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Abstract

Climbing demands exceptional isometric finger flexor strength and neuromuscular effi-
ciency. This study aimed to compare maximum isometric strength and muscle quality
(MQ) between climbers and non-climbers and examine the influence of sex and specific
grip types. Methods: 33 climbers (14 women) and 29 non-climbers (15 women) volunteered
in this study. Maximum isometric strength was measured for handgrip, three-finger drag,
and half-crimp grips, while forearm muscle mass was estimated using DXA. MQ was
calculated as the ratio of peak isometric force to forearm muscle mass. Results: Climbers
demonstrated significantly higher isometric strength in both the three-finger drag and half-
crimp grips compared to non-climbers (p < 0.01); however, non-significant differences were
observed in handgrip strength. Despite similar forearm muscle mass, climbers exhibited
greater MQ. Notably, female non-climbers showed higher MQ than their male counterparts
(p < 0.05), a sex difference that was not evident among climbers. All tests exhibited high
repeatability (ICC > 0.93, CV < 5.81%) with low SEM and MDC95 values. Conclusions:
The findings underscore the necessity of employing climbing-specific strength assessments
to capture the unique neuromuscular adaptations induced by climbing training. Muscle
quality emerges as a sex-neutral biomarker for strength performance evaluation, with
potential applications in the optimization of training programs. Future research should
further explore the predictive value of MQ and strive for standardized testing protocols.

Keywords: muscle quality; isometric strength; climbing; finger-grip; sex differences

1. Introduction
Unlike many other sports that rely on dynamic strength, climbing requires sustained

force production in isometric holds, underscoring the importance of grip strength in this
discipline. The ability to generate force in the grip is recognized as a key performance
factor due to its essential role in supporting body weight and maintaining secure holds [1].
Extensive research has consistently demonstrated that climbers exhibit significantly greater
grip strength than non-climbers when assessed with both climbing-specific strength tests
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that mimic climbing positions and handgrip strength tests [2–10], with the magnitude of
these differences more pronounced at higher levels of climbing skill [4,6,11]. Although some
studies have employed handheld dynamometers to assess finger strength in climbers [9,10],
these instruments may lack the specificity needed to accurately measure the finger flexor
strength essential for climbing [12,13]. This limitation may stem from their design, which
emphasizes thumb involvement and general hand function rather than replicating the
grip types and finger-loading patterns commonly used in climbing. Consequently, they
may not fully capture the sport-specific adaptations developed through climbing practice.
In addition, studies examining finger flexor strength through various climbing-specific
assessments have shown inconsistent results [3–5,7]. While some studies describe greater
specialized grip strength in climbers [4,5,7], other authors report no significant differences
between recreational climbers and non-climbers [3]. This discrepancy in results complicates
the establishment of clear evidence regarding the extent to which finger flexor isometric
strength distinguishes climbers from non-climbers, underscoring the necessity for more
precise and specific assessment devices and protocols.

Accurate assessment of isometric finger flexor strength in climbers must consider that
climbing involves various grip types (such as open hand, drag, and half-crimp), which can
significantly impact climbing performance [11,14–16]. The three-finger drag grip, involving
only the front three fingers (digits II–IV), reduces the impact of variations in the fifth digit’s
length, which can affect the degree of extension in digits III and IV. This approach helps
standardize measurements by minimizing the variability introduced by different hand
anthropometrics, thereby allowing for more accurate assessments of open-hand strength
specific to the slope grip technique [14]. In contrast, the half-crimp grip, essential for more
demanding routes, allows force application up to the distal phalanges and enhances force
production through effective engagement of the flexor digitorum profundus and increased
activation of intrinsic hand muscles [17,18].

Although the isometric strength of finger flexors has been frequently studied in
climbers and other populations [5,11,14,19–21], few of these studies report repeatabil-
ity and reliability values beyond the intraclass correlation coefficient (ICC) [5,11,14,19].
These values have limited practical utility, as the specific procedure used to calculate the
ICC is often not specified [5], and most fail to report the standard error of measurement
(SEM) or the minimum detectable change (MDC). These variables are essential for interpret-
ing the likelihood of change magnitude as a result of training or for comparisons between
populations.

In climbing, the ability to support body mass can be a key factor in performance.
Therefore, besides muscle strength, body composition has been widely studied in climbers
of different skill levels, as well as in comparisons between climbers and non-climbers,
with findings indicating that climbers tend to maintain a low body fat percentage [1,22].
In addition to assessing strength and body composition separately, it is useful to consider
muscle quality (MQ), which refers to the ability of a muscle to generate force relative
to its mass [23,24]. This parameter may offer a more functional perspective on athletic
performance [25], particularly in sports like climbing, where optimizing strength without
excessive mass is advantageous. In climbing, optimizing MQ could enhance strength-to-
mass ratios critical for performance [13]. However, the implications of climbing practice and
sex differences on MQ remain insufficiently explored. Investigating these factors could con-
tribute to the development of specialized climbing training programs aimed at optimizing
the strength-to-mass ratio, prioritizing muscle efficiency over muscle hypertrophy.

The impact of sex on finger flexor strength in climbers has not been thoroughly inves-
tigated, as most studies focus on male climbers [8,26]. Although traditional assessments
indicate that men generally exhibit greater muscle strength than women [27,28], the magni-
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tude of these differences tends to diminish when strength is normalized to muscle mass [29].
Several studies have reported that females exhibit superior upper limb MQ compared to
males [30,31], although the underlying mechanisms for this observation remain poorly
understood. Further research is needed to better understand these complex interactions,
which could inform sex-specific training approaches to optimize the effectiveness of climb-
ing training programs.

The objective of this study was to compare muscle strength and quality between
climbers and non-climbers, as well as between males and females, by evaluating maxi-
mal handgrip strength and isometric finger flexor strength in two specific climbing grip
types. Additionally, the study aimed to analyze the repeatability and reliability of these
measurements by determining the SEM and MDC.

2. Materials and Methods
2.1. Subjects

An observational, cross-sectional, and comparative study was conducted with the par-
ticipation of 62 individuals: 29 physically active non-climbers (15 women) and 33 climbers
(14 women). Climbers had a minimum climbing grade of intermediate to elite based on the
International Rock Climbing Research Association (IRCRA) grading table [32]. Inclusion
criteria required climbers to have completed at least a 6A-grade redpoint route within the
past six months and to have had no musculoskeletal injuries in the three months prior to
the study. Climbers were contacted through informational posters placed in climbing gyms,
while non-climbers were students enrolled in the Sports Science Degree at the University
of León with no previous climbing experience. Recruitment took place between December
2023 and January 2024. All participants completed a health screening questionnaire and
provided written informed consent prior to their inclusion in the study after receiving
both oral and written information describing the study procedures, potential risks, and
anticipated benefits. The study was conducted in accordance with the Declaration of
Helsinki. All data were anonymized and handled confidentially. Due to its observational
design and the use of routine, non-invasive testing procedures, ethical review and approval
were waived.

Before data collection, an a priori power analysis was conducted to determine the opti-
mal sample size for the comparative study. The analysis aimed to achieve a statistical power
of 0.80 (80%) with a significance level (α) of 0.05, ensuring appropriate sensitivity to detect
differences between groups. The calculation assumed a large effect size (Cohen’s d = 0.8)
based on effect sizes reported in a recently published climbing-specific strength study [14].
To perform this analysis, we used the statistical software GPower (GPower 3.1.9.2, Hein-
rich Heine University Düsseldorf, Düsseldorf, Germany; http://www.gpower.hhu.de/,
accessed on 15 December 2023). The test family selected was t-tests, with an analysis type
of “Means: Difference between two independent means (two groups)” and a two-tailed
distribution. Based on these parameters, a minimum sample size of 26 participants per
group was required to achieve sufficient statistical power. The final sample of 70 partic-
ipants (33 climbers and 29 non-climbers) exceeded this minimum requirement, thereby
increasing the robustness of the study and enhancing the ability to detect meaningful group
differences while maintaining statistical rigor.

2.2. Muscle Strength Assessment

To minimize residual fatigue, participants were instructed to avoid moderate to in-
tense physical activity on the day before testing and to refrain from consuming stimulant
beverages on the day of testing. Prior to testing, participants completed a standardized
warm-up protocol designed to ensure neuromuscular readiness and minimize variability

http://www.gpower.hhu.de/
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across individuals. The protocol began with 5 min of low-intensity aerobic exercise on an
elliptical machine (Reebok OneGX60, Reebok, Boston, MA, USA), performed at a perceived
exertion level of 3–4 out of 10. This general warm-up was followed by two maximal-effort
handgrip measurements per hand using a Jamar FS658 dynamometer (Patterson Medical,
Warrenville, IL, USA), conducted with participants seated, the tested arm hanging naturally,
the non-tested hand resting on the thigh, and both feet flat on the ground. Subsequently,
participants completed a specific climbing warm-up involving eight unilateral, intermittent
isometric contractions for each grip type (three-finger drag and half-crimp). The inten-
sity of these efforts was progressively increased from approximately 50% to 75% of each
participant’s perceived maximal voluntary contraction. Each repetition lasted 3–4 s, with
20 s of rest between repetitions. This protocol was adapted from previously validated
procedures for climbing-specific strength testing [30,31] and aimed to ensure grip-specific
neuromuscular activation while avoiding fatigue. The warm-up also served as a familiar-
ization with the custom testing device and grip positions used in the subsequent maximal
strength assessments.

The climbing-specific grips were tested using a custom-built device, which was ad-
justed to correspond to the arm length of each participant. The device, developed by the
researchers and shown in Figure 1, consisted of a stationary section fixed to the wall, from
which a metal arm extended. A strain gauge (Chronojump 500 kg, frequency 160 Hz) was
attached to this metal extension and remained stable throughout the test. On the opposite
side of the strain gauge, a 20 mm wooden support bar (150 × 40 × 20 mm, rounded
edges) was positioned, serving as the point where participants applied force during the
test. To isolate finger flexor activation, the arm and forearm were immobilized. To evaluate
finger flexor strength, participants performed two different unilateral isometric tests in a
randomized order. Each participant completed a fixed three-finger drag grip test and a
fixed half-crimp grip test. The order of these tests and the hand used at the beginning of
each test were randomized to control for potential order effects. Each test consisted of three
maximal isometric contractions per hand, with each contraction lasting five seconds. The
timing of each contraction was controlled using a mobile application that provided audible
cues signaling both the start and end of the test. A 2-minute resting period was provided
between each attempt. Participants were instructed to apply maximal force immediately
upon hearing the start signal and to maintain this effort for the entire duration until the end
signal was heard. To ensure consistency and optimal execution, two evaluators provided
uniform verbal encouragement throughout each trial, supporting participants from the
beginning to the end of the contraction period.

Figure 1. (A) Custom-built device for assessment of finger strength; (B) finger position in the three-
finger drag grip; (C) finger position in the half-crimp grip; (D) body position during a maximal finger
flexor strength in half-crimp position.
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During the tests of climbing-specific maximal isometric strength, the thumb was
excluded to avoid contribution to the measured force [33]. Additionally, participants were
instructed to maintain the little finger (fifth digit) in a flexed position without contact with
the support bar. This posture was visually verified by the evaluators during each trial
to minimize synergistic interference. A medical professional was present during testing
sessions, but no injuries or discomfort were reported. The data were recorded using the
integrated software of Chronojump (version 2.5.0). The repetition corresponding to the arm
with the highest maximal force value was selected, and the three measurements obtained
from the same arm were used to calculate repeatability. To assess the repeatability of each
test, we analyzed the three measurements obtained from the specific finger strength tests
(three-drag and half-crimp) and the two measurements from the handgrip test.

2.3. Body Composition and Muscle Quality Assessment

In a separate testing session, participants arrived at the laboratory after an overnight
fast. They underwent a dual-energy X-ray absorptiometry (DXA, Lunar Prodigy, GE
Healthcare® Chicago, IL, USA), with enCore 2009 software (version 13.20.033) scan of their
whole body, following the standards of the International Society for Clinical Densitometry
(ISCD). Bone-free lean mass (BFLM) of the forearms was determined by defining the Region
of Interest (ROI) using anatomical landmarks, specifically the humero-radial joint line at
the proximal end and the radio-carpal joint line at the distal end. Muscle quality was
assessed as the ratio of peak isometric force measured in the half-crimp, three-finger drag,
and handgrip tests to the forearm BFLM, assumed as forearm muscle mass.

2.4. Statistical Analysis

Descriptive statistics were reported as mean ± standard deviation (SD). Data normality
was assessed using the Shapiro–Wilk test. Based on the distribution of the data, group
comparisons were conducted using either the Student’s t-test or the Mann–Whitney U
test. Measurement repeatability was evaluated using the intraclass correlation coefficient,
calculated with a two-way random-effects model for absolute agreement (ICC [2,1]) across
multiple repetitions. Additional reliability indices were calculated for each test and each
individual, including the coefficient of variation (CV), standard error of measurement
(SEM = SD ×

√
(1−(ICC), and minimum detectable change (MDC95 = 1.96 × SEM ×

√
2).

Effect size, determined using Cohen’s d, was categorized as trivial (ES < 0.25), small
(0.25–0.5), moderate (0.5–1), and large (>1), and statistical significance was set at p < 0.05.
Data were analyzed using IBM SPSS Statistics version 25.

3. Results
3.1. Participant Characteristics

The characteristics of the participants are shown in Table 1. Climbers had an average
of 5.7 ± 4.0 years of climbing experience with a 15.7 ± 3.9 IRCRA level and showed a higher
mean age (27.6 ± 3.8 years) compared to non-climbers (23.1 ± 3.1 years). The participating
climbers (n = 33) were classified according to the IRCRA ability levels, as defined by Draper
et al. [32], ranging from 6A to 8B. Based on these criteria, twenty climbers (60.6%) were
classified as intermediate, ten climbers (30.3%) as advanced, and three climbers (9.1%)
as elite. Although no significant differences were found in height or weight between the
groups, climbers displayed a lower Body Mass Index than non-climbers (21.7 ± 3.0 vs.
23.5 ± 2.5, respectively), with this difference being particularly pronounced among female
participants (p < 0.05). Furthermore, the body fat percentage was significantly different
between the groups, with climbers exhibiting a percentage of 17.0 ± 8.0, in contrast to
21.5 ± 8.9 in non-climbers. No differences were observed between both groups in terms of



Appl. Sci. 2025, 15, 7161 6 of 15

arm span, ape index (height/arm span), or forearm length. Additionally, climbers exhibited
similar forearm muscle mass compared to non-climbers (p = 0.228). When analyzed by sex,
male climbers exhibited a slightly higher forearm muscle mass than male non-climbers,
with a 1.04-fold increase (p = 0.549). Similarly, female climbers showed higher values
compared to female non-climbers, with a 1.07-fold increase (p = 0.215).

3.2. Isometric Strength

Climbers demonstrated significantly higher isometric strength than non-climbers, with
increases of approximately 1.38-fold and 1.44-fold in the three-finger drag and half-crimp
grip positions, respectively (p < 0.01, ES > 1; Table 2). This pattern was consistent across both
male and female climbers when compared to their non-climbing counterparts. Specifically,
male climbers exhibited significantly greater isometric strength than male non-climbers,
with increases of approximately 1.35-fold in the three-finger drag (p < 0.01, ES = 1.16) and
1.40-fold in the half-crimp grip (p < 0.01, ES = 1.45). Similarly, female climbers showed
substantially higher isometric strength than female non-climbers, with a 1.31-fold increase
in the three-finger drag (p < 0.01, ES > 1.23) and a 1.37-fold increase in the half-crimp grip
(p < 0.01, ES > 1.69).

Notably, no significant differences were observed in handgrip strength between
climbers and non-climbers overall (p = 0.16, Table 2). However, a sex-specific analy-
sis revealed that female climbers demonstrated approximately 1.13-fold higher handgrip
strength compared to non-climbing women (p < 0.05), whereas no significant differences
were found between male climbers and male non-climbers. Additionally, significant sex-
based differences were observed within each group, with men consistently exhibiting
higher strength values than women across all grip positions.

Relative Strength to Body Weight

When normalized to body weight, all three strength measurements (three-finger drag,
half-crimp, and handgrip) were significantly different between climbers and non-climbers
(p < 0.05, Table 2). Additionally, when considering body weight-normalized strength values,
no differences were found in the three-finger drag and handgrip tests between men and
women, regardless of the group.

3.3. Muscle Quality

When strength values were normalized to finger flexor muscle mass, MQ was sig-
nificantly higher only in climbing-specific strength assessments in climbers compared to
non-climbers (Figure 2). In the three-finger drag position, climbers exhibited approximately
a 1.25-fold higher MQ (407.4 ± 102.0 vs. 324.6 ± 67.7 N/kg; p < 0.01, ES = 0.5–1). In the
half-crimp position, climbers showed a 1.30-fold higher MQ (458.4 ± 94.7 vs. 352.3 ± 60.6
N/kg; p < 0.01, ES > 1). These results remained consistent when comparing male and
female climbers to their non-climber counterparts (Figure 3, p < 0.01). Interestingly, while
females demonstrated higher MQ values than males (Figure 3A–C), these sex differences
reached statistical significance only within the non-climber group (p < 0.05).
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Table 1. Characteristics of participants.

Outcome All Participants Male Female Sex Differences

Non-
Climbers
(n = 29)

Climbers
(n = 33) ES p

Non-
Climbers
(n = 14)

Climbers
(n = 19) ES p

Non-
Climbers
(n = 15)

Climbers
(n = 14) ES p

p
Non-

Climb.

p
Climb.

Age (years) 23.2 ± 3.1 27.6 ± 3.5 1.303 0.001 23.2 ± 3.4 27.2 ± 3.8 1.105 0.004 23.2 ± 3.1 28.1 ± 3.2 1.560 0.001 0.991 0.497
Weight (kg) 67.4 ± 11.1 64.3 ± 11.1 0.279 0.278 75.0 ± 6.9 69.7 ± 10.8 0.555 0.125 60.3 ± 9.6 56.8 ± 6.1 0.427 0.261 0.001 0.001
Height (cm) 168.8 ± 9.9 171.7 ± 8.0 0.319 0.215 175.0 ± 7.7 176.2 ± 6.3 0.185 0.602 163.1 ± 8.2 165.4 ± 5.7 0.335 0.375 0.001 0.001

BMI (kg/m2) 23.5 ± 2.5 21.7 ± 3.0 0.646 0.014 24.5 ± 1.9 22.5 ± 3.4 0.701 0.056 22.6 ± 2.7 20.7 ± 1.8 0.802 0.040 0.037 0.099
LMI (%) 17.4 ± 2.8 17.0 ± 2.8 0.126 0.622 19.9 ± 1.8 18.7 ± 2.1 0.607 0.095 15.1 ± 0.9 14.8 ± 1.8 0.185 0.623 0.001 0.001
FMI (%) 5.0 ± 2.3 3.7 ± 2.0 0.626 0.017 3.6 ± 1.3 2.9 ± 2.0 0.391 0.276 6.4 ± 2.1 4.9 ± 1.4 0.884 0.025 0.001 0.003

Body Fat (%) 21.5 ± 8.9 17.0 ± 8.0 0.532 0.041 14.5 ± 4.9 12.3 ± 5.6 0.419 0.243 28.1 ± 6.3 23.5 ± 6.0 0.739 0.057 0.001 0.001
Forearm Muscle (g) 844 ± 269 930 ± 249 0.310 0.228 1076 ± 179 1120 ± 223 0.213 0.549 628 ±105 673 ± 83 0.472 0.215 0.001 0.001

Arm Span (cm) 170.7 ± 12.2 171.7 ± 9.0 0.097 0.706 178.7 ± 8.4 176.4 ± 8.2 0.281 0.432 163.3 ± 10.5 165.5 ± 5.5 0.258 0.493 0.001 0.001
Ape Index 1.011 ± 0.03 1.001 ± 0.03 0.380 0.141 1.022 ± 0.03 1.001 ± 0.03 0.729 0.047 1.001 ± 0.02 1.001 ± 0.03 0.008 0.983 0.034 0.999

Forearm Length (cm) 27.2 ± 2.4 27.2 ± 1.7 0.008 0.976 28.6 ± 2.0 28.2 ± 1.3 0.268 0.452 25.9 ±1.9 25.8 ± 1.1 0.029 0.939 0.001 0.001

The values are presented as mean ± standard deviation. BMI: body mass index; LMI: lean mass index; FMI: fat mass index; Ape-Index (cm): height/arm span; ES: effect size; p: p-value.

Table 2. Absolute and body weight-relative isometric strength values in climbers and non-climbers by sex.

Outcome All Participants Male Female Sex Dif.

Non-
Climbers
(n = 29)

Climbers
(n = 33) ES p

Non-
Climbers
(n = 14)

Climbers
(n = 19) ES p

Non-
Climbers
(n = 15)

Climbers
(n = 14) ES p

p
Non-

Climb.

p
Climb.

Three-finger drag (N) 260.3 ± 63.9 358.1 ± 109.9 1.070 0.001 301.3 ± 43.9 407.6 ± 114.7 1.158 0.003 222.2 ± 56.0 290.9 ± 55.4 1.234 0.003 0.001 0.001
Half-crimp (N) 285.0 ± 74.9 409.2 ± 121.3 1.214 0.001 341.6 ± 52.6 476.6 ± 113.5 1.452 0.001 232.1 ± 49.3 317.6 ± 52.0 1.689 0.001 0.001 0.001
Handgrip (N) 398.8 ± 120.8 442.6 ± 119.6 0.365 0.157 501.7 ± 85.5 515.8 ± 103.2 0.147 0.680 302.8 ± 43.9 343.4 ± 45.2 0.911 0.021 0.001 0.001
Three-finger

drag/BW (N/kg) 3.9 ± 0.6 5.6 ± 1.4 1.567 0.001 4.0 ± 0.6 5.9 ± 1.6 1.440 0.001 3.7 ± 0.6 5.1 ± 0.9 1.911 0.001 0.127 0.127

Half-crimp/BW
(N/kg) 4.2 ± 0.8 6.3 ± 1.4 1.822 0.001 4.6 ± 0.8 6.9 ± 1.5 1.801 0.001 3.9 ± 0.6 5.6 ± 0.8 2.355 0.001 0.010 0.009

Handgrip/BW
(N/kg) 5.9 ± 1.2 6.9 ± 1.4 0.796 0.003 6.7 ± 0.9 7.4 ± 1.4 0.626 0.085 5.1 ± 0.7 6.1 ± 0.9 1.219 0.003 0.001 0.003

BW: body weight; ES: effect size; p: p-value.
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Figure 2. Muscle quality between climbers and non-climbers in three-finger drag, half-crimp, and
handgrip. Blue bars represent non-climbers, and purple bars represent climbers. The boxplots display
the distribution of muscle quality across these groups for different grip types. * differences between
groups (p < 0.05); ES: effect size (Cohen’s d).

Figure 3. (A) Muscle quality in three-finger drag comparing males and females; (B) muscle quality
in half-crimp comparing males and females; (C) muscle quality in handgrip comparing males and
females. Blue bars represent non-climbers, and purple bars represent climbers. In the gender-based
comparisons, light blue with a dotted pattern represents non-climbing males, solid blue represents
non-climbing females, solid purple represents climbing males, and purple with a dotted pattern
represents climbing females. The boxplots display the distribution of muscle quality across these
groups for different grip types. * differences between groups (p < 0.05); ES: effect size (Cohen’s d).

3.4. Reliability

The repeatability of each strength test was evaluated using the two-way random-effects
model with absolute agreement and a single rater ICC (ICC 2,1). The results demonstrated
high reliability across all tests (Table 3), with ICC values of 0.969 for the three-finger drag
test (95% CI: 0.953–0.981), 0.962 for the half-crimp test (95% CI: 0.942–0.976), and 0.936 for
the handgrip (95% CI: 0.895–0.961). The CV was calculated to assess the within-subject
variability for each set of measurements. The CV values were 5.35% for the three-finger
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drag, 5.81% for the half-crimp, and 5.67% for the handgrip test, reflecting a consistent level
of variation across tests.

Table 3. Repeatability, standard error of measurement, and minimal detectable change.

Outcome Mean SD ICC (95% CI) CV (%) SEM SEM (%) MCD MCD (%)

Three-finger drag (N) 295.25 ± 15.2 0.969
(0.953–0.981) 5.35 17.52 5.93 48.55 16.42

Half-crimp (N) 333.10 ± 19.1 0.962
(0.942–0.976) 5.81 22.65 6.79 62.79 18.82

Handgrip (N) 406.24 ± 22.3 0.936
(0.895–0.961) 5.67 30.23 7.44 83.79 20.63

ICC (95% CI): intraclass correlation coefficient (95% confidence interval); CV (%): coefficient of variation (per-
centage of variability relative to the mean); SEM: standard error of measurement (estimate of error in repeated
measurements); SEM %: standard error of measurement as a percentage of the mean; MCD: minimal detectable
change (smallest change beyond measurement error); MCD %: minimal detectable change as a percentage of
the mean.

Absolute reliability was further evaluated through the SEM and the MDC95, reported
both in absolute terms and as percentages. The SEM values were 17.52 for the three-finger
drag (5.93% of the mean), 22.65 for the half-crimp (6.79% of the mean), and 30.23 for the
handgrip (7.44% of the mean). The MDC95 values were 48.55 (16.42% of the mean) for the
three-finger drag, 62.79 (18.82% of the mean) for the half-crimp, and 83.79 (20.63% of the
mean) for the handgrip.

4. Discussion
The present study evaluated finger flexor strength and MQ in climbers and non-

climbers, with a focus on identifying differences between these groups and analyzing
variations between sexes. Our findings demonstrate that, during climbing-specific assess-
ments, climbers exhibit significantly greater strength than non-climbers. Both absolute
and body weight-normalized values were consistently higher in climbers. In contrast,
while climbers outperformed non-climbers in sport-specific tests, traditional handgrip
assessments failed to distinguish climbers from non-climbers, highlighting the necessity
of sport-specific evaluations. Furthermore, climbers also displayed higher MQ in both
the three-finger drag and half-crimp positions. Notably, among non-climbers, women
demonstrated higher MQ than men despite lower maximal isometric strength and muscle
mass, emphasizing the ability of MQ to capture subtle efficiency differences. Taken together,
these findings emphasize the potential of MQ as a cross-population indicator and pave the
way for comparing climbing-specific assessments with more general measurements.

4.1. Climbing-Specific Strength vs. General Dynamometry

Climbing performance relies on the ability to generate force through specialized
grips [1], yet methodological inconsistencies (e.g., grip depth, testing duration, body posi-
tioning) impede cross-study comparisons [12,22]. For instance, differences in elbow flexion
angles (90◦ vs. 180◦) alter force production [34], highlighting the need for standardized
protocols. Indeed, our data confirm that climbers exhibit superior isometric strength in the
half-crimp and three-finger drag positions, whereas non-climbers showed no significant
differences between these grip types. These differences, consistent with previous stud-
ies [20,22,35], can be attributed to sport-specific adaptations, such as structural changes
(e.g., tendon stiffness) in the flexor digitorum profundus, or neural adaptations, such as
enhanced neural drive [36,37]. Moreover, recent findings have demonstrated that grip
force, especially in the half-crimp position, is significantly influenced by experience, sex,
and training frequency, supporting our stratified analysis of these variables [16]. Notably,
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these grip techniques account for a substantial portion of climbing performance variance,
with specific grips demonstrating distinct biomechanical demands. The half-crimp and
three-drag grips collectively explain 66% of bouldering performance variance [14], with
climbers generating significantly higher force in the half-crimp grip compared to non-
climbers [20]. These differences arise from the distinct biomechanical demands of each
grip: the half-crimp grip primarily isolates the flexor digitorum profundus, whereas the
three-drag engages both the flexor digitorum superficialis and profundus through force
applied at the distal phalanges [11,17].

Handgrip dynamometry, commonly used to differentiate climbers [2,6,38], failed to
distinguish climbers from non-climbers in our study. Moreover, this discrepancy likely
stems from its reliance on thenar muscles and thumb opposition, which diverge from
climbing-specific mechanics where force is applied via the last phalanx during suspen-
sion [33]. These findings reinforce the need for standardized climbing-specific protocols
to improve measurement sensitivity and reproducibility [34,39]. Some previous studies
have reported no significant differences in grip strength between recreational climbers and
non-climbers when using general handgrip tests in non-specific positions [3], although
significant differences were observed in elite climbers. The use of such protocols may
partly explain the absence of group differences, as they are likely less sensitive to climbing-
related adaptations. In summary, the limited sensitivity of traditional handgrip assessments
highlights the value of more specific protocols, such as fixed 90◦ elbow flexion and strict
half-crimp positioning [12], suggesting that traditional dynamometry may need to be
supplemented or replaced in future climbing research.

4.2. Body Composition and Muscle Quality Differences

Body composition is a critical factor influencing climbing performance [40], with
studies using DXA showing that climbers generally have lower body fat percentages and
increased lean muscle mass [35,40,41]. Indeed, recent findings suggest increased lean
muscle mass in the forearm region among skilled climbers [42]. Nevertheless, we observed
similar forearm muscle mass, muscle mass index, and anatomical metrics (e.g., ape index)
between groups, consistent with findings in previous studies [1,8]. Despite similar forearm
muscle mass and anatomical metrics, lower body fat percentage facilitates greater force pro-
duction relative to body weight in climbers [43]. This optimized body composition is critical
in climbing, where excess mass increases metabolic cost [41,44] and complicates the execu-
tion of complex movements and the maintenance of endurance during extended climbs [45].
Building on this, MQ emerges as a critical biomarker, offering insights into neuromuscular
efficiency beyond traditional strength performance and neuromuscular metrics.

MQ, defined as force per unit muscle mass [25,30], reflects climbing-specific neuromus-
cular efficiency. In our study, climbers exhibited higher MQ in their finger flexors without
increased muscle mass, indicating highly efficient force production. This efficiency aligns
with the focus of elite climbers on functional adaptations (e.g., neural activation and muscle
coordination) rather than hypertrophy [20]. Studies in other sports have shown that neural
adaptations can compensate for lower muscle mass, emphasizing the relevance of MQ [25].
For example, comparing athletes with similar levels of MQ may help identify specific
muscle mass or strength deficits, thereby guiding targeted interventions and optimizing
training strategies. Moreover, MQ could serve as a sensitive monitoring tool to detect
early declines in neuromuscular efficiency during periods of overtraining or insufficient
recovery, helping to fine-tune training loads and reduce injury risk. Additionally, while
MQ shows promise as a predictor of strength performance, further investigation is needed
to determine its reliability in predicting climbing outcomes. These observations not only
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underscore the functional benefits of optimized MQ but also set the stage for exploring
how training may moderate differences across sexes.

Our analysis of sex differences in MQ revealed that non-climbers exhibit significant
disparities between sexes. However, these differences are minimized among climbers. Con-
sistent with this, cross-sectional studies have shown that arm MQ in females is consistently
higher than in males across the lifespan [30,31]. Although the precise mechanism remains
unclear, evidence suggests that women maintain MQ better during aging [30,31]. These
differences may be explained by physiological factors influencing muscle efficiency, such
as variations in fiber type predominance or selective neuromuscular activation [46]. In
addition, previous studies have proposed mechanisms such as greater resistance to fatigue,
enhanced mitochondrial efficiency, and estrogen-related protective effects on muscle tissue
in females, which may contribute to relatively higher muscle quality despite lower muscle
mass [47]. Nonetheless, this MQ disparity is not evident among climbers, indicating that
training may mitigate such differences, thus positioning MQ as a sex-neutral metric for
strength performance evaluation. This attenuation of sex-based differences in trained indi-
viduals likely reflects converging neuromuscular adaptations to climbing-specific demands,
such as improved motor unit recruitment strategies and task-specific coordination patterns.

4.3. Reliability of Climbing-Specific Tests

Our study further contributes to climbing-specific research by reporting absolute
reliability indices (ICC, SEM, MDC95), metrics that are rarely documented in previous
studies [22]. Recent research reinforces the importance of testing posture, demonstrating
that seated positions with 90◦ elbow flexion offer the highest reliability (ICC > 0.95) and
strongest correlation with climbing performance [13]. Their findings support the use of
standardized seated protocols for assessing climbing-specific finger strength, as applied
in the current study. The three-finger drag and half-crimp tests demonstrated excellent
reliability (ICC = 0.969 and 0.962, respectively; CV < 6%), consistent with prior work [11,34],
which reported ICC values of 0.96 and 0.88, respectively. The half-crimp grip exhibits
superior test–retest reliability for isometric finger strength, making it a robust measure for
climbing-specific adaptations [14]. Its strong reliability, along with absolute indices like
SEM and MDC95, provides valuable benchmarks for monitoring training progress and
evaluation of strength performance improvements. However, methodological variability
(e.g., grip type, posture, depth of the hold) complicates cross-study comparisons. For
instance, lower ICC values (0.88) and an SEM of 5.52 kg were reported for full-crimp grips,
while hand- and grip-specific differences were observed in overhead testing, with ICC
values ranging from 0.605 for the three-drag grip on the left hand to 0.963 for the half-
crimp on the right hand [11,14]. Our value for the MDC95, approximately 50 N, indicates
that subthreshold strength gains may reflect measurement error, highlighting the need
for standardized protocols to ensure consistency and reliability in future research. This
is consistent with earlier results, the higher MDC95 for handgrip dynamometry (~80 N)
underscores the necessity of climbing-specific assessments.

4.4. Practical Implications and Limitations

Building on our findings, integrating MQ assessments into training regimens has the
potential to significantly enhance athlete monitoring and strength performance evaluation.
For example, climbers with similar MQ but low strength may benefit from neuromuscular
training to enhance motor unit recruitment. Similarly, athletes exhibiting MQ asymmetries
could potentially reduce injury risk by incorporating specific unilateral exercises into their
routines. Coaches should consider adopting climbing-specific tests such as half-crimp
isometric holds rather than traditional dynamometry to more accurately track progress
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and identify emerging talent. By leveraging these insights, coaches and athletes can design
evidence-based training programs tailored to the unique demands of climbing, ultimately
enhancing performance across all skill levels. Although these practical applications are
promising, it is important to acknowledge several limitations.

While our seated testing protocol standardized measurements, this protocol may fail
to capture climbing-specific hanging demands, potentially underestimating the true perfor-
mance capacities of climbers. Although no separate familiarization session was conducted,
participants were guided on their grips during the pre-testing warm-up. Additionally,
while DXA is commonly used for MQ assessment, its inability to isolate finger flexors limits
the accuracy of these evaluations compared to other gold-standard methods. Moreover,
future research should adopt more climbing-specific testing postures, such as hanging tests,
and employ ultrasound-based muscle mass quantification to achieve greater specificity.
Longitudinal studies are needed to validate the predictive value of MQ for climbing perfor-
mance and to assess its responsiveness to periodized training interventions. Specifically,
such studies should examine how changes in MQ over time relate to climbing progression
and whether early improvements in MQ prospectively predict performance gains or re-
duced injury risk. Tracking MQ trajectories across different training phases (e.g., strength
vs. endurance blocks) may also help determine its sensitivity to specific adaptations and
identify critical thresholds linked to performance plateaus or regressions. Addressing
these limitations will enhance the validity of MQ as a performance indicator and refine our
understanding of climbing-specific adaptations. Overcoming these challenges will not only
strengthen the role of MQ in performance evaluation but also drive forward innovative
training methodologies.

5. Conclusions
This study contributes to the understanding of climbing performance evaluation

through two key contributions. First, climbing-specific strength tests such as half-crimp
isometrics demonstrate superior sensitivity to sport-specific adaptations compared to
traditional dynamometry. Second, MQ reflects neuromuscular efficiency and is a sex-
neutral metric that can guide training interventions. To translate these insights into practice,
the adoption of standardized protocols should be prioritized, along with the promotion of
MQ as a biomarker in athlete development. Future research should explore the relationship
between MQ and climbing grades, paving the way for evidence-based training paradigms
that enhance performance across all skill levels. These efforts will link scientific knowledge
and practical application, empowering athletes and coaches to optimize training strategies
for improved outcomes.
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