participants in
pilot testing. This also meant that the protocol for setting
level and downhill intensities in the prolonged trial was
as similar as possible. The pre-/post-prolonged trials used
4-min stages to improve the precision of VT, estimation,
while the downhill test featured larger speed increments
(2 km h™! vs. 1 km h™!) to account for the greater range
of speeds that can be achieved on a — 10% gradient. An
important potential limitation is that VT, speed estimated
using the five-stage IETs relied on a limited number of
data points, potentially reducing precision. A ramp test
with more, shorter stages and smaller speed increments
could improve sensitivity by capturing gas exchange data
across a broader speed range. However, this would pre-
clude steady-state gas exchange values required for cal-
culating energetic efficiency and metabolic power. Thus,
our protocol was designed to balance practical feasibility
with physiological accuracy, though a ramp test may have
provided better precision.

Beyond VT, estimation, other methodological factors
warrant consideration. Trials were matched for relative
exercise intensity, resulting in different total energy costs
between trials, as ‘downhill’ metabolic energy expendi-
ture was lower than ‘level’ metabolic energy expenditure
at respective VT, speed (~13.7 kcal min~! vs. 12.0 kcal
min~!). This may have confounded the impact of exercise-
induced muscle damage and/or glycogen depletion on the

moderate-to-heavy intensity transition. Future work may
match downhill and level protocols for energy cost, to bet-
ter discern the effect of exercise-induced muscle damage
on the moderate-to-heavy intensity transition. Logistical
constraints limited maximal voluntary isometric knee
extensor torque measurements to pre- and post-exercise.
Despite a 30-min rest period following the running phase
to allow for the dissipation of transient fatigue factors, the
distinction between the contributions of acute fatigue fac-
tors and exercise-induced muscle damage to the reduction
in peak torque is not entirely clear (Warren et al. 1999).
Additionally, we did not measure levels of myofibrillar
proteins in blood, another marker of exercise-induced
muscle damage (Warren et al. 1999). Future studies should
include measures of peak torque over several days post-
exercise and myofibrillar protein analysis for improved
exercise-induced muscle damage detection. Lastly, while
greater maximal voluntary isometric knee extensor torque
loss were observed in DH vs. LVL, this loss in torque
(~6% in LVL and ~ 10% in DH) was less than the ~25%
reported previously (Eston et al. 2000; Rowlands et al.
2001), potentially due to the steeper gradients and longer
durations in those studies. Future research should con-
sider steeper gradients and longer downhill durations to
enhance exercise-induced muscle damage and better assess
its impact on the moderate-to-heavy intensity transition.

To conclude, we demonstrated that prolonged moderate-
intensity running significantly reduced speed at the moder-
ate-to-heavy intensity transition, largely due to decreased
metabolic power. Increasing the eccentric load during run-
ning at the same relative intensity did not influence the mag-
nitude of the speed decline at this transition. Our data have
implications for training programming, load monitoring, and
pacing during ultra-endurance running events.
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