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Endurance performance in disciplines such as cycling, middle and long distance
running, triathlon, and cross-country skiing has traditionally been explained, to a large
extent, by three well-established physiological determinants: maximal oxygen uptake
(VO,max), lactate threshold, and movement economy (1-5). VO,max reflects the
maximal power of the cardiorespiratory system to uptake, transport, and utilize
oxygen. Lactate threshold denotes the highest exercise intensity that can be
sustained in a metabolic quasi-steady state, while movement economy describes the
energy cost associated with maintaining submaximal velocities (6). This three-
component model has been central to performance profiling and accounts for a
substantial proportion of the inter-individual variance in endurance performance,

particularly under standardized laboratory conditions (7, 8).

However, accumulating empirical and field-based evidence indicates that these
classical markers are insufficient to fully explain endurance performance between
athletes and in different endurance sport events, particularly in competitive scenarios
characterized by prolonged durations or repeated efforts, sometimes extending
across multiple days (9, 10). To address these limitations, recent scientific work has
proposed additional constructs that extend the traditional three-dimensional model
and better reflect the complex and multidimensional nature of endurance
performance (11, 12). Concepts such as durability (11), fatigability (13, 14),
(physiological) resilience (12), and (high-intensity) repeatability (11) have emerged to
describe an athlete’s capacity to limit physiological deterioration, tolerate and
accumulate fatigue, adapt to environmental and psychological stressors, and recover
between successive high-intensity efforts in various disciplines. We provide a

visualization of concepts in Figure 1.
***Figure 1 near here***

These constructs recognize that endurance performance is not solely determined by
the three-component model but also by an athlete's ability to cope with internal and
external stressors throughout different competitive scenarios. Emerging evidence
emphasizes the influence of prior intensity and duration of exercise (7, 14, 15),
environmental conditions(16-18), substrate availability (7), hydration (19, 20) on
these additional performance dimensions. Collectively, these concepts advocate for a
refinement of the existing three-component endurance performance model by

integrating these emerging constructs and identifying sport-specific variables that
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more accurately predict competitive outcomes. However, the interchangeable use of
terms such as durability, fatigability, resilience, and repeatability (21) risks obscuring
the conceptual distinctions between them. From our perspective, the sustained
endurance required for marathon racing reflects a distinct physiological characteristic
— namely, the ability to maintain a high submaximal workload over prolonged periods
with  minimal performance degradation — which differs fundamentally from the
capacity to repeatedly generate and recover from high-intensity efforts, as often
observed in stage-based road cycling, where athletes may face demanding efforts

over consecutive days or weeks.

Despite their intuitive appeal, these emerging constructs raise conceptual challenges.
In contrast to classical physiological parameters such as VO,nax, lactate threshold or
running economy, which are based on quantifiable and reproducible measurements,
terms like durability, fatigability, resilience, and repeatability often lack clear,
universally accepted definitions and standardized operationalization. This conceptual
vagueness risks reducing them to umbrella constructs rather than discrete,
measurable performance determinants. Moreover, their application varies
inconsistently across sports and research groups, complicating cross-study
comparability and systematic integration into performance models. Consequently,
while these constructs offer valuable perspectives on endurance performance, their
current status as largely theoretical frameworks, rather than clearly defined

physiological parameters, limits their practical utility and scientific robustness.

The aims here are therefore to critically examine and conceptually clarify the
emerging constructs of durability, fatigability, resilience, and repeatability in
endurance sports. We seek to propose a distinction and contrast between these
constructs to explore their potential sport-specific manifestations, and propose
methodological approaches for their operationalization, measurement, and future

research.

Durability

Definition & empirical evidence
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Durability describes the “deterioration in physiological characteristics over time during
prolonged exercise“ (11), such as marathon running (7, 22), cycling time trials, or
multi-hour endurance events such as long-distance triathlon. It captures the
progressive decline in the body’s ability to maintain constant performance outputs
due to factors such as cardiovascular drift (23), neuromuscular fatigue (24),
metabolic shifts (25), and carbohydrate depletion (7). Distinct from classical
performance determinants, durability reflects an athlete’s capacity to resist functional
declines in key physiological markers (including critical power (CP), VO,max, and

movement economy) when exposed to sustained work rate (26, 27).
Assessment

Recent studies have attempted to operationalize durability by cardiovascular
response (i.e. cardiac drift) during prolonged exercise (25, 28) or by time-to-
exhaustion trials, providing a framework for its assessment in both laboratory and

field settings.

Training implications

Durability may me improved by strength training (10, 29) and both high- and low-
intensity training (30).

Fatigability

Definition & empirical evidence

Fatigue represents a critical constraint in human performance, operationally defined
as "an acute impairment of performance that includes both an increase in the
perceived effort necessary to exert a desired force and an eventual inability to
produce this force" (31). This dual-component framework — encompassing both the
subjective perception of effort and objective performance decline — aligns with
contemporary models describing fatigue as "a disabling symptom in which physical
and cognitive function is limited by interactions between performance fatigability and

perceived fatigability" (32).

In maximal repeated-effort contexts characteristic of endurance sports like
cycling, fatigability manifests distinctly as "the ability to repeat efforts at workloads

corresponding to or near mean maximal power output (MMP)" (Muriel et al., 2022)
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such as in events requiring repeated surges (e.g., breakaways, hill climbs). As such
fatigability is characterized by the rate and magnitude of physiological strain and
performance loss that develops within a continuous task due to fatigue accumulation.
Unlike repeatability, fatigability reflects the vulnerability to functional decline under
load, largely independent of recovery capacity between efforts (33). In comparison to
durability, fatigability is characterized by the varying nature of intensity during the
competition. Fatigability captures how quickly an athlete experiences performance
decay when recovery is limited or absent. High fatigability is evident when
performance metrics — such as power output, velocity, or technical proficiency —
decline rapidly under load, particularly when comparing fatigued to fresh conditions
(14, 34, 35). Furthermore, recent studies have displayed differences between males
and females (15), depicting an important consideration for both the assessment and

physiological mechanisms of this concept.
Assessment

Operationally, fatigability can be assessed by measuring the rate of decline in
performance (e.g., power output (36) during sustained or repeated exercise bouts, or
by quantifying changes in key physiological markers (e.g., lactate accumulation, heart
rate drift) over time at a fixed workload. Such protocols focus on within-task decay,
contrasting with repeatability tests that allow for recovery periods. This enables
comparing the relative resistance to fatigue between individuals or across training

phases.

In professional cycling, fatigability has been shown to vary over the competitive
season, modulated by training intensity distribution and time spent below ventilatory
thresholds (26, 36). Importantly, an athlete may display low fatigability — sustaining
performance with minimal decline during prolonged tasks — yet simultaneously exhibit
poor repeatability due to limited recovery capacity between efforts. This differentiation
is crucial for coaching: an athlete might exhibit low decline in repeatability during
short-duration events yet struggle with durability in prolonged efforts. However,
Peeters, Barrett and Podlogar (21) emphasized that ecologically valid assessments
of fatigability must incorporate realistic preloads, nutritional controls, and stochastic
effort patterns to accurately reflect competitive demands. Without these

considerations, standard laboratory tests may fail to predict real-world performance.

Training implications
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Mechanistically, fatigability is driven by neuromuscular and metabolic factors,
including substrate depletion (7), metabolite accumulation (37), and impairments in
muscle contractility (38, 39). Notably, training strategies that increase time spent at
low to moderate intensities appear to improve fatigue resistance and reduce
fatigability by enhancing oxidative capacity and metabolic efficiency (30).
Consequently, managing training intensity and cumulative training volume across a

season is essential for modulating fatigability and optimizing endurance performance.
Repeatability

Definition & empirical evidence

Repeatability describes an athlete’s capacity to recover and reproduce high-intensity
performance across multiple bouts, stages or heats with passive recovery in
between, inherently reflecting recovery kinetics and metabolic resilience between
efforts such as team sprint in cross-country-skiing. It specifically captures the ability
to regenerate performance following periods of partial or full recovery, distinguishing
it from the continuous performance decay characteristic of durability. This capability is
particularly critical in sports that require repeated high-intensity efforts interspersed
with lower-intensity phases, such as cycling stage races (21) with downhill sections

or drafting phases, and sprint formats in cross-country skiing (40).

Mechanistically, repeatability depends on the magnitude of glycogen depletion (14),
neuromuscular function (38), and hormonal and metabolic recovery processes (37)
that enable athletes to maintain performance despite accumulating fatigue. In cross-
country skiing sprint events (40), for example, repeatability is a key performance
determinant, as athletes must sustain near-maximal outputs across successive
heats. Further examples of sports where repeatability is increasingly important
include rowing, track cycling, and short-track speed skating (41). Moreover, the
display of repeatability may potentially be influenced more than the other concepts by
pacing strategy, as maximal efforts may not always be needed in heats or other

repeated bouts.
Assessment

Operationally, repeatability has been assessed by quantifying the decrement in
performance - such as mean maximal power output (MMP) (14, 15, 34) — across

repeated high-intensity bouts separated by standardized or ecologically valid
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recovery periods. This differentiates repeatability from fatigability, as recovery

capacity is central to repeatability assessments.

Training implications

Importantly, repeatability appears to improve with maturation and accumulated
training experience (27), likely due to enhanced fatigue resistance and increased
metabolic efficiency including changes in fibre type distribution (42), particularly
under semi-fatigued conditions. This highlights repeatabilty as a recovery-
dependent, dynamic, and trainable performance dimension critical for success in
repeated-effort endurance sports — not unlike durability and fatigablity, but rather

neglected as a concept in the ongoing discussion.
Resilience
Definition & empirical evidence

“‘Resilience might [...] be understood to represent the ability to resist fatigue and
maintain performance” (12). Resilience extends beyond physiological fatigue
resistance by incorporating the athlete’s adaptability to internal and external
stressors, including environmental and psychological challenges (43, 44). It describes
the capacity to maintain or regain physiological and mechanical function under

conditions of fatigue, environmental extremes, or other perturbations (10, 43).

For example, ultra-trail runners demonstrate resilience by adjusting pacing strategy to
maintain performance despite extreme environmental conditions such as heat,
altitude, and terrain variability. Emerging research conceptualizes resilience as a
multi-systemic attribute involving metabolic, neuromuscular, thermoregulatory, and
cognitive adaptations that enable athletes to sustain performance when exposed to
various stressors (43). This raises the question of whether current approaches to
measuring resilience are sensitive enough to detect the subtle differences that

ultimately determine competitive success.
Assessment

Operationally, resilience may be assessed by exposing athletes to controlled
perturbation protocols that simulate environmental (e.g., heat, hypoxia, dehydration)
or psychological (e.g., mental fatigue, cognitive dual tasks, pain) stressors and

quantifying the degree of performance preservation. This approach enables the
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evaluation of an athlete's ability to maintain or restore function when challenged,
providing a more ecologically valid assessment of resilience relevant to real-world

endurance competitions.

Resilience is particularly critical in ultra-endurance and multi-stage events where the
ability to cope with environmental extremes and cumulative psychological strain often
dictates competitive outcomes. Future research should aim to refine resilience testing
by integrating multi-stressor protocols and identifying physiological, neuromuscular,
and cognitive markers predictive of resilience in specific sporting contexts including

over consecutive days or weeks.
Training implications

Interventions to improve resilience under adverse conditions may be acclimation to
unavoidable stressors such as heat, cold or altitude (16, 45). Other strategies may
include strategies both in- and out-of-competiton to ensure adequate sleep, fueling

and psychological well-being as well as physical integrity.

Interplay and Practical Implications

The interplay between durability, fatigability, resilience, and repeatability (Figure 1) is
multifaceted and context-specific, reflecting the complexity of real-world endurance
performances. Although interconnected in some ways, these constructs should not
be conflated as they represent distinct physiological and psychological capacities that
variably contribute to performance depending on the event characteristics,

environmental demands, and the athlete’s conditioning.

Importantly, these constructs do not contribute equally across disciplines or race

types:

o High durability but low resilience might impair success in endurance events
where environmental factors (heat, altitude) or psychological adversity

dominate.

o Conversely, an athlete with high durability but poor repeatability may perform
well in long time trials but struggle in multi-stage events requiring repeated

high-intensity efforts.
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The 2-hour marathon attempt (46) illustrates that even minimal degradations in
running economy or lactate threshold under fatigue critically impact

performance, underscoring durability and resilience as decisive factors.

From a practical standpoint, targeted and construct-specific assessments are

necessary to avoid conflating distinct performance dimensions (cf. Fig1, Tab1):

Durability should be assessed through prolonged exercise protocols
exceeding 90 minutes, incorporating continuous monitoring of physiological
drifts such as heart rate, oxygen uptake, and lactate threshold shifts (11, 47).
Assessment should capture the magnitude and onset of physiological

deterioration over time, ideally under field-based or race-relevant conditions.

Repeatability requires protocols involving repeated high-intensity efforts
separated by controlled recovery periods. Valid tests must simulate
competitive demands by integrating realistic pre-loads and adequate recovery
durations and nutritional strategies thereby isolating recovery kinetics as the

primary determinant.

Fatigability is best evaluated by quantifying increased effort and/or the rate of
performance decline (such as power output or velocity decay) during
continuous or repeated tasks without recovery, both in fresh and pre-fatigued
states (14). This approach enables tracking how quickly an athlete
accumulates fatigue under standardized exercise conditions and across

training phases.

Resilience assessments should expose athletes to environmental (e.g., heat,
hypoxia), metabolic or cognitive and mental stressors (e.g., mental fatigue
tasks, pain perception), combined with physiological measurements or
performance tests. Moving beyond traditional step test protocols , such
protocols aim to evaluate the ability to maintain or restore performance when

facing multi-systemic perturbations (9, 43, 44).

Importantly, while Joyner’s classical endurance model (comprising VO,max, lactate

threshold, and movement economy) relies on standardized, quantifiable physiological

variables, the emerging constructs of durability, fatigability, resilience, and

repeatability remain operationally underdefined hindering refinement of his

“‘endurance performance” model. This lack of standardized metrics hampers reliable
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assessment, limits cross-study comparability, and risks conceptual overlap. A
summary of definitions, assessment methods, characteristics, determinants and

phenotypes is provided in Table 1.

***Table 1 near here***

Given the distinct physiological mechanisms and performance demands across
disciplines such as cycling, running, triathlon, and cross-country skiing, it is unlikely
that one-size-fits-all protocols will suffice. Instead, sport-specific variables and testing

approaches will be required to validly characterize each construct.

While interconnected, durability, fatigability, resilience, and repeatability represent
distinct capabilities influencing endurance performance in discipline-specific contexts.
Future research should prioritize the employment of clear conceptual definitions and
validated, sport-specific metrics rather than treating these constructs as
interchangeable umbrella terms for a generalized 'fourth dimension' of endurance
performance. Importantly, the practical relevance of these constructs emerges from
the applied sports science community, especially coaches who define and prioritize
them based on “competitive significance.” Their experiential insights ensure these
concepts are grounded in real-world performance demands, fostering a scientifically

rigorous yet ecologically valid framework for athlete assessment and development.
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Figure 1: lllustration of the phenotype, relevant disciplines, operationalization and main determinants of the constructs: Durability,
Repeatability, Fatiguability and Resilience.

Construct Definition Possible Assessment | Main Physiological determinants Phenotype Example Sport | References

method characteristics

Durability deterioration in Speed-duration curve | Loss in Cardiac drift (progressive increase in Continuous Marathon (7, 8, 47-49)
physiological analysis performance heart rate) “steady- running
characteristics over towards end of state”
time during Physiological testing | oyents Slow component of oxygen uptake exercise Time trial
prolonged exercise | after prolonged Changes in lactate/ventilatory performance

exercise thresholds over time
Glycogen depletion over prolonged
exercise
Progressive decline in gross
efficiency or running economy
Neuromuscular fatigue markers (e.g.
reductions in force/power output)

Fatigability the (in)ability to Decline (%MMP) after | Loss in Accumulation of lactate at fixed Stochastic Road-race (14, 15, 26, 34, 35,
repeat efforts at 20/30/40 kJ/kg performance workload over time efforts cycling 50)
workloads over repeated ) ) ) ) )
corresponding to or effort & H.eart rate drift at constant intensity Trail-running
near mean maximal intensity without recovery events

power output
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without rest

Neuromuscular fatigue markers

Accumulation of metabolites
connected to fatigue

Repeatability | capacity to recover Decline in Loss in Recovery kinetics of e.g. lactate, Repeated Multiple events | (33, 51, 52)
and reproduce high- | performance performance heart rate between bouts (near- & heats per
intensity measures (time, over repeated )maximal day asine.g.
performance across | ranking) over bouts Restoration rate of muscle glycogen performance | rowing, short
multiple bouts, repeated bouts levels (of similar track, speed
stagel,'s or heats w'ith Hormonal and metabolic recovery duration) skat.ing, track
passive recovery in markers (e.g. cortisol, testosterone, cycling
between creatine kinase)
Resilience the capacity to All of the above + All of the All of the above + All of the All of the (9, 43, 44)
maintain or regain implementation of above + ) above above
physiological and adverse conditions Reduction in Maintenance or recovery of
mechanical function performance performance under environmental
under conditions of comparedto | Stressor (e.g. heat, hypoxia,
fatigue, optimal dehydration)
environmental conditions

extremes, or other
perturbations

Thermoregulatory responses (core
temperature stability, sweat rate)

Hormonal stress markers (cortisol
response, adrenaline)

Cognitive and psychological markers
(mental fatigue, perceived exertion,
pain tolerance)

312
313 Table 1: Summary of the concepts: definition, possible assessment, main characteristics, physiological determinants, phenotype,
314  exmaples of relevant disciplinesand references
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