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Abstract

Although physiological responses during ultra-endurance events are becoming better
understood in recreational runners, very little is known about how these responses manifest in
elite athletes. This case study reports the physiological, nutritional, and thermoregulatory
responses of an elite ultra-endurance athlete who completed the 2025 Western States
Endurance Run (WSER 100) in 14:19:22, finishing 3rd overall, and within 10 min of the
course record. This case study provides the first comprehensive in-race assessment of energy
expenditure and intake, hydration, and renal responses in a world-class athlete under
competitive race conditions. Measurements included within-event total energy expenditure
(doubly labelled water), energy intake, heart rate, gastrointestinal temperature (telemetric
ingestible pill), body mass, renal biomarkers (NGAL, KIM-1), and durability assessed from
GPS-derived pacing data. Total energy expenditure was 16,104 kcal. Energy intake totaled
6,720 kcal (~86 g carbohydrate/h). The athlete consumed 12.5 L of fluids (0.87 L/h; 18.5 g
sodium) and lost 4.3% body mass. Mean gastrointestinal temperature was 37.1°C and peaked
at 39.4°C. Urinary biomarkers showed transient renal stress, with NGAL concentrations
increasing from 9.4 to 25.4ng/mL and KIM-1 from 0.30 to 1.70 pg/mL, alongside mild
proteinuria and hematuria. Pacing analysis showed a mean normalized speed of 84.8% of
predicted critical speed, with a 15% decline across the race, demonstrating exceptional
fatigue resistance. This case defines the upper range of energy expenditure (~18.8 kcal/min)
and carbohydrate ingestion sustainable in ultra-marathon running.

New & noteworthy

This case study provides the first comprehensive, in-race assessment of physiological,
nutritional, and thermoregulatory responses in a world-class ultra-endurance athlete during
the 2025 Western States Endurance Run. Using doubly labelled water, ingestible telemetry,
and renal biomarkers, this study quantifies the upper limits of energy expenditure (18.8
kcal/min), carbohydrate intake (86 g/h), and fatigue resistance achievable in competitive
ultra-endurance performance under extreme environmental conditions.

Keywords

Ultra-endurance, energy expenditure, carbohydrate intake, thermoregulation, durability
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Introduction

Elite ultra-endurance athletes represent the upper limit of human physiological performance,
sustaining extreme energy turnover, heat strain, and fatigue resistance over prolonged
durations (1, 2). However, the energetic and thermoregulatory demands experienced by
world-class ultra-runners under competitive race conditions remain largely unknown.
Existing research using doubly labelled water (DLW) has quantified total energy expenditure
(TEE) in multi-stage cycling and triathlon events, reporting values up to 8,000 kcal over 12
hours (2-4). The Wasatch Front Endurance Run showed even higher totals, with
approximately 15,800 kcal expended over nearly 33 hours (3). Yet, no study has
characterized these responses in an elite athlete competing for victory in a 100-mile ultra-
endurance race conducted in extreme heat (>35 °C).

The Western States Endurance Run (WSER) offers a distinct setting for such research, with
its challenging hot environment (peak temperatures of 33.5 °C during 2015-2024 at finish)
increasing sweat losses and gastrointestinal disturbances (5), which directly influence
nutrition and hydration strategies. Understanding how world-class athletes manage energy
expenditure, fluid balance, and thermoregulatory strain under such conditions help define the
physiological determinants of exceptional endurance performance.

This case study reports the physiological, nutritional, and thermoregulatory responses of an
elite ultra-endurance athlete who completed the 2025 WSER in 14:19:22, finishing 3rd
overall. It provides the first comprehensive in-race assessment of energy expenditure and
intake, hydration status, gastrointestinal temperature, and ultimately performance durability
across the race distance.

Methods

The participant is an elite professional endurance athlete (age: 37 y; height: 1.72 m; body
mass: 58 kg; body mass index 19.6 kg'm™; body surface area: 1.66 m?) and winner of
numerous major (ultra-)trail races including WSER, UTMB (x4), Hardrock 100 (x5), Sierre-
Zinal (x10), Zegama-Aizkorri (x11); Marathon du Mont-Blanc (x5); and Skyrunning World
Series overall championship (*4). Training and pre-race preparation logs are publicly
available (https:/fjell.cc/wsertraining/). The participant reported completing a structured heat
acclimation program in the 3 weeks prior to WSER, involving 12 exposures (4
sessions/week, 1.5-2.5 h each) in a makeshift climate chamber simulating peak race-day
conditions (40-45°C). In each session, the goal was to raise the body core temperature to
~38.5-39.0°C (measured via rectal thermometer). Data collected was part of a larger study at
WSER which received ethical approval from Loughborough University Ethics Review Sub-
Committee (LEON 19889), and written informed consent to present this as a case study was
obtained from the participant.

Experimental design

All data were collected during the 2025 WSER (161 km; ~5,500 m cumulative elevation
gain, temperatures up to 40°C). The evening before the race (19:30), a baseline urine sample
was collected, followed by ingestion of a doubly labeled water (DLW) dose. A second
(enriched) urine sample was obtained before the start (03:15; 1 h 45 min pre-race), and a third
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sample was collected 1 h 40 min post-finish (21:00). On the morning of the race (04:30; ~30
min before the start), body mass was measured, a urine sample was collected, and a
telemetric pill was ingested to monitor core temperature throughout the race. Body mass was
measured again post-race (~5 min after finishing; before any food/fluid was consumed).
Training and race data (i.e., position, elevation, time) were continuously recorded via a
COROS Apex watch and optical heart rate armband (COROS Wearables Inc., Irvine, US; 1
Hz). Food and fluid intake were ad libitum during the race.

Energy expenditure

TEE was assessed using the DLW method (6), following a simplified two-point protocol
validated for short-term field applications (2). The Calorify DLW test (Calorify, Scotts Valley,
US) was used for isotope administration and urine sample collection and processing. A
background urine sample was collected 9.5 hours prerace in the evening (19:30) before
sleeping. An oral doubly labeled water dose was also consumed at this time with 31.5 g
H,'®0 (0.53 g/kg of body mass, 4.18 atom% excess '"O) and 1.6 g *H,0 (0.03 g/kg of body
mass, 9.48 atom% excess “H). The overnight post dose urine sample was collected to
calculate total body water (TBW = [(Ny/1.007) + (Ng/1.043)]/2) (7). The dilution space ratio
(No/No; where Ny was 1733.77 mol and Ny was 1874.06 mol) was 1.08 [within acceptable
range 0.97-1.10; (8)]. Fat-free mass was then estimated using the mammalian hydration
constant (0.732) and used to determine basal metabolic rate (REE (MJ/d) = 0.05192 x FFM
(kg) + 0.04036 x FM (kg) + 0.869 x sex — 0.01181 x age (y) + 2.992). Additional urine
samples were obtained before the start (03:15; 1 h 45 min pre-race), and 1 h 40 min post-
finish (21:00). Isotopic enrichment of *H and '®O in urine samples was analyzed using off-
axis integrated cavity output spectroscopy (9) (Analytical precision of 0.1%o for '®O and
0.4%0 for *H). The difference in isotope elimination rates was used to calculate carbon
dioxide production (rCO2; Eq. 1; using TBW measured pre-race) (10), from which TEE (in
MJ) was derived using the modified Weir equation (Eq. 2) (10, 11).

rCO, = 0.4554 x TBW [(1.007 x ko) - (1.043 x kg)] x 22.26 (Eq. 1)
TEE = rCO, x [1.106 + (3.94/RQ)] x (4.184/10%) (Eq. 2)

Where kg is the elimination rate for 180, Kq is the elimination rate for 2H, and the respiratory
quotient is 0.86 (3). This abbreviated DLW protocol has been shown to provide reliable
estimates of energy expenditure in field-based endurance settings (2, 12).

Body Core Temperature

Gastrointestinal temperature (Tg;)) was recorded every minute using a telemetric pill (e-
Celsius Performance, BodyCap, Hérouville Saint-Clair, France) ingested 30 min before the
start (04:30).

Body mass, composition and hydration status

Body mass was measured pre- and post-race using a calibrated digital scale (Seca 803,
Hamburg, Germany) with minimal clothing (shorts, t-shirt, and socks only). Urine samples
collected before and after the race were analyzed for osmolality (Osmocheck, Vitech
Scientific, UK), and stored at -80°C until subsequent analysis. They were later analyzed to
measure UNGAL (Human NGAL ELISA Kit, ThermoFisher Scientific, Waltham, US; CV:
5.4%) and uKIM-1 (KIM-1 Human ELISA Kit, Enzo Life Sciences, Lausanne, Switzerland;
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CV: 1.7%) concentrations. Additionally, urine was tested with URS-14 test strips (Healgen
Scientific, Houston, US) for parameters including microalbumin (mAlbumin), protein, blood,
and ketones.

Soeed-gradient-duration profile

Official race time and ranking were obtained from the WSER organizers’ database
(https://www.wser.org/results/2025-results/). Training sessions performed between June 12t
and August 27" and the 2025 WSER race were analyzed to model the participant's speed-
gradient-duration profile (from recorded mean speed data for a series of gradient and duration
conditions) and analyze his durability during the race.

The maximal mean speed S (in km-h™) the participant can maintain for a given gradient g (in
%) and duration d (in second), was described as a function §g,d) [Eq. 3] using the 3-
parameter critical intensity model [Eq. 4; (13, 14)] and the inverse of a polynomial function
that describes the relationship between speed and grade in running for a given metabolic
intensity [Eq. 5; (15)]:

S(g,d) = [DY/(d+ 7)] + [1/(ad*+bd*+cd+e]  (Eq. 3)
S(d) = D'/(d+7) + S, (Eq. 4)

S = 1/(ad*+bd*+cd+e) (Eq. 5)
with D' being the distance reserve (in meters), T a time shift (in second), a, b, ¢ and e are
unitless constants describing the polynomial function.

Based on the profile record approach previously applied to level running (16), the proposed
model (Eq. 3) was fitted using mean speed data recorded across various grade and duration
conditions from training sessions. For each session (n = 77), mean speeds were calculated for
combinations of gradients (-40% to +40% in 2% increments) and durations (10 s, 30 s, 60 s,
and 120-720 s in 120-s increments). The 99™ percentile of each combination was used to
represent the athlete's best speed over the whole dataset, by overcoming potential outliers
coming from measurement bias. These data were then used to fit the model using bisquare
weights method. D’, 7, a, b, ¢, and e coefficients as well as the regression coefficient 2 and
RMS error were computed.

WSER race analysis

The analysis of race data was based on a method previously proposed for level and uphill
running (17) with the addition of downhill data analysis to propose a full description of the
gradient conditions experienced. Race data was segmented into 100-m intervals and mean
speed (in km-h™ using time to complete the segment) and gradient (in % using the elevation
difference between segment start and end) were computed. The mean racing speed-gradient
model S(g) (Eq. 3) was first fitted with data from all segments with a bisquare weights
method. Subsequently, interquartile range analysis was applied to the negative residuals to
statistically identify and remove outlier segments (39 segments; 2.4%). Outlier segments
correspond to segments where the athlete stopped (e.g. at refreshment stations), resulting in
an exceptionally low average segment speed. The model was fitted a second time with the
remaining segments to obtain the a, b, ¢ and e unitless coefficients as well as the regression
coefficient r* and RMS error.
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To analyze durability during running, the speed of each segment was then normalized to the
critical speed of the corresponding gradient and expressed as a percentage, S, = S/Sc(g). This
made it possible to observe the evolution of speed over the course of the race, independently
of the grades encountered. The normalized speed was lowpass filtered with a 1/200 Hz cutoff
frequency to obtain a trendline. This filtered normalized speed was then fitted from a
heuristic two-piecewise-linear function:

Sy(t) = min(a, bt + ¢) (Eq. 6)

with t the racing time in hour, a the initial intensity which can be maintained up to a break
point time t,=(a-c)/b, after which the normalized relative speed decreases with a slope b (in
%S, per hour).

Data analysis

Data and statistical analyses were conducted using MATLAB (R2024b). For Tg;, short-term
artefacts and perturbations [i.e., fluid ingestion; (18)] were minimized by extracting the
temperature envelope. Local maxima separated by >30 min were identified, extended to
include the first and last data points, and interpolated using a modified Akima cubic Hermite
method (“makima”) to generate a smoothed envelope of the signal. For speed and altitude, a
fourth-order low-pass Butterworth filter with a 1/10 Hz cutoff frequency was applied to
minimize high-frequency artefacts.

Results

The participant completed the 2025 WSER 100 in 14:19:22 (hh:mm:ss), finishing 3" 8 min
behind the winner (14:11:25), 2 min behind 2 place (14:17:39), and 10 min behind the
course record (14:09:28).

Fat-free mass and total body water measured using DLW, in the morning of the race were
75% (43.3 kg) and 55% (31.70 kg), respectively.

At the start of the race, fueling relied on a mixed fat-carbohydrate approach, progressively
shifting toward predominantly carbohydrate intake in the later stages. Average carbohydrate
consumption was 86 g-h™! across the race, peaking at 110 g-h™! in the last 5 hours. Total
energy intake reached ~6,720 kcal, including ~1,290 g of carbohydrate and 190 g of fat,
alongside 12.5 L of fluid and ~18.5 g of sodium (Table 1).
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Table 1. Nutrition strategies pre- and in-race.

Food intake Estimated intake Fluid intake

Dietary fat intake adjusted to

Wfﬁl; ?:cf:re induce a ~1 kg increase in body - -
mass
] Bowl of Qvermght oats with CHO: 60 g
Pre-race berries and honey
. - Fat: 5-10 g 0.5 L water
(morning) Probiotics (sachets of Lyvecap — Enerev: 350 keal
2400 billion CFU) &y:
0 _&()0, :
In-race: >0% fat-50% CHQ fux CHO: ~250 g _ .
(avocado, coconut oil, nuts, : 0.5 L-h! of water with
0-4 h dates. b ot oat Fat: ~110 g 15 0L of sodi
(0-46 km) ates, banana, overnight oats, keal: 2000 Sg of sodium
cacao powder, beetroot)
. 80 g'h' CHO & 10 g-h! fat )
In-race: Mix of gels (Maurten 160); CHO_' 400 g 1 L-h™* of water with 1.5
49 h - . Fat: 50 g - .
(46-102 km) jellies/soft bars; rice cakes and Keal: 2050 g-h™" of sodium
50% fat-50% CHO mix flasks ’
In-race: .
9-14.3 h 110 g'h™' CHO CI;(a)t'. 380 & 1 L-h! of water with 1.5
(Finish) Gels (Maurten 160) kcal'.23%0 g'L™! of sodium
(102-161 km) )
CHO: 1290g 12.5 L of water
Total - Fat: 190g 18.5 ¢ of sodi
keal: 6720 = g of sodium

CHO, Carbohydrates; CFU, colony forming units

*#* Insert Figure 1***

As illustrated in Figure 1, fluctuations in speed and heart rate closely followed the elevation
profile, with pronounced speed reductions and higher heart rate during uphill sections.

Ambient temperature peaked at 40°C after ~120 km (~11 h into the race), while relative
humidity did not exceed 60%. Tgr progressively increased over the race, averaging 37.1°C
and peaking at 39.4°C (during the last 10 km at ~19:00 when ambient temperature was
around 35°C), with Tg; exceeding 38°C for over 3 h. During the race, the participant
employed a comprehensive range of cooling methods including evaporative (wet clothing),
conductive (cold-water immersion in rivers), and internal cooling (ice slurry ingestion,
menthol rinse and chilled gel consumption). Cooling was implemented early (from the
Duncan Canyon aid station; 39 km in race) and systematically maintained throughout the
remainder of race.

Post-race measures (Table 2) indicated a 2.5 kg (-4.3%) reduction in body mass and elevated
urine osmolality (790 mOsm-kgH-O™).
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The athlete expended a total of 16,104 kcal during the 2025 WSER 100, with an intake of

6,720 kcal, resulting in an energy deficit of 9,384 kcal.

Table 2. Energy expenditure, intake, gastrointestinal temperature, body mass change and urinalysis
during the 2025 WSER 100.

In race

Total energy expenditure (kcal;

16,104 (67.38)

Energy MJ)
expenditure Total e(rlliragl}_lle;gf)n diture 13,492
and intake Race energy intake (kcal; MJ) 6,720 (28.11)
Race energy deficit (kcal; MJ) 9,384 (39.27)
Average Tg; (°C) 37.07
Maximal Tg; (°C) 39.44
. . Tgr > 38°C (min) 204
Gi‘esrt;‘“en;itfe’al Ter > 38.5°C (min) 168
P To1 > 39°C (min) 63
Maximal Tg; post-race (within
10 min) (°C) 39.77
Pre-race Post-race
Body mass (kg) 58.0 55.5
. Body mass change (kg; %) - -2.5(-4.3)
H};?;tal;c;on Urine specific gravity (A.U.) 1.005 1.015
Urine osmolality 120 790
(mOsm-kgH-0™).)
Urinary NGAL (ng-mL™) 94 25.4
Urinary KIM-1 (pg-mL™) 0.30 1.70
. mAlbumin (mg-L™) 10 30
Urine markers Blood (cacells-ulL™) 0 10
Protein (g-L™) 0 20
Ketone (mmol-L™) 0 0.5

Tar: Gastrointestinal temperature; KIM-1: kidney injury molecule-1; NGAL: neutrophil gelatinase-associated

lipocalin.

The speed-gradient-duration profile was successfully fitted so S(g,d) = 74.7/(d+31.4) + S.(g)
with Se(g) = 1/(-1.09¢-6d+7.39¢-5d>+1.42e-3d+6.82e-2)[12 = 0.939; RMS error = 1.06 km-h”
' Fig. 2a]. The average racing speed-gradient relationship was fitted as Sr(g) = 1/(-5.84e-
6d°+9.14¢-5d2+1.83e-3d+8.06e-2)[r2 = 0.723; RMS error = 1.24 km-h™; Fig. 2b -black line].
The normalized speed-racing time (in hours) relationship was fitted with the heuristic two-
piecewise-linear function S;(t) = min(87.4, -1.45t + 94.8) (12 = 0.864; RMS error = 1.75 %S,;
Fig. 2c -dashed black line) so the breaking time point t, = SHO7.

*#% Insert Figure 2 ***
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Discussion

This case study presents data of an elite ultra-endurance runner who completed the 2025
WSER 100 in 14.3 hours, achieving an exceptionally high TEE of 16,104 kcal during the
race. To our knowledge, this represents the highest TEE values reported over this duration in
ultra-endurance running. Pacing analysis showed a mean normalized speed of 84.8% of
predicted critical speed, with a 15% decline across the race. The athlete experienced a 4.3%
body mass loss by the finish, with gastrointestinal temperature peaking at 39.4°C during the
race and sustained elevations above 38°C for over 3 hours. Post-race urinary markers of renal
stress, along with moderate proteinuria, hematuria, and ketonuria, indicated transient,
exercise-induced renal perturbations.

When normalized for time (13,513 kcal-12 h™'), the TEE values exceed those observed in
prior DLW-based investigations of similar events, including IRONMAN® Hawaii (8,310 +
1,520 kcal over ~12 h) and the WSER in recreational athletes [7,040 + 1,360 kcal over ~12 h;
(2)]. However, these values remain in the theoretical expected range (~20 kcal-h™") for elite
athletes during ultra-endurance events [e.g., running at 14.7 km-h™' on flat roads, which can
correspond to ~11.3 km-h™!, on trails with elevation gain, as shown in this case study (1)].
This disparity between elite and amateur athletes likely reflects both the higher absolute
intensity and speed of elite runners during ultra-marathon running [50-160 km (19, 20)].
Moreover, amateur runners often alternate between running and walking, with a greater
proportion of walking compared to elite athletes, as observed through average race speed
(17). Since the energetic cost of walking is substantially lower than that of running [leading
to lower estimated TEE when walking to cover the WSER course; (21)], this difference in
locomotion strategy could significantly influence TEE and may help explain discrepancies
with previous reports. This greater energy expenditure may also be explained by
environmental stress at the 2025 WSER with temperatures close to 40°C during key race
sections, leading to rises in core temperature and dehydration (i.e., -4.3% of body mass
pre/post-race). These two factors contribute to the increased metabolic demands, and
carbohydrate use (22), compared with exercising in euhydrated, thermoneutral conditions.
Carbohydrate intake during the race averaged 86 g-h™', meeting nutritional recommendations
for prolonged endurance exercise [i.e., up to 90 g-h™'; (23)]. Despite the challenging heat and
altitude, the athlete tolerated this high intake without reporting any gastrointestinal distress.
This may be explained in part by prior gut training and a planned nutrition and hydration
strategy. Despite the high energy intake, it remained much lower than energy expenditure
(~40% of TEE).

Despite consuming ~1 L-h™" of fluids, body mass declined by 4.3%. Higher intakes would be
required but this may not be possible because of practical limitations, and/or there may be a
tradeoff between reduced body mass and weight-bearing endurance performance. Urinary
markers of acute kidney injury (KIM-1, NGAL) were substantially elevated compared to pre-
race values, albeit lower than observed in runners following a 120-km trail race (24). In
addition, moderate proteinuria and mild hematuria and ketonuria indicate temporary
impairments in renal function and protein losses, which are likely due to muscle breakdown
commonly seen in endurance activities with high volumes of eccentric muscle contractions
(25). However, the post-race urine sample was collected ~100 min after completion, during
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which rapid fluid and carbohydrate intake may have diluted urine and influenced biomarker
concentrations.

The highest gastrointestinal temperatures were observed in the final minutes of the race (Fig.
1D). This coincided with the greatest exercise intensity, as reflected by running speed (Fig.
2C). Despite accumulated fatigue, these peaks were likely linked to changes in pacing as the
finish line approached. This supports the notion that exercise intensity is the primary driver of
thermal strain (26), even more so than ambient temperature, as athletes had been exposed to
~40°C earlier in the race without reaching similar values. However, the maximal
gastrointestinal temperature remained below 39.5°C during the race. This can be explained by
the reduced metabolic heat production during ultra-endurance running events (27), and the
effectiveness of acclimation and per-cooling strategies undertook by the athlete.

Racing speed-grade analysis

The speed-grade-duration model (Eq. 3) built on two previously known models presented an
excellent goodness of fit to the record speeds computed from training data (r*> = 0. 939; Fig.
2a). It is therefore possible to profile the athlete's speed capabilities according to the grade
individually and only based on real-life training data.

Analysis of speed as a function of grade across the entire race (Fig. 2B-C) shows that the
athlete ran below critical speed (mean normalized speed: 84.8% Sc). Interestingly, only a
very few segments were run above critical speed (i.e., 24 segments> 105%Sc [1.4%] and 15
segments [0.9%] if the last kilometer of the race and the final acceleration are excluded).
Critical speed is the lower boundary of the severe-intensity domain, in which neuromuscular
fatigue develops rapidly (28). The athlete's pacing strategy thus maximized running speed
while limiting the development of fatigue. These results show that the athlete was initially
able to maintain an average speed of 87.4%Sc for around 5 hours, and thereafter speed
declined by 1.45%Sc every hour until the end of the race (mean speed at the end was
74.0%Sc corresponding to a ~15% performance decrease; Fig. 2C). This probably reflects a
deterioration in intensity domain transitions (29). In other words, as the athlete's critical speed
decreases, he adapts in the pacing strategy to stay below maximal metabolic steady state and
avoid early acute fatigue development. The 15% drop in performance of the elite athlete
studied here can be read in relation to the —32.0% =+ 7.8% average speed of the flat segments
between the first and second halves of the UTMB previously reported when considering all
finishers (17). This highlights the athlete's extraordinary capacity to maintain a level of
performance very close to his initial capacity throughout the race (i.e., excellent physiological
durability).

Conclusion

This case study provides valuable reference data on the upper range of energy expenditure
(~18.8 kcal'min™"') and carbohydrate intake achievable in elite-level ultra-marathon running.
It demonstrates that sustained intakes of ~90 g-h™' of carbohydrates are tolerable and
sufficient to support performance without gastrointestinal distress, even under extreme heat
stress. It also underscores the importance of pre-race heat acclimation and active cooling
strategies for races held in extreme heat. These findings also highlight the athlete’s
remarkable durability, demonstrating the ability to sustain near-critical speeds for most of the
race, with only a moderate ~15% decline in performance in the latter stages.
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Figure description

Figure 1. (a) Altitude and ambient temperature, (b) speed, (c) heart rate and (d) gastrointestinal temperature
over time during the 2025 Western States Endurance Run 100. In Panel A, the black solid line represents the
elevation, and the grey line represents the ambient temperature, the black solid vertical lines indicate aid stations
where crew support was permitted, while the grey dashed vertical lines represent aid stations without crew
access. In Panel D, dashed horizontal lines are shown at Tg; = 38 °C and Tg; = 40°C to facilitate interpretation.
HR, heart rate; Tg, gastrointestinal temperature.

Figure 2. WSER 2025 racing speed analysis according to gradient and critical speed. (a) Record speed-
gradient-duration relationship S(g,d) obtained from training data collected over a period of 77 training sessions;
dots represent a mean speed record for a given duration and gradient; The surface is the graphical representation
of S(g,d) (Eq. 3) fitted from the record data and expressing the speed that the athlete can maintain for a given
gradient and duration of effort; the bold solid line represent the critical speed-gradient relationship Sc(g) being
the duration asymptote of the S(g,d) relationship; (b) WSER 2025 mean racing speed - gradient relationship
Sr(g); dots represent the mean speed during each 100-m segments of the race; the crosses correspond to the
segment being statistical outlier based on residuals analysis; black line is the race speed-gradient relationship
Sr(g) fitted from Eq. 2; critical speed-gradient Sc(g) relationship obtained from the record speed-gradient-
duration profile is overplot with a purple line; (c) Durability analysis of the racing speed expressed relative to
the critical speed of the corresponding gradient; dots represent the speed of each 100-m segments; grey line is
the trend line of the speed as a function of racing time obtained from lowpass filtering; dashed line represent the
speed-racing time relationship fitted from an heuristic two-piecewise-linear function (Eq. 4); The latter allow to
identify break point time from which the mean speed start to decrease during the race (SHO7; vertical dash-
dotted line).
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