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Abstract
|
Introduction: researchers identified finger flexor strength and endurance as critical determi-

nants of sport climbing performance, yet predictive models for longitudinal progression remai-
ned underdeveloped.

Objective: the study aimed to construct a multivariate readiness model to guide training perio-
dization for lead climbing advancement.

Methodology: sixty four competitive climbers from a single coaching system completed stan-
dardized assessments of maximal voluntary contraction, continuous and intermittent endu-
rance at sixty percent maximal contraction, finger hang duration, and dynamometry, and the
researchers applied pearson correlations to analyze physiological predictors against climbing
grades.

Results: finger hang duration emerged as the strongest predictor of red point performance, ex-
ceeded maximal contraction values, demonstrated that continuous endurance held no signifi-
cant association with climbing grades, and revealed that predictor importance shifted toward
maximal strength at higher performance levels.

Discussion: these outcomes corroborated existing literature that established finger capacity as
the primary physiological determinant, and confirmed that sport specific endurance protocols
possessed superior ecological validity compared to generalized strength metrics.

Conclusion: the proposed tiered framework successfully identified discipline specific readiness
thresholds and should be integrated into coaching practice to optimize training periodization,
though longitudinal validation remains necessary to confirm predictive accuracy.

Keywords

Finger flexor endurance, maximal voluntary contraction, hangboard testing, performance pre-
diction, climbing-specific strength, training homogeneity.

Resumen

Introduccién: Los investigadores identificaron la fuerza y la resistencia de los flexores de los
dedos como determinantes criticos del rendimiento en la escalada deportiva; sin embargo, los
modelos predictivos para la progresién longitudinal atin no estaban desarrollados.

Objetivo: El estudio tuvo como objetivo construir un modelo de preparacién multivariante para
guiar la periodizacién del entrenamiento en la escalada de dificultad.

Metodologia: Sesenta y cuatro escaladores de competicién de un mismo sistema de entrena-
miento completaron evaluaciones estandarizadas de contraccidn voluntaria maxima, resisten-
cia continua e intermitente al 60 % de la contraccién maxima, duracién de la suspension de los
dedos y dinamometria. Los investigadores aplicaron correlaciones de Pearson para analizar los
predictores fisiolgicos en relacion con los grados de escalada.

Resultados: La duracién de la suspension de los dedos se reveld como el predictor mas fuerte
del rendimiento en escaladas de dificultad, superando los valores de contraccién maxima. Se
demostré que la resistencia continua no tenia una asociacion significativa con los grados de
escalada y se reveld que la importancia del predictor se desplazaba hacia la fuerza maxima en
niveles de rendimiento mas altos.

Discusion: Estos resultados corroboraron la literatura existente que establece la capacidad de
los dedos como el principal determinante fisiolégico y confirmaron que los protocolos de resis-
tencia especificos para el deporte poseen una validez ecoldgica superior en comparacién con
las métricas de fuerza generalizadas. Conclusién: el marco escalonado propuesto identificé con
éxito los umbrales de preparacién especificos de cada disciplina y deberia integrarse en la prac-
tica del entrenamiento para optimizar la periodizacién del mismo, aunque sigue siendo nece-
saria una validaciéon longitudinal para confirmar la precisién predictiva.

Palabras clave

Resistencia de los flexores de los dedos, contraccidon voluntaria maxima, prueba de entrena-
miento en tabla de escalada, prediccion del rendimiento, fuerza especifica para la escalada, ho-
mogeneidad del entrenamiento.
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Introduction
___________________________________________________________________________________________________________________________|
Sport climbing has evolved rapidly over the past decade into a highly competitive Olympic discipline,
where marginal gains in physical performance often determine success at the elite level. Among the
various physiological attributes required for climbing, the strength and endurance of the finger flexor
muscles are widely recognized as the most critical factors distinguishing performance levels across all
grades (Saul et al,, 2019; Mermier et al., 2000). Recent evidence suggests that maximal voluntary con-
traction (MVC) and specific endurance capacities of the finger flexors correlate strongly with climbing
grades, serving as key predictors of an athlete's current capability (Berta et al., 2025; Buraas et al., 2025).
This relationship is particularly pronounced in lead climbing, where athletes must sustain sub-maximal
forces over extended periods while managing accumulating fatigue. Consequently, accurate assessment
of these parameters is essential not only for talent identification but also for precise training prescrip-
tion and longitudinal performance monitoring.

Finger flexor strength is typically developed through specific resistance training, such as hangboard
protocols. These protocols induce significant adaptations in force production and endurance (Stien et
al,, 2022; Devise et al.,, 2022). Research indicates that continuous and intermittent contraction protocols
contribute uniquely to climbing performance. Continuous endurance reflects the ability to maintain grip
force during sustained sections. In contrast, intermittent endurance mirrors the stop-and-go nature of
modern lead climbing routes, where shaking out during rest positions is required (Stien et al., 2019).
Training intensity also plays a pivotal role. Deviations from optimal loading zones can lead to diminish-
ing returns or increased injury risk (Sjoman et al., 2023; Stien et al., 2023). While the relationship be-
tween strength metrics and current performance is well-documented, research on athlete readiness for
progression remains limited. Most existing models focus on cross-sectional performance prediction ra-
ther than longitudinal progression potential (Faggian et al., 2024).

A systematic examination of recent literature reveals that approximately 80% of empirical studies on
climbing physiology employ cross-sectional designs aimed at predicting current performance status
(Saul et al,, 2019; Mermier et al., 2000; Buraas et al., 2025; Berta et al., 2025). While valuable for talent
identification and benchmarking, such approaches offer limited guidance for training periodization be-
cause they do not account for the temporal dynamics of adaptation, recovery, and skill acquisition. Con-
sequently, coaches lack evidence-based thresholds to determine when an athlete possesses sufficient
finger flexor capacity to safely and effectively progress to higher-grade routes. This gap between assess-
ment and longitudinal training planning underscores the need for readiness models that integrate phys-
iological metrics with progression-oriented decision-making.

Individual variability further complicates the establishment of universal performance thresholds. Force-
sharing patterns and muscle quality differ substantially between climbers (Vigouroux et al., 2006;
Schreiber et al,, 2015). Biomechanical analyses reveal significant variation in finger flexor force-sharing.
These differences are influenced by tendon insertion points and neuromuscular coordination
(Vigouroux & Quaine, 2006; Devise et al., 2023). Recent systematic reviews emphasize the need for ev-
idence-based assessment approaches. Such approaches should account for training homogeneity and
specific climbing disciplines to reduce noise in performance modeling (Pérez-Cordero et al,, 2025;
Mermier et al., 2000). Standardized protocols have improved the reliability of finger strength assess-
ments. However, integrating these measures into a cohesive model that predicts performance progres-
sion remains challenging (Michailov et al., 2018; Pérez-Cordero et al., 2025). Identifying the threshold
at which finger flexor capacity translates into performance progression is crucial for coaches. This
knowledge helps avoid overtraining and optimize periodization strategies.

Beyond physiological determinants, the evolving landscape of climbing research emphasizes the im-
portance of contextual and pedagogical factors in athlete development. Recent studies published in Re-
tos highlight that climbing area selection preferences (Flor Lagunas et al.,, 2025) and the professionali-
sation of coaching staff (Sans Osanz & Inglés Yuba, 2025) significantly influence training quality and
long-term engagement. These findings underscore the need for assessment tools that are not only phys-
iologically valid but also practically implementable within structured coaching systems.

Furthermore, the integration of evidence-based frameworks supports inclusive and progressive athlete
monitoring. Gonzalez Garcia et al. (2025) demonstrated that experiential learning approaches in climb-

Mg, .
K 366 e 4
Kgﬁj N\ A



2026 (Agosto), Retos, 81, 365-379 ISSN: 1579-1726, eISSN: 1988-2041 https://revistaretos.org/index.php/retos

ing foster both performance development and adaptive psychological attitudes. In this context, a readi-
ness model grounded in objective finger flexor metrics can serve as a complementary tool for coaches-
enabling data-informed decisions while preserving the holistic, athlete-centered philosophy advocated
in contemporary climbing pedagogy.

To address this gap, the present study aims to develop a model of finger flexor readiness for lead climb-
ing performance progress. A significant methodological limitation in previous climbing research is the
heterogeneity of training backgrounds, which introduces confounding variables when assessing physi-
ological predictors. By examining a homogeneous group of 64 climbers training under a single coaching
system in Astana, Kazakhstan, we minimize external variability associated with diverse training meth-
odologies. This design allows for a more precise analysis of the alignment between individual finger
flexor characteristics and the specific demands of lead climbing. The study utilizes a comprehensive test
battery including MVC, continuous and intermittent endurance at 60% MVC, and specific hang tests,
adhering to IRCRA standards (Michailov et al., 2018). We hypothesize that a multivariate profile of finger
flexor strength and endurance will provide a robust predictor of climbing performance progression, of-
fering a practical tool for assessing athlete readiness.

Purpose

The purpose of this study was to develop a predictive model of finger flexor readiness for lead climbing
performance progress among Kazakhstani climbers, utilizing a homogeneous sample to control for
training variability.

Hypothesis

We hypothesize that the developed finger flexor readiness model will function as a dynamic instrument
for optimizing longitudinal performance progression, rather than serving solely as a cross-sectional pre-
dictor. We propose that utilizing this model to assess physiological readiness will allow for more con-
trolled and accelerated advancement in climbing grades by aligning training interventions with individ-
ual capacity thresholds. Consequently, the implementation of this readiness framework is expected to
enhance the efficiency of performance adaptations and provide a structured pathway for sustainable
grade progression within a homogeneous training system.

Method
|
The study was structured as an in-depth case analysis for each subgroup of experimental groups, ena-
bling a comprehensive assessment of the alignment between individual characteristics of finger flexors
and the specific demands of the lead climbing. This design prioritized qualitative depth over sample size,
allowing for a detailed evaluation of factors influencing climbing performance. Testing session con-
ducted at the peak performance of the athletes to indicate the most significant climbing characteristics
of different climbers

Participants

This study examined 64 participants from Astana climbing clubs. Among the participants were 25
women and 39 men involved in rock climbing in the city of Astana under the guidance of a single coach.
For a deeper analysis of the ascertainment experiment, we divided the groups according to gender and
climbing level. The climbing level of the athletes was determined by the category that they were able to
climb onsight (0S) and red point (RP) according to the IRCRA scale system (19).

Written informed consent was obtained from the parents of all minor participants, in acco rdancewith
the Declaration of Helsinki. The protocol for all procedures for field testing was explained in detail to
both the athletes and their parents. Participants were also informed of their right to withdraw from the
study at any time.

Participants were eligible for inclusion if they: (1) were actively engaged in competitive lead climbing
within the national training system; (2) trained under the supervision of a single head coach at the same
climbing school in Astana, Kazakhstan; (3) had a minimum climbing experience of one year. Participants
were excluded if they: (1) reported any upper-limb injury or medical condition affecting finger flexor
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function within the preceding three months; or (2) did not provide written informed consent (or paren-
tal consent for minors). All climbers training under the head coach at the institution were invited to take
part in the study during a scheduled training camp held in the Astana. No financial incentives were of-
fered. No participants were excluded post-recruitment, as all fulfilled the eligibility requirements and
completed the testing protocol.

Procedure

The testing took place from May to December (2025) in the Astana city and close regions. During the
experiment, we conducted an observation according to the criteria of the climbing level that they were
able to demonstrate during the experiment.

Five tests were completed in mobile labaratory: (1) maximal voluntary contraction (MVC) for both
hands; (2) continuous endurance test at 60% of MVC using the weaker hand; (3) intermittent contrac-
tion endurance test at 60% of MVC using the stronger hand; (4) finger hang test; (5) dynamometry grip
strength (20,21), (6) bar deadhang. Rest intervals between tests were individually adjusted based on
the metabolic demand and duration of each test, and the exact rest periods and type are explicitly spec-
ified in Figure 1. We used Climbro hangboard (Climbro Ltd., Sofia, Bulgaria) mounted on a vertical hang-
ing platform. The Climbro hangboard was integrated with force sensors (sample rate 100 Hz) and a
phone application providing instructions and real-time feedback on the force and time of the muscle
contraction (22). The finger flexor tests were performed facing the hangboard and using a 23 mm
rounded hold with the dominant arm in an open finger grip position (23). Before testing articipants
completed a standardized warm-up consisting of 5 minutes of aerobic exercise, 10 minutes of mobiliza-
tion drills and easy climbing. Between tests, participants had a fixed rest period (Figure 1).

Figure 1. Finger flexors testing procedure and participate testing position.

Testing procedure Climbro hangboard position

C Standart warm up - 15 minutes )
10 minutes passive rest

( Maximal voluntary contraction (MVC) )
5 minutes passive rest

( Dynamometry grip strength )
5 minutes passive rest

( Continuous endurance test )

10 minutes active rest

(Intermittent contraction endurance lest)

20 minutes active rest

( Finger hang test )

10 minutes passive rest
( Bar deadhang test )

All participants completed a standardized warm-up protocol prior to testing, which was supervised by
the research team to ensure consistency across subjects. The warm-up consisted of three sequential
phases:

e 5 minutes of general aerobic activity (e.g, light jogging or dynamic movements);

e 10 minutes of climbing-specific mobilization drills, focusing on shoulder, wrist, and finger mo-
bility;

e 5-10 minutes of easy, self-paced climbing on low-intensity routes to activate the climbing-spe-

cific neuromuscular system.

The entire warm-up was conducted under direct supervision of trained personnel, who verified adher-
ence to timing, exercise selection, and intensity. No participant commenced testing without completing
all warm-up components. This protocol aligns with recommendations from the International Rock
Climbing Research Association (IRCRA) for sport-specific performance testing (4, 12).
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All physiological tests were administered by a single lead investigator with prior experience in climbing-
specific performance assessment and formal training in the standardized protocols recommended by
the International Rock Climbing Research Association (IRCRA). This ensured consistency in test execu-
tion, verbal instructions, and real-time monitoring of technique across all participants. Two junior re-
search assistants from the Kazakh national university of sports supported the testing process by man-
aging logistical arrangements, obtaining consent documentation and completing paper-based data col-
lection forms. These assistants had received brief but structured orientation on ethical procedures and
data recording standards prior to the testing window. Data were initially recorded manually on struc-
tured paper score sheets during each testing session in the field. The finalized paper records were then
digitized in a secure office environment.

Data analysis

The best performance achieved by each athlete in lead climbing was used as the dependent variable.
This was correlated with independent variables from the finger strength domains. To account for the
small sample size and assess the robustness of the results we used Pearson’s correlation. All statistical
analyses were conducted using IBM SPSS Statistics (Version 27.0; IBM Corp., Armonk, NY, USA). Prior to
computing Pearson’s correlation coefficients, the assumption of normality for all continuous variables
was evaluated using the Shapiro-Wilk test in conjunction with visual inspection of Q-Q plots and histo-
grams. All key variables (including MVC, finger hang time, continuous and intermittent endurance, dy-
namometry, and climbing grades) demonstrated acceptable normality (p > 0.05 for Shapiro-Wilk across
the full sample and subgroups), thereby justifying the use of parametric correlation.

Regarding data quality, no missing values were present in the final dataset, as all participants completed
the full test battery under direct supervision. Potential outliers were examined using boxplots and z-
scores (|z| > 3.29 as a conservative threshold). Two marginal outliers were identified in the intermittent
endurance data (z = 3.41 and z = -3.12); however, both values corresponded to plausible performance
extremes in elite climbers and were retained to preserve sport environment validity and avoid bias in a
small, homogenous sample. Sensitivity analyses excluding these cases confirmed that correlations and
significance levels remained substantively unchanged. These procedures have now been added to the
Statistical Analysis subsection of the Methods section.

The study protocol received full ethical approval from the Ethics Committee of the Academy of Physical
Education and Mass Sports, Astana, Kazakhstan. The approval was granted under reference number
APEMS/EC-2025-014. All procedures were conducted in strict compliance with the Declaration of Hel-
sinki (2013 revision) and relevant national regulations governing research involving human partici-
pants. Special attention was given to the inclusion of minor athletes: written informed consent was ob-
tained from a parent or legal guardian for all participants under 18 years of age, and assent was addi-
tionally secured from the minors themselves. Participation was entirely voluntary, and all participants
retained the right to withdraw at any stage without consequence.

Results
___________________________________________________________________________________________________________________________|
This section presents the results of the correlational analysis examining the relationships between fin-
ger flexor physiological parameters and lead climbing performance metrics among 64 Kazakhstani
climbers. Pearson's correlation coefficients were computed to assess the strength and direction of asso-
ciations between independent variables (finger strength and endurance measures) and dependent var-
iables (Onsight and Red Point climbing grades). All analyses were conducted with a significance thresh-
old set at p < .05, with two-tailed testing applied throughout. Descriptive statistics for participant sub-
groups are summarized in Table 2, while correlational patterns for the full sample and stratified perfor-
mance levels are detailed in Tables 1 and 3, respectively.

Table 1 presents the Pearson correlation matrix for all measured variables across the complete partici-
pant cohort. As anticipated, strong interrelationships were observed among homologous strength
measures. Maximal voluntary contraction (MVC) values demonstrated very high internal consistency
between left and right hands (r=.978, p <.01) and between individual measurements and the computed
average (r =.994-.995, p <.01). Similarly, handgrip dynamometry scores exhibited robust correlations
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across limbs (r=.943, p <.01) and with averaged values (r =.985-.986, p <.01), confirming the reliabil-
ity of bilateral strength assessment protocols.

Regarding performance predictors, MVC showed moderate-to-strong positive correlations with both
Onsight (r =.529-.550, p <.01) and Red Point (r =.537-.549, p <.01) climbing levels. Finger hang dura-
tion emerged as the strongest single predictor of climbing performance, correlating highly with Red
Point grade (r =.766, p < .01) and moderately with Onsight grade (r = .625, p < .01). These findings
suggest that isometric endurance capacity under bodyweight loading may be more discriminative of
climbing proficiency than maximal strength alone.

Intermittent endurance at 60% MVC demonstrated a distinct correlational profile: while negatively as-
sociated with age (r =-.389, p <.05) and MVC (r =-.337 to -.339, p <.05), it showed positive correlations
with handgrip dynamometry (r =.440-.446, p <.01) and continuous endurance (r = .443, p <.01). This
pattern may reflect task-specific metabolic adaptations rather than pure strength determinants. Bar
dead hang duration correlated moderately with dynamometry measures (r = .416-.464, p < .05) and
weakly but significantly with climbing grades (r =.301-.309, p <.05), indicating its utility as a supple-
mentary assessment tool.

Notably, continuous endurance at 60% MVC did not demonstrate significant correlations with climbing
performance in the full sample (r = -.095 to -.041, p >.05), suggesting that this metric may be less sen-
sitive to performance differentiation in heterogeneous cohorts or may require discipline-specific con-
textualization.

Table 2 presents the descriptive statistics for physiological and performance variables stratified by
climbing level (Lower grade, n = 26; Intermediate, n = 14; Advanced, n = 18; Elite, n = 6). A clear gradient
was observed across performance categories for key strength and endurance metrics. Maximal volun-
tary contraction (MVC) increased progressively from the Lower grade group (31.7 £ 8.0 kg) to the Elite
group (56.5 + 15.6 kg), representing a 78% elevation in absolute finger flexor strength. Similarly, finger
hang duration demonstrated a marked performance-dependent increase, ranging from 13.3 + 15.1 s in
Lower grade climbers to 55.2 + 23.3 s in Elite athletes.

Notably, the intermittent endurance test and bar dead hang exhibited ceiling effects in Intermediate,
Advanced, and Elite subgroups, with median values exceeding the 60-second protocol limit. This sug-
gests that the 60% MVC intermittent protocol may lack discriminative validity for climbers beyond the
novice-to-intermediate transition. In contrast, continuous endurance at 60% MVC showed a non-linear
pattern, peaking in the Intermediate group (41.2 * 14.1 s) and declining slightly in Advanced (40.3 *
12.7 s) and Elite (37.5 * 21.8 s) categories. This observation may reflect discipline-specific adaptations,
whereby elite lead climbers prioritize intermittent force production and recovery capacity over sus-
tained submaximal efforts.

Handgrip dynamometry values did not demonstrate a consistent monotonic increase across perfor-
mance levels, with the Advanced group recording lower averages (30.8 + 12.6 kg) than both Intermedi-
ate (36.2 + 12.8 kg) and Elite (40.6 + 14.8 kg) counterparts. This pattern reinforces the notion that sport-
specific finger flexor assessments (e.g.,, MVC on a 23-mm edge) possess greater ecological validity for
climbing performance prediction than generalized grip strength measures.

Table 3 details the Pearson correlation coefficients between physiological predictors and climbing per-
formance (OS and RP grades) within each performance subgroup. In the full sample (N = 64), finger hang
duration emerged as the strongest correlate of both OS (r = .625, p <.01) and RP (r =.766, p < .01)
grades, consistent with findings from Table 1. MVC values demonstrated moderate-to-strong associa-
tions with performance across the full cohort (r =.529-.550 for OS; r =.537-.549 for RP; all p <.01).

Stratified analyses revealed nuanced patterns across skill levels. In the Lower grade subgroup, finger
hang remained a robust predictor of both OS (r =.693, p <.01) and RP (r =.792, p < .01) performance,
while handgrip dynamometry also showed significant correlations with RP grade (r = .658-.665, p <
.01). This suggests that generalized grip strength may retain predictive utility during early stages of
climbing development, before sport-specific adaptations predominate.

Among Advanced climbers, MVC demonstrated strengthened associations with RP grade (r =.630-.691,
p <.01), whereas finger hang correlations attenuated slightly (r =.439, p > .05). This shift may indicate
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a transition point wherein maximal strength capacity becomes increasingly discriminative of perfor-
mance at higher grades, while endurance-based metrics reach a plateau of sufficiency.

In the Elite subgroup (n = 6), MVC exhibited very large correlations with OS grade (r =.859-.871, p <
.05), though statistical power was limited by sample size. Finger hang correlations remained moderate-
to-large (r = .618-.719) but did not reach conventional significance thresholds, likely reflecting re-
stricted range in both physiological and performance variables at the elite level.

A consistent finding across all subgroups was the weak or non-significant association between continu-
ous endurance at 60% MVC and climbing performance (r = -.095 to .287, all p > .05), reinforcing the
hypothesis that intermittent force production and recovery capacity are more ecologically valid predic-
tors for lead climbing than sustained submaximal efforts.

Table 1. Correlation relationship between the overall results of the experiment, n=64.

Weight, Age, MVC, kg Dynamometry, kg ContinuousIntermittent Finger hang, Chlg:/bellng Bar dead
kg years Left Right Average Left Right Average test, sec  test, sec sec 0S RP hang, sec
Weight, kg 1
Age, years ,222 1
Left ,057 ,769" 1
MVC, kg Right ,074 ,776™,978" 1
Average ,066 ,777",994" ,995" 1
Dynamometry, ljeft ,092 ,638",845™,843™ ,849" 1
kg " Right ,125 ,606™,855",855" ,860™ ,943" 1
Average ,111 ,631",860™",858™ ,864™ ,985" ,986™ 1
Continuous test,sec  -,202 -,157 -,212 -,265 -240 -236 -231 -236 1
Intermittent test, sec -,144 389° -,337"-,337" -,339" -,440 442" -,446 ,443 1
Finger hang, sec -145 -,140,477",463" 473" ,322™ ,340" ,336™ ,270 ,289 1
Climbing level 0S ,050 ,249 ,550™,529™ ,543™ ,246 ,215 ,233 -,095 ,273 ,625™ 1
RP ,057 -,045,549",537" ,546™ ,290" ,297" ,298" -,041 ,150 ,766™ 906" 1
Bar dead hang, sec  -,070 ,204 ,135 ,201 ,081 ,416" ,464" 451" ,103 ,048 ,311 ,301  ,309 1
** the correlation is significant at the p<0.01 level
* the correlation is significant at the p<0.05 level
Table 2. Results of testing the participants of the experiment, n=64.
MVC, kg Dynamometry, kg Bar _. Climbing level
. . . Finger
Group, n Weight, Age, years . . ContinuousIntermittent dead hang,
kg Left Right Average  Left Right Average test,sec  test,sec hang, sec 0S RP
sec
Lower grade, 62.7 321 313 33.6 32.6 53 133 98
26 +72 20.1 £1.8 +81 +7.9 31.7+8 31.610 +10.8 +101 33.1+18.3 15342 +11.6 +15.1 +2.6 12.7 ¥1.9
Intermediate, 55.5 421 432 426 36.2 29.8 11.8
14 +12.1 219124 +13.2 +141 +13.6 34.5+13.1 379 +13 +12.8 41.2+14.1 190 +85 +17.6 +1.7 14.7 £1.7
Advanced, 18 151%.64 23.3+124 :142'1 f14291 1414262 29.4 £12.3 32.2+#13.1 13102.?6 40.3+12.7 241119 ~60 tf‘}.l 132 19.4 +2.9
Elite, 6 16121'.75 18.5 5.4 i5165'.32 5367 15165'.56 40.2£13.7 41z16 14104.68 37.5+21.8 200 +66 t525?;.23 igg 24+18
Table 3. Correlation relationship between the results of the experiment and the level of climbing, n=64
Group, n Climbing Weight Age MVC Dynamometry ContinuousIntermittent Finger = Bar dead
’ type Left Right Average Left Right Average test test hang hang, sec
ALl 64 0S 0.050 0.249 0.550" 0.529" 0.543" 0.246 0.215 0.233 -0.095 0.273 0.625™ 0.301*
i RP 0.057 -0.045 0.549" 0.537" 0.546™ 0.290" 0.297" 0.298"  -0.041 0.150 0.766™ 0.309*
Climbing level
Lower grade,  0S 0. 0.018 0.120 0.131 0.125 0.416" 0.464" 0451 0.215 0.309 0.693™ 0.658™
26 RP 0.115 0.024 0.110 0.120 0.115 0.620™ 0.665" 0.658™  0.292 0.311 0.792" 0.792™
Intermediate,  0S 0.127 -0.405 0.430 0.398 0.416 0.220 0.230  0.229 0.180 0.104 0.596*
14 RP 0.022 -0.485 0.421 0.383 0.404 0.234 0.153 0.197 0.287 0.227  0.665**

0sS 0.152 0.406 0.424 0.438 0434 0.196 0.193 0.196 -0.051 0.410 0.460
RP 0.370 0.403 0.630** 0.691** 0.665** 0.511* 0.576* 0.548* -0.032 0.090 0.439
0sS 0.453 0.543 0.859* 0.871* 0.866* 0.837* 0.878* 0.860*  0.311 0.184 0.719
RP 0.488 0.334 0.737 0.803 0.772 0.718 0.753 0.738 -0.221 0.076 0.618
** the correlation is significant at the p<0.01 level
* the correlation is significant at the p<0.05 level

Advanced, 18

Elite, 6
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Comparative Synthesis Across Performance Levels

The stratified correlational patterns reveal a systematic shift in the hierarchy of physiological predictors
as climbing performance advances. In Lower grade climbers, both sport-specific endurance (finger
hang: r =.69-.79) and generalized grip strength (dynamometry: r = .62-.66) demonstrated strong pre-
dictive validity, suggesting that early-stage progression is supported by broad neuromuscular adapta-
tions. By contrast, among Advanced climbers, maximal voluntary contraction emerged as the dominant
predictor of Red Point performance (r =.63-.69, p <.01), while finger hang correlations attenuated (r =
44, p > .05), indicating a transition wherein absolute force production becomes increasingly discrimi-
native at higher grades. In the Elite subgroup, MVC exhibited very large associations with Onsight grade
(r =.86-.87, p <.05), though limited sample size warrants cautious interpretation. Notably, continuous
endurance at 60% MVC failed to correlate significantly with performance in any subgroup (r = -.095 to
.287, all p > .05), reinforcing that intermittent force production and recovery capacity are more ecolog-
ically valid for lead climbing than sustained submaximal efforts. This performance-level-dependent hi-
erarchy has direct implications for assessment protocol selection: novice climbers may benefit most
from endurance-focused screening (e.g., finger hang), whereas advanced and elite athletes require max-
imal strength monitoring (e.g., MVC on a 23-mm edge) to guide periodization decisions.

The model is organized into four hierarchical domains progressing from left to right: (1) Demographics
(body weight and age), representing baseline participant characteristics; (2) Strength Capacity (maxi-
mal voluntary contraction [MVC] average and handgrip dynamometry), reflecting maximal force pro-
duction capabilities; (3) Endurance Capacity (finger hang duration, bar dead hang, intermittent test at
60% MVC, and continuous test at 60% MVC), representing sport-specific endurance profiles; and (4)
Performance Outcomes (Onsight and Red Point climbing grades), indicating climbing achievement lev-
els (Figure 2).

Solid black arrows denote significant positive Pearson correlations (p < .05), with correlation coeffi-
cients (r-values) displayed alongside each pathway. Dashed red arrows indicate significant negative cor-
relations. Only statistically significant relationships are visualized. The thickness of arrows corresponds
to the magnitude of correlation coefficients, with stronger associations (r >.70) represented by thicker
lines.

Notably, finger hang duration emerged as the strongest predictor of Red Point performance (r=.77,p <
.01), while MVC demonstrated moderate-to-strong associations with both performance outcomes (r =
.54-.55, p <.01). The negative correlations between intermittent endurance at 60% MVC and strength
measures (r = -.34 to -.39, p <.05) suggest an inverse relationship between absolute strength and rela-
tive endurance capacity. This model provides a visual framework for understanding the multifactorial
determinants of climbing performance and supports the development of readiness assessment proto-
cols.

Figure 2. Conceptual block diagram of interrelationships between finger flexor physiological variables and lead climbing performance.
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Discussion
___________________________________________________________________________________________________________________________|
The present study aimed to develop a predictive model of finger flexor readiness for lead climbing per-
formance progression among Kazakhstani climbers. Our principal findings indicate that finger hang du-
ration emerged as the strongest single predictor of both Onsight (r = .625, p <.01) and Red Point (r =
.766, p <.01) climbing grades, surpassing maximal voluntary contraction (MVC) and generalized hand-
grip dynamometry in predictive validity. MVC demonstrated moderate-to-strong associations with per-
formance outcomes (r =.54-.55, p <.01), while continuous endurance at 60% MVC failed to show sig-
nificant correlations with climbing grades across the full sample. Notably, stratified analyses revealed
that predictor importance shifts across performance levels, with MVC becoming increasingly discrimi-
native at advanced and elite levels, whereas finger hang maintained consistent predictive utility across
all subgroups.

While these correlational patterns are statistically robust, they must be interpreted with caution regard-
ing causality. Cross-sectional associations cannot determine whether enhanced finger flexor capacity
enables progression to higher grades, or whether cumulative exposure to advanced routes drives these
physiological adaptations. It is equally plausible that technical proficiency, route-reading efficiency, and
psychological resilience act as upstream mediators, allowing athletes to perform at higher grades de-
spite suboptimal physiological metrics. Consequently, the observed relationships should be viewed as
descriptive markers of physiological alignment rather than deterministic predictors of progression.

Our findings align closely with recent systematic reviews identifying finger flexor strength as the pri-
mary physiological determinant of climbing performance (Saul et al., 2019; Mermier et al., 2000). The
moderate-to-strong correlations between MVC and climbing grades observed in our cohort (r =.54-.55)
are consistent with effect sizes reported by Buraas et al. (2025), who documented similar relationships
in European climbing populations. However, our finger hang correlations (r = .63-.77) exceeded those
typically reported for MVC alone, suggesting that sport-specific endurance assessments may possess
superior ecological validity for lead climbing disciplines.

This observation supports the conclusions of Stien et al. (2023), whose meta-analysis indicated that
climbing-specific training interventions produce larger performance adaptations than general re-
sistance training protocols. The superior predictive validity of finger hang testing in our sample may
reflect its integration of both strength and endurance components under conditions that more closely
approximate actual climbing demands (Berta et al.,, 2025). Recent normative data from Berta et al.
(2025) established benchmark values for finger flexor strength and endurance across performance lev-
els; our Elite subgroup values (MVC = 56.5 * 15.6 kg; Finger Hang = 55.2 + 23.3 s) fall within the expected
ranges for advanced-to-elite climbers reported in their multinational sample, supporting the external
validity of our measurement protocols.

The relationship between hangboard training intensity and performance outcomes has been examined
by Devise et al. (2022), who found that higher-intensity protocols (>80% MVC) produced greater
strength adaptations, while moderate-intensity protocols (60-70% MVC) favored endurance develop-
ment. Our use of 60% MVC for continuous and intermittent endurance testing aligns with these recom-
mendations, yet the lack of significant correlations between continuous endurance and climbing perfor-
mance suggests that this specific metric may be less relevant for lead climbing than previously assumed.
This finding contrasts with some earlier reports (Michailov et al., 2018) but is consistent with Faggian
et al.'s (2024) recent conclusion that assessment approaches must be discipline-specific to minimize
noise in performance modeling.

The Primacy of Finger Hang Duration as a Performance Predictor

The emergence of finger hang duration as the strongest predictor of climbing performance warrants
particular attention. This test, which measures the time an athlete can maintain a bodyweight hang on
a 23-mm edge, integrates multiple physiological capacities including maximal strength, local muscular
endurance, and pain tolerance. Our correlation coefficients (r = .63-.77) exceed those reported in sev-
eral previous investigations, which may be attributed to our homogeneous training sample and stand-
ardized testing protocols (Pérez-Cordero et al.,, 2025).

The biomechanical basis for this finding can be partially explained by force-sharing patterns described

by Vigouroux et al. (2006), who demonstrated that finger flexor force distribution varies significantly
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between individuals and is optimized through sport-specific training. Climbers who can sustain longer
hang times likely exhibit more efficient neuromuscular coordination and force distribution across the
finger flexor tendon complex (Devise et al., 2023). Furthermore, the finger hang test may capture aspects
of muscle quality and tendon stiffness that are not reflected in isolated MVC measurements (Schreiber
etal, 2015).

Alternatively, finger hang duration may partially reflect psychological tolerance to sustained discomfort
and localized pain, which are known to influence climbing performance independently of physiological
capacity. Athletes with higher pain thresholds or greater comfort with prolonged isometric loading may
maintain the hanglonger despite equivalent muscular fatigue. Additionally, anthropometric factors (e.g.,
arm length, body mass distribution) and technical efficiency in maintaining an open-hand grip could
reduce the effective load on the finger flexor tendon complex, thereby inflating hang times without pro-
portional increases in local muscle endurance.

Recent work by Son et al. (2024) comparing finger flexor strength and recovery profiles noted that en-
durance-based metrics showed stronger associations with on-sight performance than maximal strength
alone, which aligns with our findings for both Onsight and Red Point grades. This suggests that the ca-
pacity to sustain submaximal forces over time—rather than peak force production in isolation—may be
the limiting factor for performance progression in lead climbing contexts.

Interpretation of Non-Significant Continuous Endurance Findings

The absence of significant correlations between continuous endurance at 60% MVC and climbing per-
formance (r = -.095 to -.041, p > .05) represents a notable finding that requires careful interpretation.
Several explanations may account for this observation. First, lead climbing performance is characterized
by intermittent force application with periodic rest opportunities, making intermittent endurance more
ecologically valid than continuous sustained contractions (Stien et al., 2019). Second, the 60% MVC in-
tensity may not represent the optimal loading zone for discriminating performance levels in heteroge-
neous cohorts; Mermier et al. (2000) noted in their systematic review that functional test batteries must
be calibrated to specific climbing disciplines to maximize predictive validity.

Third, ceiling effects observed in our Intermediate, Advanced, and Elite subgroups (where many partic-
ipants exceeded the 60-second protocol limit) suggest that this test lacks discriminative sensitivity for
climbers beyond the novice level. This limitation has been acknowledged in recent methodological re-
views (Pérez-Cordero et al.,, 2025), which recommend adaptive protocols that scale difficulty based on
individual strength capacity. Beyond ecological mismatch, the null finding for continuous endurance
may stem from the test’s static nature, which primarily taxes oxidative metabolism and isometric fatigue
thresholds. In contrast, actual lead climbing involves dynamic force modulation and periodic unloading
that rely more on phosphocreatine resynthesis and neural recovery between moves. Thus, continuous
isometric endurance may not adequately capture the metabolic recovery capacity that distinguishes
climbers, explaining why it fails to correlate with performance despite theoretical relevance.

Performance Level Stratification and Shifting Predictor Importance

Our stratified analyses revealed important nuances in how physiological predictors relate to perfor-
mance across skill levels. In the Lower grade subgroup, both finger hang (r = .69-.79) and handgrip
dynamometry (r =.62-.66) demonstrated strong correlations with performance, suggesting that gener-
alized grip strength retains predictive utility during early stages of climbing development. This finding
supports the notion that initial performance improvements are driven by broad neuromuscular adap-
tations before sport-specific refinements emerge (Stien et al., 2022).

Among Advanced climbers, MVC demonstrated strengthened associations with Red Point grade (r=.63-
.69, p <.01), while finger hang correlations attenuated (r =.44, p >.05). This shift may indicate a transi-
tion point wherein maximal strength capacity becomes increasingly discriminative of performance at
higher grades, while endurance-based metrics reach a plateau of sufficiency. Another plausible expla-
nation for the heightened MVC-performance relationship at advanced and elite levels is the structural
demand of modern competitive routes, which increasingly incorporate powerful dynamic moves and
small-crimp sequences that require rapid, high-force outputs. Furthermore, this shift may partially re-
flect training specialization: advanced climbers often incorporate targeted maximal strength protocols,
whereas lower-grade athletes rely more on volume-based endurance development. A selection effect
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cannot be ruled out, as individuals with inherently higher neuromuscular efficiency or favorable muscle
fiber composition may be more likely to persist into elite cohorts. This observation aligns with Buraas
etal.'s (2025) conclusion that climbing-specific finger strength becomes progressively more important
as athletes approach elite performance levels.

In the Elite subgroup (n = 6), MVC exhibited very large correlations with Onsight grade (r =.86-.87,p <
.05), though statistical power was limited by sample size. The restricted range in both physiological and
performance variables at the elite level likely attenuated some correlations, a phenomenon noted in
previous investigations of high-performance climbing cohorts (Stien et al., 2023).

Finger Flexor Readiness Model: A Tiered Framework for Performance Progression

Based on the correlational patterns identified in our sample, we propose a four-tiered readiness model
that operationalizes finger flexor capacity relative to performance-level benchmarks. The model utilizes
+1 standard deviation (SD) from group means to establish physiological thresholds for significant pre-
dictors at each climbing level. Readiness is conceptualized across four ordinal categories:

e Level 1 (Insufficient): Value < Mean - 1 SD

e Level 2 (Sufficient): Mean - 1 SD < Value < Mean
e Level 3 (Exceeding): Mean < Value < Mean + 1 SD
e Level 4 (Excessive): Value > Mean + 1 SD

Thresholds were calculated for the physiological variables demonstrating significant correlations with
climbing performance within each subgroup (Table 4). The model is designed to be prospective: athletes
are assessed against the thresholds characteristic of the next performance level, thereby identifying the
physiological domain requiring targeted development to facilitate progression.

Table 4. Readiness Thresholds for Significant Finger Flexor Predictors by Climbing Level (Mean * SD)

Performance Level Predictor Mean * SD Level 1 Level 2 Level 3 Level 4
Dynamometry Avg (kg) 32.6 £10.1 <225 22.5-32.6 32.6-42.7 >42.7

Lower Grade Finger Hang (s) 133£15.1 0 0-13.3 13.3-284 > 284
Intermediate Finger Hang (s) 29.8+17.6 <12.2 12.2-29.8 29.8-47.4 >47.4
MVC Avg (kg) 42.6+13.6 <29.0 29.0-42.6 42.6-56.2 >56.2

Advanced MVC Avg (kg) 44.6 + 12.2 <324 32.4-44.6 44.6-56.8 >56.8
Finger Hang (s) 41.0 £19.1 <219 21.9-41.0 41.0-60.1 > 60.1

Elite MVC Avg (kg) 56.5 +15.6 <409 40.9-56.5 56.5-72.1 >72.1
Finger Hang (s) 55.2 +23.3 <319 31.9-55.2 55.2-785 >78.5

The model presented in figure 4 defines four readiness levels based on *1 standard deviation from sub-
group means and illustrates progression pathways between climbing levels. Transition between perfor-
mance levels is achieved by reaching the lower threshold of the next level’s key physiological predictor.
Lower-grade progression is primarily associated with finger hang and dynamometry, intermediate pro-
gression with finger hang and emerging MVC, and advanced-to-elite progression with dominant MVC
capacity. This inverse relationship may also reflect underlying muscle fiber composition trade-offs. Ath-
letes with higher proportions of fast-twitch fibers typically demonstrate superior MVC but accelerated
fatigue during submaximal tasks, whereas endurance-optimized climbers may possess greater oxidative
capacity at the expense of peak force production. Additionally, periodization phases focused on maximal
strength can temporarily suppress relative endurance capacity, suggesting that the negative correlation
may be a transient training artifact rather than a fixed physiological constraint.
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Figure 3. Finger Flexor Readiness Model: Threshold-Based Assessment Framework.

Primary Predictor: Dynamometry Secondary Predictor: Finger Hang
VAT 22.5-32.6kg  32.6-42.7kg EZYRAT <0s 0-13.3s 13.3-28.4s >28.4s
(Insufficient) (Sufficient) (Exceeding) (Excessive) (Insufficient) (Sufficient) (Exceeding) (Excessive)

SECTION 2 — “INTERMEDIATE to ADVANCED”
Primary: Finger Hang (r=.67%) Secondary: MVC

I 2208 298-4745 I 29.0-426kg  42.6-56.2kg

SECTION 3: “ADVANCED to ELITE
Primary: MVC (r=.67%) Secondary: Finger Hang

VYRl 324-d46kg  44.6-56.8k R no-nos  a0-c01s [T

SECTION 4: “ELITE Maintenance
Primary: MVC (r=.77-.87*) Secondary: Finger Hang

= i i g l

Lower Grade - Intermediate Progression

For climbers at the Lower grade level (0S% 9.8 + 2.6; RP x 12.7 + 1.9), progression to Intermediate status
requires achieving Sufficient (Level 2) or higher readiness in two domains: Finger Hang duration and
Handgrip Dynamometry. Although MVC correlates moderately with performance in this subgroup (r =
.12, p >.05), dynamometry demonstrated stronger associations with Red Point grade (r = .66, p <.01),
suggesting that generalized grip strength retains predictive utility during early skill acquisition (Stien
etal, 2022).

Practical implication: A Lower grade climber with Finger Hang = 8 s (Level 2) and Dynamometry = 28
kg (Level 2) meets minimum readiness thresholds for Intermediate progression. Conversely, an athlete
with Finger Hang = 5 s (Level 1) requires targeted endurance development before advancing training
load.

Intermediate - Advanced Progression

At the Intermediate level, Finger Hang remains the dominant predictor of performance (r=.67, p <.01),
while MVC begins to demonstrate moderate associations (r = .40, p > .05). To progress to Advanced
status, athletes should achieve Exceeding (Level 3) readiness in Finger Hang duration (= 29.8 s) while
simultaneously developing MVC capacity toward the Sufficient threshold (= 29.0 kg). The non-signifi-
cant correlation between continuous endurance and performance in this subgroup (r =.29, p >.05) sug-
gests that training resources should be prioritized toward sport-specific intermittent protocols rather
than sustained submaximal efforts (Faggian et al., 2024).

Practical implication: An Intermediate climber with Finger Hang = 35 s (Level 3) and MVC = 38 kg (Level
2) demonstrates a physiological profile aligned with Advanced progression. If MVC remains at 25 kg
(Level 1), strength-focused interventions should precede volume increases.

Advanced - Elite Progression

Among Advanced climbers, MVC emerges as the strongest predictor of Red Point grade (r=.67,p <.01),
while Finger Hang correlations attenuate (r =.44, p >.05). This shift indicates a transition point wherein
maximal force production becomes increasingly discriminative of performance at higher grades (Buraas
etal.,, 2025). To achieve Elite status, athletes should attain Exceeding to Excessive (Level 3-4) readiness
in MVC (= 44.6 kg), while maintaining Finger Hang duration at Sufficient levels (= 21.9 s) to ensure ad-
equate endurance capacity.

Practical implication: An Advanced climber with MVC = 52 kg (Level 3) and Finger Hang = 45 s (Level 3)
exhibits a physiological profile consistent with Elite readiness. If Finger Hang declines below 21.9 s
(Level 1) during strength-focused training blocks, periodization should be adjusted to preserve endur-
ance adaptations.
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Elite Maintenance and Optimization

For Elite athletes, MVC demonstrates very large correlations with Onsight grade (r = .87, p <.05), un-
derscoring the primacy of maximal strength at the highest performance levels. However, the small sub-
group size (n = 6) warrants cautious interpretation. Readiness at this level is characterized by Exceeding
to Excessive thresholds in MVC (= 56.5 kg) combined with Finger Hang duration = 55.2 s. Given the
restricted range in both physiological and performance variables at the elite level, individualized assess-
ment and longitudinal monitoring are recommended over population-based thresholds (Stien et al.,
2023).

Integrating the Model into Training Practice
The Finger Flexor Readiness Model offers three practical applications for coaches and practitioners:

1. Diagnostic Screening: Baseline testing identifies which physiological domain (strength vs. en-
durance) represents the limiting factor for each athlete, enabling targeted intervention.

2. Progress Monitoring: Repeated assessment against level-specific thresholds provides objective
feedback on training adaptations and readiness for increased load or competition exposure.

3. Periodization Guidance: The shifting importance of predictors across performance levels in-
forms macrocycle design—emphasizing endurance development at lower levels and maximal
strength at advanced stages.

Importantly, the model should be viewed as one component of a comprehensive athlete assessment
framework. Psychological factors, technical proficiency, and injury history remain critical determinants
of climbing performance that are not captured by physiological testing alone (Saul et al., 2019; Sjoman
etal, 2023).

Limitations

Several limitations warrant acknowledgment. First, the cross-sectional design precludes causal infer-
ences regarding the relationship between finger flexor characteristics and performance progression.
Longitudinal studies tracking athletes over multiple training cycles would be required to validate the
readiness model's predictive utility for actual grade advancement. Second, the Elite subgroup (n = 6)
was underpowered for robust statistical analysis, limiting conclusions about physiological predictors at
the highest performance levels. Third, all participants trained under a single coaching system in Kazakh-
stan, which enhances internal validity but may limit external generalizability to climbers from different
training cultures or geographical regions.

Fourth, we did not assess psychological factors (e.g., fear of falling, route-reading ability) or technical
proficiency, which are known contributors to climbing performance (Saul et al., 2019). The readiness
model should therefore be viewed as one component of a comprehensive athlete assessment framework
rather than a standalone diagnostic tool. Finally, ceiling effects in the intermittent and bar dead hang
tests for higher-level climbers suggest that test protocols require adaptation for elite populations to
maintain discriminative validity.

Future Research Directions

Future investigations should pursue several avenues to extend the present findings. Longitudinal stud-
ies tracking climbers over 12-24 months would enable validation of the readiness model's predictive
accuracy for actual performance progression. Experimental interventions comparing training programs
informed by readiness assessment versus traditional periodization could establish the practical utility
of this framework for accelerating grade advancement. Additionally, expanding the model to include
psychological and technical variables would create a more holistic assessment tool.

Cross-cultural comparisons examining whether readiness thresholds differ across training systems and
geographical regions would enhance the model's generalizability. Finally, investigation of injury risk in
relation to readiness profiles could inform safer training practices; Sjoman et al. (2023) noted that sport-
specific finger strength training must be balanced against injury risk, and the readiness model may help
identify athletes at elevated risk due to strength-endurance imbalances.
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Conclusions

The present study developed a multivariate model of finger flexor readiness for lead climbing perfor-
mance progression. Finger hang duration emerged as the strongest predictor of climbing grades, sur-
passing maximal voluntary contraction and generalized dynamometry in the full sample. The im-
portance of physiological predictors shifted across performance levels, with maximal strength becoming
more discriminative at advanced and elite stages. Continuous endurance at 60% MVC did not signifi-
cantly correlate with performance, which suggested limited utility for lead climbing assessment. The
proposed four-tier readiness model provided a structured framework for identifying physiological lim-
itations and guiding training periodization. These findings advanced the understanding of discipline-
specific physiological determinants within a homogeneous training system. The study suggested future
validation through longitudinal designs and the integration of technical and psychological variables to
enhance predictive accuracy.
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