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Editorial on the Research Topic
Injuries, injury prevention and training in climbing

Centuries ago, climbing pioneers began exploring mountains and high peaks. With the
introduction of indoor climbing centers, climbing as an activity has evolved into a
sport. The 2024 Olympics in Paris will feature individual climbing competitions in
bouldering, lead climbing, and speed climbing (1). New climbing gyms are opening
every year in every major city. With growing popularity and increasing performance
levels, a need for evidence-based knowledge on injury prevention, testing, and training
has emerged (2, 3). In particular, climbing research is in its infancy, but the literature is
expanding rapidly (4-7). However, there remains a need to improve knowledge about
injury prevention strategies, injury epidemiology, and sports medicine, including
systematic training approaches for returning to climbing post-injury. Therefore, the
Research Topic “Injuries, Injury Prevention, and Training in Climbing” aims to advance
scientific understanding in these areas.

Sixty-four authors from Europe and the Americas contributed to the 12 papers
published in this Research Topic. Notably, half of the papers include authors from
multiple countries, highlighting the importance of collaboration in filling knowledge
gaps. The manuscripts vary in methodology: three studies utilized surveys, three
conducted training or rehabilitation interventions, two were systematic reviews, and
four used a cross-sectional design. Of note, four studies involved competitive or elite
climbers, a group almost entirely absent from the scientific literature and whose
inclusion has been called for. The interdisciplinary evidence of this Research Topic has
multiple applications: (a) chronic injury prevalence rates, low back pain, (b) eating
disorders, amenorrhea, and nutritional knowledge among competitive climbers, (c) the
development of new training methods to potentially reduce injury rates, (d) finger
diagnostics, (e) the testing and measurement of climbing performance, and (f) recovery
and fatigue states after climbing.

Injury prevention is a part of all sports. Chronic injuries are often the result of high
intensity over an extended period of time without adequate rest or recovery strategies.
Carraro et al. examined the prevalence of low back pain in 180 competitive climbers

5 frontiersin.org
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aged 13-19 years. Over the previous 12 months, 74% had reported
low back complaints, most of which were classified as low-intensity
to low-disability (63%). Concerns over non-traumatic, overuse
injuries in climbing have been previously addressed but not in a
systematic review that examines potential risk factors and injury
prevention strategies. Quarmby et al. included 34 studies in their
review and identified higher climbing intensity, bouldering,
reduced finger strength, use of the crimp grip, and previous
injuries as risk factors for overuse injuries. However, findings
related to gender, climbing experience, and training volume were
inconsistent, while body weight/BMI, stretching, and warm-up/
cool-down routines were not associated with an increased risk of
injury. Concerning the potential for an exaggerated focus on
body weight in climbing, injuries, amenorrhea, and eating
disorders were assessed among 114 elite female competitive
climbers (Grenhaug et al.). More than 53% reported injuries in
the previous 12 months, with shoulders (38%) and fingers (34%)
being the most common injury locations. BMI did not show an
increased odds ratio for injury, but those with an eating disorder
had twice the odds of being injured. In a study of 50 competitive
boulderers in the UK, nutritional knowledge scores were average,
with considerable individual variation (Gibson-Smith et al.).
Moreover, 38% of female athletes and 46% of male athletes
with  76%
concerning practices. It is, therefore, crucial that trainers and

reported intentional weight loss, engaging in
professionals remain vigilant in identifying athletes at risk for

problematic behaviors early, addressing the issue, and
establishing appropriate specialist services.

Finger injuries are the most common affliction among climbers
(8). Therefore, Greonhaug et al. compared finger cartilage
composition using MRI between 13 climbers and ten non-
climbers and found no significant difference in T2 values
between the groups. Additionally, Bayer et al. examined the
clinical management of finger joint capsulitis/synovitis in rock
climbing through a case study. Following a 6-week
comprehensive rehabilitation program that focused on unloading
affected

movements, and improving muscle performance, pain levels

tissues, increasing mobility, correcting climbing
decreased from 5.5 to 1.5 on the 0-10 analog pain scale.
Furthermore, Devise et al. implemented a 4-week, twice-weekly
hangboard training program and divided 52 experienced climbers
into four groups. The study found that only the extensor-based
training significantly improved finger extensor strength.

Exel et al. demonstrated that performing a dead hang with the
arms fully extended placed less stress on the elbow and shoulder
joints compared to elbow flexion at 90 and 135°. Moreover,
Javorsky et al. compared two 5-week periods of low-volume
blood flow (BFR)

resistance training in intermediate climbers. The results showed

restriction training with high-intensity

that low-intensity BFR training (30% of maximum) yielded

similar climbing-specific strength and endurance outcomes as
high-intensity resistance training (60% of maximum), suggesting

Frontiers in Sports and Active Living
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that BFR may be an effective alternative for reducing mechanical
stress on the fingers.

In their systematic review, Langer et al. sought to provide an
overview of the diagnostic tests and performance measurements in
climbing. From 148 studies, 63 different tests were identified,
indicating a lack of uniform or standard procedures for evaluating
climbing performance. Assessment of recovery markers associated
with climbing could potentially reduce the incidence of overuse
injuries. Gasparie et al. analyzed a range of recovery markers 4 min
post-competition, and 12, 24, 48, and 60 h following a national
bouldering competition. They found that forearm strength and pain
returned to pre-competition levels within 24 h, but climbing
readiness was still compromised 48 h after the competition. In a
separate study, Yu et al. reported that 24 h of continuous rock
climbing led to a 15% reduction in mean grip strength and a 71%
reduction in dead hang endurance in 36 climbers.

As we conclude this Research Topic, we are confident that we
have addressed numerous gaps in evidence-based knowledge and
significantly advanced the understanding of injury, injury
prevention, and training in climbing. We trust that this
compilation of studies will provide valuable and practical insights
for both recreational and competitive climbers, as well as
coaches. We also encourage researchers around the world to add
to the body of evidence-based climbing literature.
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Physical performance testing in
climbing—A systematic review

Kaja Langer®, Christian Simon' and Josef Wiemeyer'

Laboratory for Movement & Exercise Science, Institute of Sports Science, Department of Human Sciences,
Technical University of Darmstadt, Darmstadt, Germany

Due to the increasing popularity of climbing, the corresponding diagnostics are
gaining in importance for both science and practice. This review aims to give an
overview of the quality of different diagnostic testing- and measurement
methods for performance, strength, endurance, and flexibility in climbing. A
systematic literature search for studies including quantitative methods and tests
for measuring different forms of strength, endurance, flexibility, or performance
in climbing and bouldering was conducted on PubMed and SPORT Discus.
Studies and abstracts were included if they a) worked with a representative
sample of human boulderers and/or climbers, b) included detailed information
on at least one test, and c) were randomized-controlled-, cohort-, cross-over-,
intervention-, or case studies. 156 studies were included into the review. Data
regarding subject characteristics, as well as the implementation and quality of all
relevant tests were extracted from the studies. Tests with similar exercises were
grouped and the information on a) measured value, b) unit, c) subject
characteristics (sex and ability level), and d) quality criteria (objectivity, reliability,
validity) were bundled and displayed in standardized tables. In total, 63 different
tests were identified, of which some comprised different ways of
implementation. This clearly shows that there are no uniform or standard
procedures in climbing diagnostics, for tests on strength, endurance or flexibility.
Furthermore, only few studies report data on test quality and detailed
information on sample characteristics. This not only makes it difficult to
compare test results, but at the same time makes it impossible to give precise
test recommendations. Nevertheless, this overview of the current state of
research contributes to the creation of more uniform test batteries in the future.

KEYWORDS

performance, strength, endurance, flexibility, bouldering, testing, measuring

1. Introduction

Climbing (lead climbing, speed climbing, bouldering) has become an increasingly
popular sport attracting a growing number of researchers around the world. This has led
to a constantly growing database with many insights into the performance-determining
factors of climbing. A broad overview of this is given in Figure 1.

It has been shown that performance in climbing and bouldering depends on
psychological, skill-related, anthropometric, tactical-cognitive, and on conditional factors
(1). As shown by MacLeod et al. (2), Grant et al. (3), Laffaye et al. (4), and Saul et al. (1),
one of the most important conditional factors in climbing is finger strength. Moreover,
MacLeod et al. (2) found greater finger endurance in intermittent tests in climbers
compared to non-climbers, and Saul et al. (1) emphasized the importance of aerobic
forearm capacities and hand grip endurance. In addition to these factors, mental
endurance, and anthropometric factors explained 77% of climbing ability in a study
conducted by Magiera et al. (5). Laffaye et al. (4) found that 64% of the total variance in

8 frontiersin.org
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Performance structure of climbing (own figure)

climbing ability could be explained by trainable variables such as
upper limb and finger strength and anthropometric variables
such as body composition and biacromial breadth. Trainable
variables including upper limb and finger strength, lower limb
power, as well as shoulder and knee flexibility according to
Mermier et al. (6) explained 58.9% of the total variance in
climbing ability. In addition, Grant et al. (3) found greater
shoulder girdle endurance and hip flexibility in advanced
climbers compared to both recreational climbers and non-
climbers, and Saul et al. (1) emphasized the importance of
postural stability and selected anthropometric factors such as a
low body fat percentage and large forearm volume for climbing
ability. Furthermore, they described climbers as having high
mental endurance and low in tension, depression, anger, and
confusion. Although differences in the weighting of the various
factors were found between the different climbing disciplines
(4, 7-10), the overall requirements for the disciplines formally
correspond to the same categories.

Based on the findings on performance requirements in
climbing, research in the field of training to improve climbing
ability has been increasing. Performance diagnostics in climbing
have therefore become increasingly important in order to
determine performance deficits and measure training -effects.
However, the diagnostic tests lack consistency and only few
studies include quality assessments for the tests used.

Within this review climbing performance as an empirical
indicator is defined as a measurable variable represented by a test
score. Climbing ability on the other hand is defined as the
potential to achieve high climbing performance and refers to the
theoretical construct which all variables are set in relation to. It
is assessed individually through self-reporting of ability level with
the help of (inter-)national grading systems in each study.

The most important criteria for test quality are validity and
reliability. Validity “refers to the degree to which evidence and
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theory support the interpretations of test scores for proposed uses of
tests” (11). Therefore, validity is not a feature of the test itself but
rather of test interpretation. Different subcategories of validity can be
distinguished. This review especially addresses construct and
criterion validity as two closely related concepts. Construct validity
refers to “the concept or characteristic that a test is designed to
(11). Regarding physical
interpretations have high construct validity when there is evidence

measure” climbing diagnostics, test
that test scores represent theoretical components of climbing ability
or tests show a predefined/theoretical factor structure; for example,
correlation with self-estimated climbing ability or Cohen’s d as a
measure of the difference between different ability groups is an
indicator of construct validity. Criterion validity refers to the
correlation between a test score and a measured criterion variable
(11), which in this case is climbing performance. For example,
Spearman’s and Pearson’s correlation coefficients between test scores
and climbing performance were used for assessing criterion validity.
High validity requires high reliability. Reliability refers to
measurement —consistency or

in other words an acceptable

measurement  error  allowing  effective  practical use  of
the measurement (12). In this review we will differentiate between
intra-session and inter-session reliability referring to measurement
and between

prerequisites for measurement consistency are a high conformity

consistency  within sessions, respectively. The
across raters (inter-rater reliability) and within the ratings of a single
rater (intra-rater reliability) (12). Reliability can be measured with
different tools. In this review intra-class correlation coefficient (ICC),
concordance correlation coefficient (CCC), Spearman’s and Pearson’s
correlation coefficient were considered. In addition, the coefficient of
variation (CV) and the standard error of mean (SEM) were
considered as indicators of reliability.

The heterogeneity of the tests and the lack of reports on test
quality can lead to problems when comparing the effects of
different training interventions (13). In addition, researchers,
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coaches, and athletes find it difficult to select appropriate tests for
their diagnostic test batteries. Approaches to create and validate a
sport-specific test battery for climbing revealed low construct
validity in relation to climbing ability for most of the selected
tests, as well as tests that only allowed differentiation between
specific performance groups (14, 15).

The aim of this review was therefore to give an overview of the tests
for performance, strength, endurance and flexibility in climbing and
their quality in order to identify strengths and weaknesses of existing
tests and to support more homogeneous test batteries for future
performance assessments and quantification of training effects.

2. Methods
2.1. Search strategy and data sources

The literature research and analysis followed the Preferred
Reporting Items for Systematic Review and Meta-Analyses
(PRISMA) guidelines (16), and the study selection process described
by Meline (17).

A systematic literature search on PubMed and SPORTDiscus was
performed in June 2022. Additionally, the retrieved articles were
manually searched for additional articles possibly fulfilling the
inclusion criteria. The search was conducted with the following
terms: “performance”, “strength”, “force”, “power”, “endurance”,
“aerobic capacity”, “anaerobic capacity”, “flexibility”, “agility”,
test”,
“diagnostic”. The wildcard symbol “*” and Boolean operators (OR

» o«

“boulder”, “climb”, “assess”, “measur”, “hand dynamomet”,

and AND) were included to maximize and optimize the search.

2.2. Inclusion and exclusion criteria

To be included, studies had to be published in either English or in
German. All studies including detailed information on at least one
quantitative method of testing or measuring forms a) strength, b)
endurance, ¢) flexibility, or d) performance in climbing and/or
bouldering were included into the review. As we were interested in the
quality of the tests in climbing and bouldering, only studies examining
a representative sample of human boulderers and/or climbers were
considered. In addition, studies had to contain detailed information
on the subjects (age, sex, discipline, and experience) and report
climbing ability levels using a recognized national or international
scale. Randomized-controlled, cohort-, cross-over-, intervention- and
case(-control) studies were included into the review. Publication types
included were journal publications, dissertations, abstracts, and articles
published in conference proceedings. Qualitative, explorative, and
anecdotal research were not included into the review as they do not
allow a quantitative analysis of the tests and measurements used.

2.3. Data extraction

The data on the diagnostic tests was extracted using a
standardized form including sample characteristics (sample size,
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sex, discipline, ability level, age, experience, health), and variables
related to each test and measuring method reported in the
studies (test design, exercise, device, measured value, unit,
reliability, validity). Reported grades for climbing and bouldering
performance were standardized according to the International
Rock Climbing Research Association (IRCRA) reporting scale (18).

2.4. Test classification and quality analysis

In a next step, the tests were sorted according to the exercises the
subjects had to perform. For example, all tests in which the subjects
had to do pull-ups were grouped together. Subsequently, the tests
within each test group were classified according to a) measured
values, b) exercise intensity (edge depth, percentage of MVC), c)
exercise duration (time under tension/work time), d) involved body
parts (fingers, upper limbs, lower limbs, core), and e) test execution
(continuous or intermittent; isometric or dynamic). The quality of
all tests within each test group in combination with sex and ability
level of the respective subjects was then sorted according to the
respective classification in a respective table. In a last step, the
reliability and validity ranges for each test group were determined
and summarized depending on the muscle groups (upper limbs,
lower limbs, core, fingers) and the variable tested (strength,
flexibility,
strength, a distinction was made between maximum strength,

endurance, or climbing performance). Regarding
explosive strength (power), and strength endurance. In addition,
strength endurance was divided into three subcategories. High
intensity strength endurance was defined as maximum strength
endurance (intensity: 90%-100%), submaximal strength endurance
was defined as muscular endurance (intensity: 40%-80%) and
explosive contractions to failure were defined as explosive strength
endurance (intensity: 30%-60%, maximal power or rate of force
development). Furthermore, static and dynamic flexibility as well as
anaerobic and aerobic endurance were distinguished.

Correlations, effect sizes, and coefficients were rated as
proposed by Akoglu (19), Koo and Li (20), Cohen (21), and
Reed et al. (22) (Table 1). To facilitate understanding the
different scales were transformed to a common three-point scale:
low—middle-sized—high. In addition, we transformed r* values
to r values in order to apply the three categories. SEM was
evaluated for each to the

study individually according

recommendations by Denegar and Ball (23).

3. Results
3.1. Study selection and characteristics

A total of 1,128 studies were identified by searching PubMed
and Sport DISCUS. By manually searching the reference lists of
these articles, 51 further studies were identified. After the
removal of the duplicates and 463 studies, which did not fulfill
the content or language requirements, 187 full texts were
different
as insufficient content relevance or inadequate study design,

assessed for eligibility. Due to reasons such

frontiersin.org


https://doi.org/10.3389/fspor.2023.1130812
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Langer et al.

TABLE 1 Ratings of correlations, effect sizes, and coefficients.

paameter ____________Guadng |

ICC <0.5 - Poor
0.5-0.75 - Moderate
0.76-0.89 - Good
>0.9
CCC <0.90 - Poor
0.9-0.95 - Moderate
0.96-0.98 - Substantial
>0.99 - Almost perfect
Pearson’s and Spearman’s r 0 - No correlation
0.1-0.3 - Weak
0.4-0.6 - Moderate
0.7-0.9 - Strong
1 - Excellent
Cohen’s d <02 - Negligible
0.2-<0.5 — Small
0.5-<0.8 - Medium
>0.8 — Large
(&\% < 20% - Acceptable
>20% - Poor

Own terminology

No correlation, negligible - No correlation

Poor, weak, small - Low
Moderate, medium - Middle-sized
Good, substantial, strong, large - High
Excellent, almost perfect - Very high
Acceptable - Acceptable
Poor - Poor

ICC, intraclass correlation coefficient; CCC, concordance correlation coefficient.

31 studies were excluded. In the case of six studies (24-29), the
abstract was found to provide sufficient information to include
the conducted tests into the study. Ultimately, 156 studies were
included in the review (Figure 2).

10.3389/fspor.2023.1130812

Figure 3 shows the climbing ability of the various samples
investigated in the studies according to the IRCRA reporting
scale (18). It also gives an overview of the number of studies
focusing on similar sample characteristics regarding climbing
ability. While 32 studies included advanced to elite climbers, 27
focused on intermediate to advanced athletes. Only one study
exclusively included higher elite climbers while four studies each
included lower grade to higher elite and elite to higher elite
climbers. Three studies focused on intermediate to higher elite
and two on advanced to higher elite climbers. Thirteen and ten
studies dealt with climbers from the intermediate and lower
levels to the elite, respectively. In seven, five, and six studies only
lower grade, advanced, intermediate and elite climbers were
considered, respectively. Four studies each included lower grade
to intermediate and lower grade to advanced climbers. Nineteen
studies did not report the climbing ability of their sample.

Within the studies a total of 429 strength, endurance, flexibility
and performance tests were identified. 53% of the studies included
upper limb and finger strength tests, 23% included climbing
performance tests, 7% included lower limb flexibility tests,
5% each included core strength and lower limb strength tests, 3%
each included upper and lower limb endurance tests, and 1%
included upper limb flexibility tests (Figure 4).

3.2. Findings

A total of 66 test groups were identified. For many of these,
many different ways of implementation of the respective tests
were found. Seven tests measuring tactics, technique, hip
flexibility, core strength endurance, and upper limb and finger
strength endurance and maximum strength, were not included
into the analysis as the studies did not include enough

Records identified through database
search
(n=1128)

Additional records identified through
other sources
(n=51)

Records after duplicates removed
(n =650)

{ Screening ]

Records screened
(n=650)

Records excluded
(n =463)
language, irrelevant topic

Full-text articles
assessed for eligibility
(n=187)

Full-text articles excluded
with reasons
(n=231)

n = 10 no English full text available
n = 2 inadequate study design
n = 3 improper sample

(Included | | Eligibility]

Studies included in
review
(n=156)

n = 16 no content relevance

FIGURE 2
PRISMA flow diagram
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FIGURE 3
Overview of the samples in the included studies.

information on the test execution (5, 30, 31). One test examining
route reading skills conducted by two studies (15, 32) was also
not included into the analysis as it does not relate to physical
climbing skills. One study conducted a 100-metre run (33). This
test was also not included into the analysis due to its lack of
specificity.

The tables presenting the quality of all tests within a test group
in combination with sex and ability grading of the respective
subjects the
(Supplementary Material Tables S1-66). Tables 2-9 sum up the

can be found in supplementary material

reliability and validity ranges for each test group.

3.2.1. Climbing performance

Climbing performance tests (Table 2) take on a special
position. This is due to the fact that the measured value through
the following tests highly depends on the design of the climbing
wall:

Frontiers in Sports and Active Living 12

Pepeated ascent of one boulder
Bouldering in a circuit
Treadwall climbing

Traverse bouldering

Top-rope and/or lead climbing
Bouldering

Other tests work with a standardized wall design:

o Pock over climbing test
« ne speed climbing run
 Speed climbing start

Medernach et al. (34) reported a high inter-session reliability and a
high correlation between climbing ability and the test results for the
repeated ascent of one boulder. Deyhle et al. (36) asked their
subjects to boulder in a circuit following the rhythm of a
metronome until exhaustion while Limmer et al. (26) only state
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FIGURE 4
Overview of the distribution of tests within the identified studies.

TABLE 2 Reliability and validity measures for climbing and bouldering performance tests.

Bouldering/climbing Measured variable Reliability Construct validity (correlation
with self-reported climbing ability)

Repeated ascent of 1 boulder (34, 35) Bouldering/climbing E Inter session: r=.99 (34) r=.87 (34)

Boulder in a circuit (26, 36, 37) Bouldering/climbing E - r=-.84 -.43 (37); r=.88 (37)

Boulder traverse (38, 39) Bouldering/climbing E - r=.52 -.94 (38)

Treadwall climbing (40-47) Bouldering/climbing E Inter-session: r=.99 (40) r=.81 -91 (41, 42); r=-.66——0.28 (43);

d=.02-146 (41)
Top-rope and lead climbing combined (28, 48) | Climbing E - -

Outdoor climbing (49) Climbing E - -
Rock over climbing test (50) Bouldering/climbing Inter-session: ICC =.90 (50) -
ability
Bouldering (7, 51-55) Bouldering ability - r= -47 -39 (52)
Top-rope climbing (24, 56-71) Climbing E/ability/speed | Inter-session: ICC = .97 (59); r = 0.10-0.48 (62); | -
d=0.69 (62)
Climbing kinematics Inter-rater: r=.88 (70) r=.99 (68)
Climbing dynamics - -
Lead climbing (6, 7, 28, 72-77) Climbing E/ability Inter-session: r=.81 (6) r=.45-.69 (73); r=.77 (6)
Climbing kinematics Inter session: r=.71 -.92 (74) -
Inter-rater: r >.81 (74)
Climbing dynamics - -
Speed climbing start (78) Speed climbing dynamics | - -
1 speed climbing run (33, 79) Speed climbing ability - -

E, Endurance.

that their subjects had to do some lap climbing. Both do not report ~ and half-crimp holds and an easy traverse with pinch holds
any test quality data. which the subjects had to climb back and forth until exhaustion.

Both Michailov et al. (38) and Sas-Nowosielski et al. (39) tried ~ Michailov et al. (38) also included two routes, one of which had
to assess climbing performance through a boulder traverse.  holds with an inclined contact surface and the other holds with a
Sas-Nowosielski et al. (39) included a hard traverse with crimp  horizontal contact surface. Sas-Nowosielski et al. (39) did not
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provide test quality data. Michailov et al. (38) on the other hand
report a high correlation between time to failure and climbing
ability for the hard traverse and a middle-sized correlation for
the easy traverse.

Treadwall climbing was used as a diagnostic tool by Schoeffl
et al. (40) who report a high inter-session reliability. They had
asked their subjects to climb a given route on a treadwall at
constant speed and inclination until exhaustion. Studies by
Bala$ et al. (41) and Limonta et al. (42) report high to very
high correlations between treadwall peak angle, systemic V'O,
from submaximal climbing, local muscle tissue oxygen
saturation (StO,) from submaximal climbing, and muscle
oxygenation breakpoint and climbing ability. Bala$ et al. (41)
conducted a test in which the subjects started at an inclination
of 0° and had to climb until exhaustion, with the inclination of
the treadwall increasing by 5° every minute. They also found
low to high differences between intermediate and elite climbers
regarding Treadwall peak angle. In another study Bala$ et al.
(43) conducted a similar test starting at +6° and an increasing
angle of inclination of -3° per minute to identify the critical
angle and multiple exhaustive tests at various fixed angles to
estimate the critical angle. While the peak angle reached
during the incremental test showed middle-sized correlations to
both climbing and bouldering ability, the estimated critical
angle showed only low correlations to climbing and bouldering
ability.

Limonta et al. (42) conducted a discontinuous test in which the
subjects started with 5 min of baseline measurements followed by
the same two workloads, controlled over the speed, for all
participants and three more workloads, each lasting 4 min, with
5min of rest in between according to individual
cardiorespiratory response to reach peak aerobic power in 5
workloads. Booth et al. (44) conducted a test with a similar
protocol including three trials at increasing velocity and 20 min
rest between the trials. Fryer et al. (45), Potter et al. (46), Booth
et al. (44), and Espana -Romero et al. (47) do not report quality
data. While Fryer et al. (45) and Espafa -Romero et al. both
conducted an incremental test, Fryer et al. (45) gradually
increased the inclination of the wall, with the subjects starting at
different angles according to their climbing ability, whereas
Espafa-Romero et al. (47) gradually increased the climbing
speed. Potter et al. (46) asked their subjects to do three self-
paced climbs on the treadwall until exhaustion. Bala$ et al. (37)
measured mean oxygen consumption and heart rate during
bouldering in a circuit until exhaustion with an increase in wall
inclination by 10° every three minutes. They reported a high
negative correlation between mean oxygen consumption and
climbing ability and a middle-sized negative correlation between
heart rate and climbing ability. Additionally, they found a high
correlation between climbing ability and the wall inclination at
the moment of exhaustion. Deyhle at al (36). and Limmer et al.
(26) did not provide any quality data.

Top-rope climbing was used in several different ways to assess
multiple different factors of climbing performance. Jurrens (56)
and Kingsley (57) provided 12 climbing routes with various

levels of difficulty and awarded points for each handhold reached
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by the participants. Barton (58), and McNamee and Steffen (59)
conducted a similar test. The subjects started with a route of
their choice. If they reached the top, they continued with the
next more difficult route. If they did not reach the top, they
continued with an easier route. At the end, the highest grip
reached on the most difficult route was counted if the next easier
route was topped. Fraser (60) determined the highest hold
achieved on the most difficult route attempted. Heyman et al.
(61) asked their subjects to climb a route twice to volitional
exhaustion. If they reached the top they immediately started
again from the bottom. The test conducted by Limmer et al. (62)
is very similar. Their subjects were asked to climb a route as
often as possible with no rest in between the attempts. Hermans
et al. (63) and Hermans (64) assessed the point of failure of each
subject in a route they were asked to climb to failure once. While
the participants in the study of Valenzuela et al. (65) had to
cover as much distance as possible in one route within two
minutes, Bertuzzi et al. (66) assessed the distance climbed up and
down a route in three minutes. Sanchez et al. (67), Seifert et al.
(68, 69), Jones et al. (70), and Mitchell et al. (24) assessed
different factors while their subjects climbed one to three routes
at their own pace. The participants of a study by Balds et al. (71)
however, climbed a route up and down twice at a given pace.
Vertical reaction force under each foot was assessed. McNamee
and Steffen (59) reported a very high inter-session reliability for
their test for climbing ability. Limmer et al. (62) reported low to
middle-sized correlation between test trails for time to failure
and post activity lactate levels. Additionally, they reported
middle-sized differences for post activity lactate levels between
trials. Jones et al. (70) assessed climbing kinematics through the
score on an observer scale and found a high correlation between
the ratings by different experts. No further quality data were
reported on top-rope climbing tests.

Lead climbing was also used as a diagnostic tool to assess
climbing ability, endurance, kinematics, and dynamics. Multiple
authors (6, 7, 72-74) have asked their subjects to climb one or
two routes until failure. Magiera et al. (75) have assessed mean
climbing difficulty through the performance of the subjects on
multiple routes. Assessing performance during a competition is a
tool used by Sanchez et al. (76) and Fuss et al. (77). Magiera et al.
(75) reported a high
performance on different routes. Middle-sized to high correlations

correlation between the climber’s
were found by Taylor et al. (74) for the expert ratings between
sessions and high correlations between the ratings of various
experts regarding technical and tactical factors. The only data on
test validity for lead climbing are reported by Gajewski et al. (73)
and Mermier et al. (6). The former found a middle-sized
correlation between climbing ability and post-exercise lactate
recovery. The latter report a high correlation between the trainable
variable in climbing, including climbing rating, and multiple
power, and flexibility measurements, and climbing ability. Few
studies assessed climbing endurance through a mixture of top-
rope and lead climbing, or outdoor climbing, but did not provide
data on the quality of the tests (28, 48, 49).

Brent et al. (50) have tried to assess bouldering or climbing
ability through a complex test called the rock over climbing test.
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They reported a high inter-session reliability but did not provide
any data on the correlation with climbing ability.

Numerous studies have investigated bouldering ability through
bouldering itself, using different approaches. White and Olsen (51)
conducted a competition-like bouldering test with five 5 boulder
problems for which the participants had six minutes each to
solve and another six minutes rest in between. Zemtsova and
Vavaev (52) observed the performance of their participants at the
world championships 2018 in Innsbruck and 2019 in Hachioji
including five boulder problems. The participants of the study by
Frauman had to solve three boulder problems within five
minutes each and five minutes rest in between. Stien et al. (7, 53)
included three and four boulder problems respectively and gave
the subjects four minutes to solve each of them and a three-
minute rest between the boulder problems. Nichols et al. (54)
also included three boulder problems. The only study reporting
quality data were Zemtsova and Vavaev (52). They report
middle-sized negative to middle-sized positive correlations
between the test outcomes and climbing ability for multiple
factors assessed (number of attempts per top and zone, number
of grips, attempt time, recovery time, climbing time, and
viewing time).

Speed climbing ability and speed climbing dynamics were
assessed through the time taken for one speed climbing run (33,
79) and the directions of the mean forces during the speed
climbing start (78). All three studies did not provide any
information on the reliability of the tests or the correlation of
their outcomes with (speed-) climbing ability.

In summary, climbing performance was assessed through nine
different tests differentiating between climbing endurance, ability,
kinematics, and dynamics. No study reported both reliability and
validity data for any of the tests. However, the repeated ascent of
one boulder, treadwall climbing, the rock over climbing tests, and
top-rope climbing were shown to be highly reliable. The highest
correlation with climbing ability was reported for the repeated
ascent of one boulder.

3.2.2. Upper limb and finger strength
The following tests were used to assess upper limb and finger
strength (Table 3):

« Dead hang

« Bent arm hang

. Pull—up

o Push-up

o Campus board performance test
o Bench press

o Pull down

o Traction test

+ Medicine ball throw

o Shoulder strength tests

« Biceps strength test

+ Elbow strength tests

o Power-slap test

e Arm jump test
 Gripping a dynamometer
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« Applying force on a hold
« Pinching a dynamometer

The dead hang was used to assess finger isometric muscular
endurance in continuous and intermittent tests. It was also used
to assess finger isometric maximum strength by holding
maximum weight for 3-7s. A mixture of muscular endurance
and maximum strength was assessed by hanging to failure on
the The
implementation of the test varies substantially in terms of the

very narrow edges or one-arm dead hang.
grip type, the edge depth and the grip width used. High to very
high inter-session reliability is reported for the tests on finger
isometric intermittent muscular endurance and finger isometric
maximum strength. Medernach et al. (34, 80) worked with a
hang to rest ratio of 8:4s on a 30 mm edge with open crimp.
Bergua et al. (81) used a 40 mm edge and let their participants
(advanced to elite males and females) choose between open- and
half crimp, whereas Lopez-Rivera and Gonzales-Badillo (82) used
a 15 mm edge when testing elite climbers and allowed half crimp
only. The reliability of the dead hang tests to assess sustained
isometric muscular endurance of the fingers is reported to be
very high by Bergua et al. (14 mm or 25 mm edge with open- or
half crimp) (81), Draper et al. (14) (30 mm edge with self-chosen
grip), and Lopez-Rivera and Gonzales-Badillo (11 mm edge with
half crimp) (82). Ozimek et al. (83) used a metal bar instead of
an edge and reported a low to high inter-session reliability for
elite male climbers. No reliability data is provided for tests
combining muscular endurance and maximum finger strength.
Validity data is reported for the sustained muscular endurance
tests. The correlations between the test results and climbing
ability cover a wide range. Bergua et al. (81) report high negative
correlations for the minimum edge depth the participants could
hang from for 40s. Bala$ et al. (84) and Kitaoka et al. (27)
report high to very high positive correlations for maximum
hangtime and post exercise lactate concentrations, respectively.
Middle-sized to high correlations are reported between finger
isometric maximum strength test results and climbing ability.

Like the dead hang, the bent arm hang was implemented with
various grip types, edge depths and shoulder widths. Time to
failure was assessed during a unilateral or a bilateral bent arm
hang. Augste et al. (15) also assessed maximum weight held for
3s in a unilateral bent arm hang. Thus, through different
implementations, the bent arm hang can be used to assess upper
limb isometric muscular endurance and maximum strength. If
small holds are used, finger isometric maximum strength or
muscular endurance also play a role in this test. Studies
providing data on inter-session reliability, report very high
ratings, including acceptable CV values, for the test design used
in the IRCRA test-battery (14) and very high correlations
between sessions for the maximum weight held for 3s in a one
arm bent arm hang (15). Low to high correlations between test
results and climbing ability were reported. Additionally, Mermier
et al. (6) report a high correlation between the strength and the
endurance component, including other strength and endurance
tests, and climbing performance tested on multiple routes.
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TABLE 3 Reliability and validity measures for upper limb and finger strength tests.

Upper limb and finger

strength

Dead hang (14, 15, 25, 27, 31-
34, 54, 62-64, 80-93)

Measured variable

Finger iso. ME

Reliability

Inter-session: ICC =.13—>.99 (14, 81-83), CV% =
18.0 (14), CV% = 23.4-29.9 (83), CV% =12.8 (82)

10.3389/fspor.2023.1130812

Construct validity (correlation with self-
reported
climbing ability)
r= -26 -87 (27, 62, 81, 83, 85, 87, 88);
r=.90 -.93 (84)

Finger iso. inter. ME

Inter-session: ICC =.97 (80); r=.86 (34)

Finger iso. MS

inter-session: ICC =.93 -.99 (81, 82),
CV% =78 (82)

r=.58 -.84 (81, 83)

Finger iso. ME/MS

Bent arm hang (3, 6, 14, 15, 30,
31, 46, 54, 63, 64, 82, 84, 94-99)

Upper limb + finger iso. SE/
MS

Inter-session: ICC =.89, CV% = 15.0 (14);
r=.97 —.99 (15)

r=.23—>80 (15, 84, 94, 99)
r=.77 (6)"

Pull-up (3, 7, 14, 31, 33, 46, 53,
54, 83, 85, 87, 89, 94, 95, 97,
100-106)

Upper limb con. MS

Inter-session: ICC = .84 -.99,
CV% = 1.0-6.62 (100)

Upper limb ESE

Upper limb con.-ecc. ME

Intra-session: ICC=.97, CV% = 14.0 (14)
Inter-session: ICC =.96 -.99 (14, 102), CV% = 14.0
(14)

r=.08 -.72 (83, 94)

Upper limb + finger con.-ecc.
MSE

Upper limb + finger iso. MS

Upper limb iso. ES and Upper
limb + finger MS

Intra-session: ICC = .88 -.99, CV% =9.1-12.9 (103)

r=.61-.77 (85)

Pinch a dynamometer (3, 6, 24,
94, 95, 97, 102, 107-110)

Pinch/pincer iso. MS

Intra-session: r>.99 (108)

r=.22 -.59 (94, 109, 110); r=.77 (6, 95); CCC =.99
(107)

r=.77 (6)* (performance on multiple routes
combined)

Grip a hand dynamometer (3,
4, 6, 24, 34, 38, 45-47, 49, 56,
57, 61, 62, 65, 73, 75, 80, 83-85,
94-97, 99, 109, 111-129)

Hand iso. MS Intra-session: ICC<.97 (4, 117), CV% =3.2 (4) r= -96 -.72 (24, 73, 94, 95, 99, 121, 123)
Inter-session: ICC =.91 -.98 (80, 112) r=.77 (6)*; r=-97—-.88 (24)"; r=.11 (121)"
Intra-rater: ICC =.88 (118)

Hand iso. ES - -

Hand iso. MS + ES

Intra-session: ICC = .94 -.99, CV% = 3.79-22.96 (115)
Inter-session: ICC =.83 -.98, CV% =4-6 (119)

Hand iso. ME

r=.76 (6)*

Hand inter. iso. MSE

Inter-session: ICC =.93, CV% =3.2 (4)

r= -.60 (62)

Apply force on hold (2, 7-9, 14,
15, 24, 29, 32, 35, 38, 41, 47, 54,
90, 93, 96, 99, 101, 105, 106,
109, 110, 117, 122, 130-155)

Finger iso. ES + MS

Intra-session: ICC =.21 -.99 (130, 140), CV% = 2.64-
28.34 (140)

Inter-session: ICC =.40 -.94 (130); 0.60 < r < 0.80
(140)

r=.65-.76 (130)

Finger iso. (inter.) ME

Intra-session (sus + inter): ICC =.85 -.92 (138)
Inter session (inter): ICC =.29-91 (130, 142), CV%
<2.5 (142)

Sus: r= -.26 -.72 (110, 138, 156); d =.44-1.47 (41);
r=.76 (41)

Inter: r=—27 —.19 (156); d=.07 —.33 (41); r= .65
(41)

Finger iso. (inter.) MSE/CF

Intra-session (sus): ICC =.85 -.92 (138)
Inter session (sus): ICC =.92 -.94 (130); (inter):.87
-96 (132)

Sus: r=280 -.82 (138, 156); r=.65-73 (130)
Inter: r=.60 (99); r=.51 -.78 (132)

Finger iso. (inter.) MS

Inter-session (sus): ICC =.88 -.92 (96, 130, 144), CV
% =2.2 (96); r=.88 —.99 (136, 143)

Intra-session (sus): ICC=.97 -.98 (117); r=.88 -.95
(136, 138); Cronbach’s alpha =.99 (110)

Sus: r=-.96 -.81 (2, 24, 99, 110, 136, 138, 144, 156);
r=.04 -.92 (41, 95, 130, 131, 134, 147)
r=-94—-77 (24)%, r=43 -.67 (131)"

Finger + wrist con.-ecc. MS

r=.57 (133)

Power-slap test (4, 14, 31, 32,
53, 54, 112, 134, 157, 158)

Upper limb con. ES

Intra-session: ICC =.98, CV%<4.89 (157)
Inter-session: ICC =.95 -.98 (14, 112, 157, 158), CV%
<4.89 (157), CV%=7.0 (14)

r=.69 -.73 (14, 157, 158)

Upper limb con. ESE

Medicine ball throw (31, 112)

Upper limb ES

Inter-session: ICC=.96 (112)

Elbow strength tests (159) Upper limb MS - r=.51 -.63 (159)
Biceps strength test (95) Biceps MS - r=.29 -.45 (95)
Shoulder strength test (6, 160) | Shoulder con.-ecc. MS - -

Shoulder con. MS - r=0.77 (6)*

Push-ups (31)

Upper limb ESE

Campus board performance
(39, 53)

Upper limb ESE

Arm jump test (161)

Upper limb (ecc.)-con. ES

Bench press (4)

Upper limb con. ES + MS
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TABLE 3 Continued

Upper limb and finger Measured variable Reliability Construct validity (correlation with self-

strength reported
climbing ability)

| Pull down (63, 64) Upper limb con.-ecc. MSE | — -
Traction test (139) Upper limb con. ES - -

Upper limb con.-ecc. ME - _

CF, critical force; MS, maximum strength; ME, muscular endurance; ES, explosive strength; MSE, maximum strength endurance; ESE, explosive strength endurance; iso.,
isometric; con., concentric; ecc., eccentric; sus, sustained contraction; inter, intermittent contraction; CV, coefficient of variation; +, criterion validity (correlation with
climbing performance test scores).

The pull-up was used to assess upper limb explosive strength ~ height slapped with both one and two hands by multiple studies.

(endurance) (33, 100, 101) and muscular endurance (14, 83, 94, However, no correlations with climbing ability were reported.
102). Furthermore, it was used to measure upper limb and finger = The same is the case for quality data on the measurement of the
maximum strength (endurance) (31). The isometric pull-up was fatigue index during multiple power-slaps to assess explosive
implemented to assess upper limb isometric explosive strength  strength endurance as conducted by Laffaye et al. (4).
(85, 103) as well as upper limb maximum strength and finger Abreu et al. (161) asked their participants to perform an arm-
maximum strength (if small holds were used). Inter- and intra-  jump test. This test is similar to the power slap test with both hands
session reliability measures, ranging between high and very high,  but instead of slapping the wall, the subjects are asked to reach and
were reported for multiple different pull-up variations (14, 102,  hold the highest possible rung. No quality data on measuring upper
103, 111). Muscular endurance measures through the number of  limb explosive strength through this test are reported.

pull-ups performed show no to middle-sized correlation to Force parameters of the hand and fingers were assessed in
climbing ability (83, 94). Middle-sized correlations were also  multiple different ways. Three groups of tests were identified.

found for peak force, and rate of force development (RFD) Firstly, hand dynamometers were used to measure hand force,
measured during an isometric pull-up by Vereide et al. (85). which requires the use of the opposing thumb. Various different

Multiple tests such as push-ups, campus board performance, arm positions (shoulder flexion, elbow flexion, shoulder ab-/
bench press, pull down and a traction test were used to assess  adduction), hand position (supination), and body positions
upper limb explosive strength (endurance) and maximum  (sitting or standing) were applied. In addition, the forearm was
strength (endurance). However, no quality data on any of these  supported in some studies. Isometric maximum hand strength
tests were reported. was assessed by measuring (mean) maximum force. Intra-rater

Upper limb explosive strength was also assessed by measuring  reliability was reported to be high. In addition, intra-and inter-
the maximum distance of a medicine ball throw. While no data on  session reliability were reported to be very high. A very high
the correlation of the test measures with climbing ability were  negative correlation between the test results and top rope
reported, Cochrane and Hawke (112) report a very high inter-  climbing time was reported by Mitchell et al. (24), while other
session reliability. authors have reported low to high positive correlations with top

For a test implemented by Mermier et al. (6) to assess shoulder  rope climbing time and self-reported climbing ability. Hand
concentric maximum strength, no quality data are being reported,  isometric explosive strength was assessed measuring RFD. No
except for a high correlation between shoulder strength and other  quality data are reported for these tests. Few studies measured
strength and endurance tests, and climbing performance, measured ~ both maximum strength and explosive strength during one test.
on multiple routes. Wong (160), who tested eccentric and  Middle-sized correlations to climbing ability are reported for
concentric strength of the shoulders did not provide any test these tests and they show a very high intra- and inter-session
quality data. reliability. Hand isometric muscular endurance was also tested

The only test implemented to specifically measure biceps  through handheld dynamometry. Subjects were asked to
maximum strength was conducted by MacKenzie et al. (95) who  maintain 50 or 80% of their MVC for as long as possible. While
report a low to middle-sized correlation to climbing ability. no data on the reliability of these tests are reported, Mermier

Augustsson et al. (159) were the only ones to examine elbow et al. (6) report a high correlation between a group of strength
maximum strength in four tests including elbow flexion, and endurance tests including a handheld dynamometry test at
extension, pronation, and supination. While no data on test 50% of MVC until exhaustion, and climbing ability. Moreover,
reliability was reported, middle sized correlations to bouldering  hand intermittent isometric maximum strength endurance was
ability were reported. assessed by measuring maximum force and fatigue index

The power-slap test is one of the most common tests used to ~ during repeated MVCs. A very high inter-session reliability
assess upper limb explosive strength in climbers. Authors have and a middle-sized negative correlation with climbing ability
measured the maximum height slapped with one hand or both  are reported.
hands at the same time and the highest rung reached and held Secondly, finger strength without an opposing thumb was
for two seconds with one hand, respectively. Very high inter-  conducted by applying force on holds. Different hold types, hold
and intra-session reliability were reported for the maximum  depths, and various finger positions (slope crimp, half crimp,
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open crimp, pinch, jug, and sloper) were used. Furthermore,
different arm positions (shoulder flexion, elbow flexion, shoulder
ab-/adduction), and body positions (sitting, standing, hanging,
crouching or leaning over a table) were applied. The forearm was
supported during the tests in some studies. A combination of
finger isometric explosive and maximum strength was assessed
through one explosive MVC. Intra- and inter-session reliability
were reported as low to very high. The test results explained 65%
to 73% of the variability in climbing ability as reported by
Michailov et al. (130). Finger isometric muscular endurance was
assessed in both sustained and intermittent tests. Intra-session
reliability for both variants was reported as high to very high.
Inter-session reliability was only reported for the intermittent
tests and ranged from low to very high. The correlation between
the results from the sustained tests with climbing ability ranged
from low negative to high positive. As reported by Bala$ et al.
(41), the test results were able to explain 56% of the variability in
climbing ability. Furthermore, they found significant low to high
differences between the test results of intermediate and advanced
The the the
intermittent tests with climbing ability ranged from low negative

climbers. correlation between results from
to low positive. As reported by Bala$ et al. (41), the test results
explained 43% of the variability in climbing ability. Furthermore,
they found low but significant differences between the test results
of intermediate and advanced climbers. In addition, Wall et al.
(131) and Mitchell et al. (24) report high negative to middle-
sized positive correlations with climbing performance on
multiple routes and top-rope climbing time, respectively.

Finger maximum strength endurance and finger flexor critical
force (132) were assessed through sustained and intermittent MVCs
until failure, respectively. Intra-session reliability was reported to
range between high and very high for the sustained tests. Inter-
session reliability was reported to be very high for the sustained
tests and high to very high for the intermittent tests. While high
correlations to climbing ability were reported for the sustained tests,
middle-sized correlations were reported for the intermittent tests.
Tests assessing solely finger isometric maximum strength through
intermittent and sustained contractions are reported to have a very
high intra- and inter-session reliability. The correlation between the
test results ranges from highly negative as reported by Mitchell
et al. (24) to highly positive. One study by Schweizer and Furrer
(133) assessed finger and wrist concentric-eccentric maximum
strength with an especially designed apparatus. They reported a
middle-sized correlation to climbing ability.

Thirdly, isometric pinch or pincer (only thumb and index
finger) maximum strength were also assessed with a
dynamometer. Depending on the study, different body positions
were applied during the test. This includes shoulder and elbow
flexion, body position (standing or sitting) and the fingers
included into the pinch (I/II | /I | VIL-HI | VIL-IV | J/IL-V).
Studies report a high inter-session correlation and low to middle-
sized correlation with climbing ability. Mundry et al. (107) report
a high correlation with climbing ability. They had asked their
participants to pinch a dynamometer while sitting on a chair
with the upper arm leant on the thorax, the elbow at a 90° angle

and the hand in a pronated position.
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TABLE 4 Reliability and validity measures for upper limb endurance tests.

Measured
variable

Upper limb
endurance

Reliability | Construct validity

(correlation with

self-reported
climbing ability)

Rowing Con.-ecc. E - r=.85 (162)
ergometry Con. MS Inter-session: | r=.72 -.73 (163)
(162-164) ICC=.79 -85

(163)
Arm crank Con.-ecc. E r=.20 -.56 (95)
ergometry (30,
49, 95, 165)

MS, maximum strength; E, endurance; con., concentric; ecc., eccentric.

In summary, a total of sixteen tests for assessing upper limb
and finger strength in climbing were identified. Several tests were
used in multiple ways to assess different types of strength
(maximum strength, muscular endurance, explosive strength,
test
implementation varied greatly between the different studies. It

explosive/maximum  strength endurance). Furthermore,
was found that most tests still lack reliability assessment and
validation. Few tests were reported to be highly reliable. This
includes dead hang, bent arm hang, pull up, pinching a
dynamometer, applying force on a hold, and the power-slap test.
Due to the variety of test implementations, correlation ranges are
large for most of the tests. Some of the highest correlations with
climbing ability were reported for applying force on a hold or

pinching a dynamometer.

3.2.3. Upper limb endurance

Upper limb endurance was assessed by two tests (Table 4):

+ Arm crank ergometry
» Rowing ergometry

Arm crank ergometry was used in several studies and different
values such as maximum and average power, maximum force,
maximum oxygen uptake, time to failure, and heart rate were
measured. No data on the reliability of arm crank ergometry are
reported and while Pires et al. (165) found significant differences
between climbers and non-climbers regarding VO,-peak, the
correlation with climbing ability was reported to be only low to
middle-sized (95).

A high correlation with climbing ability was, however, found
for maximum oxygen uptake during rowing ergometry by
Michailov et al. (162). Marino et al. (163) used rowing ergometry
to assess upper limb concentric maximum strength. The
measurement through the one repetition maximum indicates a
high reliability and a high correlation with climbing ability.

In summary, two tests were used to assess upper limb
endurance in climbing but only few validity and reliability
measures have been reported to this date.

3.2.4. Upper limb flexibility
Upper limb flexibility was tested through two tests (Table 5):

o Shoulder abduction and flexion
o Shoulder flexibility test
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TABLE 5 Reliability and validity measures for upper limb flexibility tests.

Measured
variable

Upper limb
flexibility

Reliability | Construct validity

(correlation with

self-reported
climbing ability)

Shoulder Shoulder active - -
flexibility test dynamic FLEX

(6, 134) (overhead)

Shoulder Shoulder active - r=.14 (6)"
abduction and | static FLEX (range

flexion (6) of motion)

FLEX, flexibility; *, criterion validity (correlation with climbing performance test
scores).

Mermier et al. (6) assessed shoulder abduction and flexion through
a test for the maximum active range of motion while standing with
palms facing inward. Giles et al. (134) instead assessed the
minimum distance between both hands gripping the same
wooden stick that allowed for a full overhead rotation of the said
stick without bending the arms. None of the two studies reported
reliability measures. Validity measures were only reported by
Mermier et al. (6) who found a low correlation between the
flexibility component, including shoulder and lower limb
flexibility, and climbing performance.

In summary, two tests assessing upper limb flexibility were
implemented in climbing research, with only little data reported
on test quality.

3.2.5. Lower limb strength
Several tests used to assess lower limb strength were identified
(Table 6):

« Squat jump

« Standing long jump

o Jump with high foot

« Counter movement jump (CM]J)

o Vertical jump

o One legged squat

o Unnamed lower limb strength test

While no study reported both reliability and validity data on any of
the tests, Mermier et al. (6) report a high correlation between the
strength and endurance component including the lower limb
strength test and other strength and endurance tests, and
climbing performance in climbers.

TABLE 6 Reliability and validity measures for lower limb strength tests.

Lower limb strength Measured variable

10.3389/fspor.2023.1130812

Augste et al. (15) specified a high intra-session and an
unacceptable inter-session reliability for the test jump with high
foot.

According to Augste et al. (32), the CMJ proved to be relevant
to speed climbing and bouldering. In addition, Krawczyk et al. (79)
found a high negative correlation between height and power for the
CM]J and climbing time in speed climbing. Both Espafia-Romero
et al. (47) and Giles et al. (134), however, found no significant
differences between climbers of different ability levels.

The squat jump was used in studies by Espafia -Romero et al.
(47), Augste et al. (15) and Arazi et al. (94). The latter could
identify a low correlation between jump height and climbing
ability in both males and females.

For the standing long jump used by Kozina et al. (33) and
Stancovi¢ et al. (31), the vertical jump conducted by Nichols
et al. (54), and the one legged squat applied by Cular et al. (113),
no data on test quality is provided.

In summary, six different tests were used to measure lower
limb strength in climbing research. While only very little quality
data was reported, research points toward squat jump, and CM]J
measurements as possible indicators of climbing-specific lower
limb strength.

3.2.6. Lower limb endurance
Lower limb endurance was tested through two tests (Table 7):

o Treadmill running
+ Cycle ergometry

Only five studies used the cycle ergometer to conduct a
discontinuous incremental test (42, 166-168) and the Wingate
test protocol (6). Unfortunately, no data on the reliability or
validity of the test were reported by Limonta et al. (42).
However, the authors stated that they could not find any
difference in maximum oxygen uptake between climbing and
cycling. Mermier et al. (6) report a high correlation between the
strength and endurance component including other upper- and
lower limb endurance and strength test, and climbing performance.

MacKenzie et al. (95) found that aerobic capacity during a
treadmill test with progressive inclination until volitional
exhaustion shows a low correlation with climbing ability of both
males and females. Michailov et al. (162) and Fryer et al. (45) on
the other hand found no significant correlation between

exhaustive treadmill running (continuous test with progressive

Reliability Construct validity (correlation with

self-reported climbing ability)

Lower limb strength test (6) Con. MS - r=0.77 (6)*
jump with high foot (15, 32) Con. ES Intra-session: r=.76-92 (15) -
Counter movement jump (32, 47, 79, 134) Ecc.-con. ES - r=.79 (79)
Squat jump (32, 47, 94) Con. ES - r=23 -33 (94)
Standing long jump (31, 33) Ecc.-conc. ES - -
Vertical jump (54) (Ecc.-)con. ES - -

One legged squats (113) Con.-ecc. ME - -

MS, maximum strength; ES, explosive strength; ME, muscular endurance; con., concentric; ecc., eccentric; *, criterion validity (correlation with climbing performance test

scores).
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TABLE 7 Reliability and validity measures for lower limb endurance tests.

Lower limb endurance

10.3389/fspor.2023.1130812

Measured variable | Reliability = Construct validity (correlation with self-reported climbing ability)

Treadmill running (37, 41, 45, 95, 162) | E -

d=.17 -.43 (41); r=.17-.28 (95), ns (162)

Cycle ergometry (6, 42, 166-168) E -

E, Endurance; ns, non-significant.

speed and progressive speed and inclination respectively) and
climbing performance. Bald$ et al. (37) conducted a treadmill
running test with progressive speed at constant inclination (5%)
until exhaustion but did not report any reliability or validity
data. Balas et al. (41) found low differences between intermediate
and advanced climbers during a treadmill running test with
progressive inclination (%) to failure regarding time to failure,
slope, tidal volume, respiratory exchange rate and heart rate.

In summary, two tests were established to measure lower limb
endurance in climbing. No significant correlations were found
between oxygen uptake during cycling and climbing, and
treadmill running showed little or no correlation with climbing
ability.

3.2.7. Lower limb flexibility

Lower limb flexibility was assessed through multiple tests
(Table 8). While some tests are also known in other sports, more
climbing specific tests were developed:

« Sit and reach

« Lateral foot reach

« Grant foot raise

+ Climbing specific foot raise
 Hip abduction test

o Draga test

TABLE 8 Reliability and validity measures for lower limb flexibility tests.

Lower limb Measured variable

Reliability

« Hip slide test

o Foot loading flexibility test
o Asymmetry in reach test

« Froggies

« Straddle test

« Hip flexion and rotation

o Leg flexion

The sit and reach test as a test for low back and hamstring active
static flexibility was used in multiple studies. Except for one
study by Siegel et al. (114), who conducted the back saver sit and
reach test, all studies conducted the sit and reach test with both
legs. The only authors reporting reliability data are Draper et al.
(169), who report a very high inter-session reliability. MacKenzie
et al. (95) found a low and middle-sized correlation with
climbing ability in males and females respectively.

Active static hip flexibility was assessed through several tests.
Draper et al. (169) report a very high inter-session reliability but
only a low correlation between test results and climbing ability
for the lateral foot reach test.

A very high inter-session reliability is also reported for the
Grant foot raise test by Draper et al. (169) for implementing the
test both with and without lateral hip movement. However, only
low to middle-sized correlations with climbing ability are
and females for all

reported for both males ways of

Construct validity (correlation with

flexibility
Sit and reach (3, 47, 95,
97, 114, 169)

Low back + hamstring
Active static FLEX

Inter-session: ICC =.97 (169)

self-reported climbing ability)
r=0.17-0.42 (95)

Lateral foot reach (169)

Hip active static FLEX Inter-session: ICC =.93 (169) r=.24 -.30 (169)

Grant foot raise (3, 95, 97,
110, 169, 170)

Hip active static FLEX

Inter-session: ICC =.90 -.93 (169)

r=.20 -.34 (110, 169); r=.26 -.49 (95)

Climbing specific foot
raise (14, 15, 32, 169)

Hip active static FLEX

Inter-session: ICC =.89 (169); r=.95 -.99 (15)

r=.53 -.95 (14, 15, 169)

Hip abduction test (6,
131)

Hip active static FLEX

r=.14 (6)*

Draga test (170)

Hip active static FLEX

Hip slide test (134)

Hip active static FLEX

Foot loading flexibility Hip active static FLEX/ Inter-session: ICC =.96 (169) r=.56 —.65 (169)
test (169) Climbing ability

Asymmetry in reach test | Hip active static FLEX/ | Intra-session: ICC =.89—>.99, CV% = 1.31-35.20, SEM%=.09 -.61 | -

(113) Climbing ability (113), inter-session: ICC = .87 -.96, CV% = 4.96-41.98, SEM% = .07-

1.57 (113)

Froggies (5, 30)

Hip passive static FLEX

Straddle test (3, 95, 97,
134, 170)

Hip + lower limb passive
Static FLEX

r= -48—-41 (170); r=.16 -.57 (95)

Hip rotation and flexion
(131)

Hip active FLEX

Leg flexion (131)

Lower limb active FLEX

FLEX, flexibility; CV, coefficient of variation; SEM, standard error of mean; *, criterion validity (correlation with climbing performance test scores).
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implementation (with or without lateral hip movement and with a
23 cm or arm length distance to the wall).

The climbing specific foot raise test is very similar to the Grant
foot raise test. The participants stand on footholds with their hands
on a rung or handholds around head height. They then raise one
foot as high as possible either with or without lateral rotation of
the body to the wall. Draper et al. (169) found high inter-session
reliability for the test without lateral rotation. Very high inter-
session reliability was reported by Augste et al. (15). Middle-
sized and high correlations were found between the test measures
without and with rotation, respectively, and climbing ability.

Mermier et al. and Wall et al. (6, 131) conducted a hip
abduction test. No test related quality data was reported.
However, a low correlation between the flexibility component,
including shoulder, and lower limb flexibility, and climbing
performance on multiple routes was stated.

Two other tests that were used to assess active static hip
flexibility are the Draga- and hip slide test by Draga et al. (170)
and Giles et al. (134), respectively. No quality data were reported
on either test.

The foot loading flexibility test conducted by Draper et al. (169)
and the asymmetry in reach test conducted by Cular et al. (113)
combine active static hip flexibility with a climbing movement
and are thus more complex compared to tests focused solely on
hip flexibility. The inter-session reliability of both tests is rated as
high to very high. Cular et al. (113) additionally report an
equally high intra-session reliability for the asymmetry in reach
test. While they, however, do not report any correlations to
climbing ability, Draper et al. (169) report a middle-sized
correlation between the results from the foot loading flexibility
test and climbing ability.

Two tests were used to assess passive static hip and lower limb
flexibility. During the so called froggies, the participants are asked
sit or stand with their feet placed together and to then spread their
legs as far as possible to the sides. Both studies conducting this test
did not provide any data on the test’s quality (5, 30). The straddle
test, which is also used in other sports, was implemented in three
different ways. The implementations differ in the body position
of the subjects (lying, sitting, standing) while spreading their legs

TABLE 9 Reliability and validity measures for core strength tests.

10.3389/fspor.2023.1130812

as far as possible. No data on the reliability of the straddle test
are reported. However, a middle-sized negative correlation
between the test outcomes in a sitting position and climbing
ability was reported by Draga et al. (170). MacKenzie et al. (95)
on the other hand report no correlation with climbing ability for
males and a low correlation for females.

Wall et al. (131) conducted three different tests to assess frontal
hip flexion, hip rotation and leg flexion but did not report any data
on test quality.

In summary, fourteen different tests for the assessment of lower
limb flexibility in climbing were identified. While high to very high
inter-session reliability was reported for six of these tests, mainly
low to middle-sized correlations with climbing ability were
reported. Only the climbing specific foot raise was reported to
highly correlate with climbing ability.

3.2.8. Core strength
The following core strength tests were identified (Table 9):

o Super-man

o Momentum absorption
» Core rotation test

+ Body lock off

« Plank

» Sorensen test

o Kraus Weber test battery
« Sit-ups

o Curl-ups

« Fishing kicks

o Leg raise

No quality data are provided for the following tests: core rotation
test, plank, Sorensen test, Kraus Weber test battery, sit-ups, and
curl-ups. During the fishing kicks tests, participants held on to a
bar attached to a 60-degrees overhanging wall. They were then
asked to touch a foot plate on the wall with each foot for one
second, starting in a vertical position and without swinging their
legs. The test was repeated until the plate had not been loaded
on three consecutive attempts. Augste et al. (15) reported low to
moderate negative correlations to climbing ability. A similar test

Core strength Measured variable Reliability Construct validity (correlation with
self-reported climbing ability)

Super-man (86) Con.-ecc. MS Inter-session: ICC = 0.87 (86) -

Momentum absorption (15, 32) Con. MS - r=-.01-.31 (15)

Core rotation test (86) Con. MS - -

Body lock off (86) Iso. SE Inter-session: ICC =.79 (86) -

Plank (14) Iso. SE - -

Sorensen test (4, 96) Iso. SE - -

Kraus Weber test battery (96) Iso. SE - -

Sit-ups (31) Con.-ecc- SE - -

Curl-ups (3, 97, 114) Con.-ecc- SE - -

Fishing kicks (15, 32), (86) Con.-ecc. SE Inter-session: ICC =0.91 (86) r=-.42—-.12 (15)

Leg raise (14, 95, 96) Core + lower leg iso. SE - r=.30 -.45 (95)

MS, maximum strength; ME, muscular endurance; iso., isometric; con., concentric; ecc, eccentric.
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was conducted by Saeterbakken et al. (86) who report a very high
inter-session reliability.

They also report high inter-session reliabilities for the super
man and the body lock off test (86). During the super man test,
participants adopted a push-up position with their hands on a
slide board and their feet against a wall. They were then
asked to slide their arms as far forward as possible so they
could still return to the starting position. For the body lock
off test, participants adopted a horizontal position with one
foot on a campus rung and both hands on another. They were
then asked to lift their second foot to the same height as the
first and to lift their body so that shoulders, pelvis and ankle
formed a horizontal line. They then had to hold the position
for as long as possible. Augste et al. (15) reported low
correlations between “momentum absorption” and climbing
ability. For this test participants were asked to position both
hands and feet on a 60-degrees overhanging wall. They then
simultaneously released both feet and tried to allow as little
back swing as possible. Whereas Draper et al. (14) as well as
Macdonald and Callender (96) found no
differences between of different
regarding leg raise measurements, MacKenzie et al. (95)

significant
climbers ability levels
found a low correlation to climbing ability in females and a
middle-sized correlation in males.

In summary, eleven different tests were identified to assess core
strength in climbing. For six of them no quality data are reported.
High reliability measures were reported for body lock off, super-
man, and fishing kicks. Low correlations with climbing ability are
reported for leg raise and middle-sized to high correlations for

“momentum absorption”.

4. Discussion

The aim of this review was to give an overview over the quality
of different test- and measurement methods for performance,
strength, endurance, and flexibility in climbing. The type and
frequency of the tests used (Figure 3) correspond to the
performance structure of climbing shown in Figure 1. This
shows that research is representing the conditional requirements
of the climbing sport. Nonetheless, the climbing ability of most
samples range across two or more ability levels (IRCRA) and
only very few studies focused on specific ability levels. This leads
to the fact that only broad assumptions within the field of
addition, all
recommendations on testing need to be viewed in context of the

climbing diagnostics can be made. In
population included in the respective study.
Based on current evidence, it is difficult to determine whether
individual tests are superior to others in terms of reliability and
identified as
particularly good based on multiple studies and quality checks,

validity. However, individual tests may be
while others may need further exploration. Although a large
number of studies and tests were included in this review, it
should be noted that the majority of the studies (a total of 82 =
55,4%) did not provide data on test quality, which may have

biased our analysis.
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4.1. Performance tests

Climbing and bouldering performance were measured
through several tests. Their high complexity and variability
are both advantageous and disadvantageous at the same time.
On the one hand they can be adapted to focus on various
different performance factors such as endurance, strength,
climbing ability, dynamics, and kinematics. Additionally, they
can be implemented easily and most of them don’t require
expensive and unwieldy equipment. On the other hand, the
fact that they are implemented in various different ways
makes it hard to compare the results of different studies.
Furthermore, the variability of the routes and walls used lead
to substantial differences in the requirements needed to fulfil
a test among different ability levels. For example, a test route
designed to test climbing endurance in elite climbers might
require more strength than endurance in intermediate and
advanced climbers.

While there is little quality data reported on performance tests,
the correlation between test scores and reported climbing ability is
high or up to very high. Especially the repeated ascent of one
boulder, and bouldering in a circuit stand out due to a high
validity. Even though the test results might seem to be vague,
due to the high complexity of the tests, various studies report
very high inter-session reliability for top-rope, and treadwall
climbing, as well as the rock over climbing test, and the repeated
ascent of one boulder. Moreover, studies that evaluated climbing
kinematics through expert ratings report high inter-rater
reliability. A new attempt to measure climbing performance
through climbing kinematics through the assessment of the jerk
of the hip trajectory showed high correlations with climbing
ability (68, 69). Tests that lack construct validity regarding
climbing ability are traverse bouldering, bouldering and lead
climbing.

One factor, researchers might criticize about tests that involve
bouldering or climbing is the impact of route preview on the test
results. While, according to Sanchez et al. (67), route preview
does not lead to a climber being more likely to finish the ascent
of a route, it is likely to influence the performance on the route
itself. The ability to visually inspect a climb before its ascent or
not may thus represent a key factor in performance testing (67).

Some climbing performance tests have been used to assess
climbing specific endurance. While it was shown that both
systemic and localized endurance are important in climbing
ability and several tests are needed for a full picture of an athlete
(171), there is still no consensus on the most appropriate tests.

In general, five climbing performance tests have not been
validated
Furthermore, the included population covers different ability

and only eight studies report reliability data.
levels, which is why no definitive recommendations for climbing
performance tests can be given at present.

While we decided to classify the tests according to the exercises
performed, another idea would be to classify them according to the
intensity of the exercise. To our knowledge, no study has so far
distinguished between exhaustive or submaximal tests which

would be an interesting topic for future analyses.

frontiersin.org


https://doi.org/10.3389/fspor.2023.1130812
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Langer et al.

4.2. Upper limb and finger strength

A total of 16 different test groups for upper limb and finger
strength were identified. They were applied by 120 out of 156
studies included in this review. This represents the importance of
upper limb and finger maximum strength, muscular endurance
and explosive strength in climbing.

All tests conducted to measure finger strength are isometric
tests, except for one test by Schweizer and Fuller (102) which is
isokinetic. In total, four test groups were identified. However,
these consist of almost 230 different ways of implementation
regarding hold type, hold depth, arm- and body position,
distance between the hands, force thresholds, contraction type,
and work to rest ratios. Furthermore, the same tests were
modified to assess not only finger isometric maximum strength
but also isometric muscular endurance in both sustained and
intermittent setups, explosive strength, and maximum strength
endurance. The dead hang was reported to have very high
reliability ratings by many studies. In addition, acceptable
coefficients of variation were reported by Draper et al. (14) and
Lopez-Rivera and Gonzalez-Badillo (82). Only Ozimek et al. (83)
report poor CV values (23.4%-29.9%). Both gripping a hand
dynamometer and applying force on a hold were also reported to
be highly reliable. Acceptable CV-values are additionally reported
by multiple studies (4, 96, 115-117, 135). The reliability for
pinching a dynamometer has so far only been assessed by in one
study (108)
Correlations with climbing ability were on the other hand

reporting very high intra-session reliability.
studied less frequently reported. The dead hang seems to be a
valid measure to assess finger isometric muscular endurance and
maximum strength. New findings however show that the test is
more likely to assess maximum strength rather than muscular
endurance (171).

Both gripping and pinching a dynamometer for measuring
finger maximum strength seem to be valid ways to assess finger
isometric muscular endurance and maximum strength. Applying
force on a hold might be a less valid procedure, however all
these findings need to be treated with caution as test setups and
included populations vary substantially.

One of the tests assessing maximum strength endurance of the
fingers that has recently been introduced also assesses finger flexor
critical force (132). This parameter is new to climbing research and
holds great potential for further investigations of specific strength
profiles of climbers and their correlation with climbing ability.

Both gripping a dynamometer and applying force on a hold
have been reported to hold high and very high test reliability,
respectively, and high levels of standardization in assessing hand
strength (172, 173). While we cannot give a final answer to the
question which arm- and body positions should be used for
finger flexor strength testing, we are able to summarize the
current findings in this field. One of the first studies investigating
this question found that the most appropriate protocol seems to
be to assess maximum grip strength in adolescents with the
elbow extended rather than bent at 90 degrees (174). Whether
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this applies to adult climbers of different ability levels as well,
remains to be investigated. Michailov et al. (130), state that,
while finger strength testing with arm fixation is more reliable,
tests without arm fixation are more related to climbing ability.
Amca et al. (175) observed different forms of increase in force
with increasing hold depth, depending on the grip technique.
This points towards climbers adopting individual choices of body
position while climbing according to the chosen grip technique.
Consequently, some freedom of choice regarding the type of grip
and body positioning during finger strength testing might lead to
more reliable and valid results. Bald$ et al. (136) assessed the
differences between various grip types and report open grip and
crimp grip as most closely related to self-reported climbing
ability. Additionally, two finger grips might provide more
detailed information on individual grip performance variations
(136). Bourne et al. (137) assessed the effect of edge depth and
found that finger strength measured on deep edges do not
predict finger strength on shallow edges. In addition, individual
anthropometric factors such as fingertip pulp may influence
strength measurements. A recent study by van Bergen et al. (176)
suggest to conduct finger strength testing and training with
different holds and body positions.

Another factor that many tests differ on is the type of
contraction (continuous or intermittent). It was shown that
aerobic, alactic, and lactic relative energy contributions differ
significantly between both test set ups (138). Researchers and
coaches should thus choose the test set up according to the
variable they wish to measure. Nonetheless, it remains unclear
which work to rest ratio intermittent testing holds the highest
correlation to climbing ability in different performance groups.
Augste et al. (177) recently published a study aimed at
optimizing the correlation of test performance in intermittent
finger muscular endurance tests with climbing ability. They
found the highest correlations for women and men when 9% and
6% deviation in required force and one second deviation in
required pulling time were tolerated, respectively. This might be
a good starting point for future research on intermittent finger
strength testing.

Low to high reliability and middle-sized correlations to
climbing ability have been reported for the assessment of finger
flexors RFD. New findings suggest, that RFD plays an important
role especially in high elite climbing (178, 179) and should
therefore be considered in more detail in future.

As can already be seen form these findings, sex plays an
important role in strength testing. Findings by Peterson et al.
(180) indicate that relative grip strength measured with a hand
dynamometer could be greater in males compared to females due
to the decreased hand size of females in relation to males. This
has to be taken into account when interpreting forces measured
with a hand grip dynamometer.

Two isometric tests assessing upper limb strength were
identified. The bent arm hang was used to measure upper limb
muscular endurance. When conducted on small holds, however,
finger maximum strength also played a role. It was reported to
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be a reliable test by multiple studies. In addition, diagnostic
literature as identified the bent-arm hang as a test with a high
level of standardization and a high reliability for young adults
(181). Correlations to climbing ability covered a broad range
from low to high. Again, the variety of implementations and
within sample climbing ability levels is very high. The “best” way
to implement this test can thus not be identified. However, it
was reported to differentiate between climbers of different ability
levels (3, 96, 97). The bent arm hang thus remains a valid test
for upper limb strength in climbing. The same was found for the
isometric pull up.

Although many dynamic tests to assess upper limb strength in
climbing were identified, most of them were applied in only one
or two studies (medicine ball throw (31, 112); elbow strength tests
(159); biceps strength test (95); shoulder strength test (6, 160);
push-ups (31), campus board performance (39, 53); arm jump test
(161); bench press (4); pull down (63, 64); traction test (139)). In
addition, quality data are only reported for medicine ball throw,
the power-slap test and pull-ups. A very high inter-session
reliability is reported for all of them by multiple studies. On top of
that, Draper et al. (14), Levernier et al. (100), Stien et al. (103)
and Laffaye et al. (157) report acceptable CV values for the power
slap test and the pull up. While the correlation with climbing
ability for these tests only ranges from low to middle-sized, the
power-slap test was found to differentiate between different ability
levels when assessing upper limb explosive strength and explosive
strength endurance (4, 158). Furthermore, the pull up was found
to differentiate between boulderers and climbers when assessing
upper limb explosive strength (100, 101). In addition, Fetz and
Kornexl (172) report a very high level of standardization and high
reliability. A high level of standardization and high inter-rater
reliability are also reported for the medicine ball throw when
performed in a standing position by Bos and Schlenker (181).
While no quality data was reported for push-ups, Bos and
Schlenker (181), and Fetz and Kornexl (172) state a high level of
standardization and high inter-session reliability for push-ups
performed with a clap behind the back after every repetition.
Augustsson et al. (159) were the only ones to report data on
elbow strength. While this test seems to be a valid test especially
in bouldering, further analysis need to be conducted.

This shows that even though climbing is often characterized as
a series of isometric contractions, and dynamic tests are not often
used, dynamic explosive strength of the shoulders and upper arms
plays an important role in climbing and should thus be included
into performance assessments in addition to isometric tests.

4.3. Upper limb endurance

Although upper limb endurance is an important factor in
climbing, it was only investigated by a total of seven of the 156
included studies. Reliability measures for rowing ergometry are only
reported by one study, while two report correlations to climbing
ability. High correlations are reported for maximum strength
assessed through the one repetition maximum and endurance
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assessed through maximum oxygen consumption. While no data
on the reliability of arm crank ergometry are reported by the
included studies, the test has been shown to hold a high inter-
observer and inter-session reliability by Bulthuis et al. (182).
However, only low to middle-sized correlations with climbing
performance are reported by one study for arm crank ergometry.

These findings suggest that both tests could be valid for the
assessment of upper limb endurance in climbing. However, more
research by multiple studies is needed in this field (178).

4.4. Upper limb flexibility

While upper limb flexibility is reported to be one of the key
factors of climbing (6), only two studies have assessed active
dynamic shoulder flexibility. Additionally, only one study reports
data regarding test quality (6). General diagnostic literature has
already shown that shoulder flexibility assessed with a scaled rod
moved over the head with straight arms is a measure with very
high objectivity, and high intra-session reliability (183). However,
more research regarding upper limb flexibility in climbing is
needed to be able to provide test recommendations.

4.5. Lower limb strength

Lower limb strength was reported to be a key factor in
climbing. In addition, coaches report an increasing importance of
lower limb strength in modern bouldering and speed climbing
(184). Nonetheless, very few studies included lower limb strength
tests into their test batteries. The studies that did include lower
limb strength tests mainly focus on lower limb explosive
strength. Only one of the seven tests found focuses on maximum
strength and one on lower limb muscular endurance. This is in
line with the results of Mermier et al. (6) who found that lower
body explosive strength plays an important role in climbing ability.

Nonetheless, hardly any data is reported on test quality. It can
only be assumed that the jump with high foot (15), has high to
very high inter-session reliability. The authors, however, emphasize
that this test should only be included in a test battery if both
angular position of the knee and test performance are closely
monitored (15). All tests for which correlation values to climbing
ability are reported, show low to high correlation with climbing
ability. Nevertheless, this information should be taken with caution,
as it is based only on the results of single studies and is therefore
not conclusive. As shown by Krawczyk et al. (79) lower limb
strength is a key factor, in speed climbing, and this relationship
should thus be evaluated further. General sports diagnostics have
shown that the standing long jump shows a very high level of
standardization, and middle-sized to high inter-session reliability
(172). In addition, both vertical jump and one legged squats have
been shown to hold a high inter-session reliability in general
strength testing (172, 181, 185) which is a good starting point for
future valid test
recommendations.

climbing-specific assessments to provide
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4.6. Lower limb endurance

Lower limb endurance was not reported to be a key factor of
climbing. Nevertheless, six studies included treadmill running or
cycle ergometry into their test batteries. The aim of the studies was
to compare the respiratory requirements of running or cycling with
those of climbing. While only three of the studies report low
correlations with climbing ability, all indicate that climbing ability is
not dependent on aerobic capacity as determined by a traditional
treadmill analysis or cycle ergometry (37, 41, 42, 45, 95). In addition,
no study reports reliability data, which shows another gap in
climbing research. Nonetheless, it has been shown that incremental
treadmill tests are a reliable tool for measuring lactate thresholds,
blood lactate concentrations, and maximum oxygen consumption
(186). It can be concluded that traditional lower limb endurance
tests most probably do not directly contribute to climbing ability
and should thus not be included in performance analysis.

4.7. Lower limb flexibility

As supported by multiple studies, lower limb flexibility is a key
performance component of climbing (3, 6). However, the test battery
included lower limb flexibility tests in only a few studies. For all tests
for which inter-session or intra-session reliability data are reported,
the reliability is very high. Additionally, Cular et al. (113) report an
acceptable CV and SEM for the right and left hand individually, but
not for the absolute values in the asymmetry in reach test. The high
reliability of the flexibility tests is in line with diagnostic literature
reporting high inter-rater and inter-session reliability for the sit and
reach and the straddle test (172, 183). In contrast, the correlation to
climbing ability ranges from middle-sized to high only for the
climbing specific foot raise and the foot loading flexibility test and is
low for the remaining tests. While researchers have emphasized that
climbing specific flexibility tests are superior to less specific tests
(169), our results show that both specific tests performed on a
climbaflex board and existing tests used in many other sports only
show low to middle-sized correlations with climbing ability. This
could indicate that despite previous findings lower limb flexibility is
a less important factor in climbing. Another possible explanation
could be that due to their complexity these tests might not only
refer to flexibility. The asymmetry in reach test for example might
also include factors of shoulder strength. In addition, the current
state of research may not be strong enough to support either
position. As the samples of most studies focusing on lower limb
flexibility range from lower level to elite or even to higher elite
climbers, no ability group has specifically and thoroughly been
investigated until now. More research in this area is thus needed and
should thus focus on specific ability groups.

4.8. Core strength

Even though core strength was reported to be a key component
of climbing, only 11 out of 156 studies conducted core maximum
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strength tests and muscular endurance tests of the core. Diagnostic
literature reports high intra- and inter-tester, as well as high inter-
session reliability for the Sorensen test, sit-ups, curl-ups, and leg
raise (181, 185, 187). In climbing specific research, however, only
one study reports reliability data and only two report on the
validity of a single test each. While the inter-session reliability of
the super-man, the body-lock, and fishing kicks are reported to
range from high to very high, the correlations reported for the
leg raise and “momentum absorption” range from low to high
only. This again highlights the need for further research in the
field of strength testing in climbing.

4.9. Practical applications

The large variety of tests used, and the large number of factors
influencing the measured values (ability level, wall inclination,
loads, test implementation, etc.), makes it hard to give concrete
test recommendations to coaches and researchers. Our suggestions
reflect the current state of evidence; we only recommend tests with
high validity.

According to our findings, the most valid tests for bouldering
endurance, climbing performance, and climbing kinematics are
the repeated ascent of one boulder, lead climbing, and top-rope
climbing, respectively. Finger maximum strength is best assessed
through applying force on a hold, rather than using a hand
dynamometer. Intermittent dead hang protocols are reliable and
valid tests for finger muscular endurance. Upper limb maximum
strength and strength can be measured through the bent arm
hang and pull-ups. Isometric pull-ups additionally allow the
assessment of explosive strength, for which the power-slap test
can also be used. Regarding the lower limbs, currently no test
can be recommended due to low or missing validity.

5. Conclusion

When creating a test battery and comparing and analyzing test
results, researchers are almost overwhelmed by the multitude and
variability of diagnostic options. To date, no between test
correlation analysis or multiple regression analysis has been
carried out to find out whether it might be sufficient to perform
only few tests in order to successfully map climbing ability. Of
course, this does not apply to diagnostics which aim to identify
deficiencies or weaknesses. However, when evaluating training
effects, for example, a reduced test battery could save a lot of time
and work.

While some tests have been validated mainly in the area of upper
limb and finger strength, especially the assessment of climbing
performance, core strength, global endurance, and lower limb
strength and flexibility lack valid and reliable testing methods.
Standardized settings such as the moon or the kilter board have
not been used to assess performance to this day and might hold
potential for future examinations within performance testing.

This review might give the impression that in order to reach a
“perfect test”, authors should strive towards optimized reliability
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and validity measures. While low-complexity tests are not
characterized by a particular proximity to climbing, they might,
however, lead to significantly more reliable test results. This is
why the aim of this review was not to find the test with the
highest quality data reported. Instead, it was our aim to give an
overview of the variety of tests and their current state of quality
assessment. Researchers can use this information to create future
test batteries or to further assess test quality.

In this context it also has to be kept in mind that the term
“climbing specific” is not clearly defined to this day due to the
great complexity and variability of the climbing movement. As
already postulated by Stien et al. (188), further biomechanical
analyses of the climbing movement need to be conducted to
formulate concrete test recommendations. During the last years,
for example, coaches have reported an increasing importance of
lower limb coordination (184) in bouldering and speed climbing.

On top of that, we were able to confirm that discipline-specific
tests do not exist in climbing to this date. Many studies did not
include the discipline, the climbing ability, reported by the
participants, was related to. This makes it hard to give coaches
discipline-specific advice which is why we ask authors to
specifically name the climbing discipline used to calculate
correlations with the test results in future. Nonetheless, it has to
be taken into account, that our goal was to conduct a generic
review regarding diagnostics in climbing which is why our
literature search might not have allowed us to identify some
discipline-specific studies. Future research could focus on this topic.

As criticized by Stien et al. (188) and confirmed in this review,
research on testing in climbing lacks data on test quality. Future
research on strength, endurance and flexibility in climbers should
thus aim to provide detailed information on the test reliability
and validity. Furthermore, authors should strive to use similar
tests in future studies to increase comparability of test results.
First steps towards a uniform test battery have already been
taken recently (14) and should be followed up in future as they
are not only important for research. Test results should also
form the basis for training organization (189) and are a key
factor of injury prevention (184).

Furthermore, inadequate descriptions regarding the ability
level, sex and main discipline of the subjects examined in the
studies also posed a major challenge in the context of this
review. The IRCRA scale (18), introduced a few years ago, has
enabled a uniform assessment of performance. In addition,
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Clinical management of finger
joint capsulitis/synovitis
in a rock climber
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Division of Biokinesiology and Physical Therapy, University of Southern California, Los Angeles, CA,
United States

This case study presents a 23-year-old male recreational rock climber, who
climbed an average of 3-4 times per week and presented with finger joint
capsulitis/synovitis after increasing his climbing intensity and training from
moderate to high over 6 months, which led up to injury. During the exam, the
diagnosis was ruled in with clinical orthopedic testing. Additional movement
analyses revealed improper gripping mechanics contributing to asymmetric
finger loading. A comprehensive rehabilitation program was developed based on
the concept of a progressive framework that included unloading of the affected
tissues, increasing mobility, improving muscle performance, and correcting
suboptimal climbing movements. After 6 weeks, the climber’'s pain 24 h after
climbing, which was rated on a visual analog pain scale (VAS), decreased from
55/10 to 1.5/10 and 0/10 at the 12-month follow-up. His patient-specific
functional scale improved from 0% at the initial evaluation to 43% after 6 weeks
and to 98% after 12 months. His sports-specific disabilities of the arm, shoulder,
and hand improved from 69% to 34% to 6% during the initial evaluation, 6-week
follow-up, and 12-month discharge. He made a full recovery to his previous
grade of V8 bouldering. This is the first case study of its kind to provide a
rehabilitation framework for the management of finger joint capsulitis/synovitis
in a rock climber.

KEYWORDS

physical therapy, finger pain, joint capsulitis, joint synovitis, rock climbing

Introduction

Rock climbing is a sport that imposes considerable physical demands on the hands and
fingers, which play a crucial role in gripping and holding onto the rock while climbing. As a
result, the fingers are particularly susceptible to injuries due to the repeated stress and strain
placed. Three of the most common finger injuries in rock climbers are injury to the finger
flexor pulley system, flexor tendon tenosynovitis, and capsulitis/synovitis (1). Several studies
have investigated the prevalence and nature of finger injuries in climbers with incidence rates
ranging from 30% to 40% (2-4). A study by Schweizer et al. found that finger injuries
accounted for over 38% of all acute and overuse climbing injuries (2). Another study by
Schoffl et al. found that over 30% of climbing injuries reported occurred in the fingers
(3). Similarly, a study by Grenhaug found that over 40% of climbers self-reported
experiencing finger injuries (4). A critical review of the incidence and risk factors for
finger injuries in rock climbing additionally identified that the fingers are the most
common site of injury (5).

Capsulitis/synovitis accounts for approximately 6%-10% of all climbing injuries and is
the second most common injury in the finger (3). Despite a few studies that have
examined the epidemiology of hand and finger injuries in rock climbers, there is a lack of
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research on the management of these injuries, particularly
capsulitis and synovitis. With capsulitis and synovitis being such
common injuries among climbers, it is important to understand
what the condition entails to develop effective management
strategies.

Capsulitis is described as an inflammatory condition in a joint
capsule. Histologic studies have shown chronic fibrosis of the
capsule, with the predominant cells involved being fibroblasts
and myofibroblasts (6). Synovitis describes the inflammatory
histological changes that occur within an affected joint. This
includes synovial lining hyperplasia, infiltration of macrophages
and lymphocytes, neoangiogenesis, and fibrosis (7). In climbers,
capsulitis/synovitis mostly affects the proximal (PIP) and distal
interphalangeal joints (DIP) of the fingers. Capsulitis/synovitis in
the PIP joint most often occurs from the high peak pressure
within the finger PIP joints during the half or full crimp position
(Figures 1A,B) (8). The crimp grip in climbing is used when
contacting small holds. A half crimp involves flexion of the
metacarpophalangeal joint (MCP) and the PIP joint and no
hyperextension of the DIP joint (9). A full crimp involves flexion
of the MCP and the PIP joint and hyperextension of the DIP
joint (9). In addition to compression at the PIP joint during a
half crimp, capsulitis/synovitis can occur as well at the DIP joints
during full crimping secondary to high forces during DIP
hyperextension (Figure 1B). In both cases, the stress on the
finger joint is localized to one location rather than being spread
across the entire joint surface. The onset of finger capsulitis/
synovitis in climbers can be chronic and develop over time from
repetitive microtraumas, such as climbing with increased volume
or intensity or the increased use of the crimp grip. It can also
occur secondary to acute trauma, such as twisting the fingers
into a crack, losing footing, or hitting the knuckle against the

FIGURE 1
(A,B) Left to right. Half and full crimp with the red indicating the major
stress regions of each type of crimp.
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rock wall. With either mechanism, the climber often presents
with edema, stiffness, and a dull ache in the dorsal and/or lateral
DIP or PIP joint. Symptoms typically decrease with warming-up
and mid-range activity (such as ball squeezes or rice bucket
finger curls) similar to clinical reports of osteoarthritis (10).
However, although capsulitis/synovitis is commonly present
during osteoarthritis, it can also occur in isolation and is
typically a precursor to chronic osteoarthritis in climbers (8).
The article aims to present a case study of a recreational rock
climber with finger joint capsulitis/synovitis and provide a
comprehensive rehabilitation program based on a progressive
framework that resulted in a full recovery and could serve as a
basis for future research and management of similar injuries in
rock climbers.

Methods

A 23-year-old male rock climber, who climbed an average of
3-4 times per week with a combination of indoor climbing
during the week and outdoor climbing on the weekend, was
evaluated for left fourth digit finger pain in the PIP region. He
had 6.5 years of bouldering experience with a pre-injury grade of
V8. He reported that, for the first 4-5 years of climbing, he
would climb 3 days per week at a moderate intensity and
supplement his climbing with core training, weighted pull-ups,
shoulder strength exercises, and light training on a fingerboard
(hanging bodyweight from the fingers on various depths of
edges). The climber reported a history of pain in his finger on
and off during that time. He then gradually began increasing the
intensity of his climbing from moderate to high. He stopped
performing supplemental training exercises but continued
fingerboarding with a combination of moderate to maximal hangs
(7 s hang followed by 1-3 min rest) and repeater hangs (7-10s
hang followed by 3-5s rest). In the 6 months, his fingerboard
sessions were becoming less structured, and he reported an
increased intensity of climbing, which led up to his injury.
Although he was feeling gradual discomfort in his finger, he did
not fully notice it until during a fingerboard session where he was
hanging his body weight on a small edge for 7 s. He discontinued
the fingerboard session and attempted to climb the next day, but
he still felt finger discomfort. He attempted self-care for several
weeks that consisted of decreasing his climbing intensity and
stretching his finger into flexion to relieve the pain, but it made
the symptoms worse, so he scheduled a physical therapy
appointment for an evaluation of the injury. During the
evaluation, 2 months after the onset of the injury, he reported
moderate finger pain with a severity of 5.5 out of 10 on the visual
analog scale (VAS) scale 24 h after climbing with 0 being “no
pain” and 10 being “pain as bad as it could possibly be.” He also
reported a chronic history of right-sided low back pain with
increased intensity 8 weeks prior to the evaluation. Secondary to
pain, he was limited to climbing to the grade of V5. He denied
any radiating pain or numbness in the hand or fingers.

The clinical examination included finger joint range of motion
with compression/distraction,  tissue

overpressure,  joint
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FIGURE 2

(A) Tissue temperature taken at the MCP joint. (B) Tissue temperature taken distal to the PIP joint.

temperature comparisons (AstroAl Infrared Thermometer) above
and below the PIP joint (Figure 2), and movement observation
of the climber hanging from their fingertips from a fingerboard
(Figure 3). Imaging was not available to use for assessment, so
the objective tests and measures were used to make a clinical
diagnosis. Based on the subjective reports and objective data
gathered, the climber was given a home exercise program based
on a rehabilitation framework to unload the affected tissues,
improve mobility, increase muscle performance, and retrain
climbing movement (11). Interventions consisted of unloading
techniques for the first 2 weeks, icing the finger for 5 min (either
in an ice bucket or with a cold compressive gel pack) once per
day, wrapping the finger in a self-adherent compression bandage
wrap or floss band, and performing active range of motion for
three sets of 45s daily (Figures 4A-C). Additionally, for the
duration of 6 weeks, the climber was prescribed daily mobility

exercises for three sets of 45 s each including oscillatory PIP joint
mobilizations (using a finger trap to separate the joint surfaces
and blocking the middle phalanx with the thumb), instrument-
assisted soft tissue mobilization of the fingers with moderate
pressure, and active straight fingers to hook fist range of motion
(Figures 4D-F). The climber was also given strength exercises to
be performed three times per week including rubber band flicks
and palmer interosseous gripping exercises (Figures 4G-I). The
after 6 weeks that he could reduce the
frequency of the mobility and strength exercises from once per

climber was told

day to three times per week. The climber was instructed to
refrain from climbing and training for a period of 2 weeks. After
this time, he was advised to gradually resume their regular
climbing and training schedule of 3-4 sessions per week by
adjusting the intensity and volume of their sessions. Six weeks
following the start of the program, the climber was given

FIGURE 3

(A) Left hand hanging on a fingerboard with fifth digit abduction, MCP flexion, and PIP extension. (B) Right hand hanging on a fingerboard for comparison.
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FIGURE 4

(A) Finger icing in water, (B) Finger icing with wrap, (C) Self-adherent compression bandage wrap range of motion, (D) Finger trap oscillations, (E)
Instrument assisted soft tissue mobilization, (F) Hook fist active range of motion, (G) Resistance band flicks, (H) Open chain palmer interosseous
resistance exercises, (I) closed chain gripping palmer interosseous resistance exercises.

permission to climb without restrictions but advised to self-regulate
the volume and intensity of their climbing based on their level of
comfort. The climber preferred a treatment structure that
consisted of an initial session followed by a home exercise
program to allow for self-management, rather than repeated
sessions.

Exercises were reviewed during the initial evaluation with
manual and verbal feedback, and correct exercise performance
was confirmed. Detailed videos and written descriptions of the
exercises were provided to the climber. During the first 6 weeks
of the program, the climber demonstrated high adherence with
almost full compliance, as assessed through a subjective report
questionnaire that tracked the number of self-therapy sessions
completed. However, as symptoms began to improve, the climber
self-reported moderate adherence from week 6 to month 12, with
no formal monitoring conducted during this period.

Frontiers in Sports and Active Living

The VAS; sports-specific disabilities of the arm, shoulder, and
hand (DASH); and patient-specific functional scale (PSFS) were
used to monitor patient progress during the initial evaluation,
6-week follow-up, and 12-month discharge. The VAS was given
prospectively, and the sports-specific DASH and PSFS were given
retrospectively. The VAS scale, ranging from 0 to 10, was used to
measure the patient’s pain levels 24 h after climbing, providing a
validated subjective measure for pain. The sports-specific DASH
is a module within the DASH that was utilized to determine the
impact of the injury on sports participation, consisting of four
questions related to the injury’s effects. The scores of each
question were averaged to calculate the percentage of disability.
The PSFS was used to identify three self-selected activity
limitations, including the climber’s ability to crimp on boulder
problems, project boulder problems at 80% of maximum
intensity, and a full session  without

complete training
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modification. Each limitation was scored from 1 to 5 based on the
patient’s ability to perform, and the scores were averaged to
calculate a percentage of ability.

Results

The climber presented with reports of left ring finger pain
(dorsal greater than volar) in the region of the PIP joint. He
presented with a VAS of 5.5/10, a sports-specific DASH of 69%,
and a PSES score of 0%, 24 h after climbing. During clinical
testing, the climber presented with mild swelling of the left
fourth PIP joint. Joint overpressure into flexion and extension
reproduced 4/10 symptoms and joint distraction decreased
symptoms to 0/10 in end-range positions. The climber presented
with a 6.8°F decrease in temperature distal to the affected PIP
joint (Figure 2) on the left fourth digit and only a 3° change on
the right hand. A negative Bunnell-Littler test was used to rule
out the involvement of intrinsic muscle stiffness limiting the
joint range of motion. Additionally, during movement analysis, it
was discovered that when the climber hung from a fingerboard,
the climber demonstrated an asymmetric position of the fingers
on their left hand. The primary fault was excessive left fifth digit
(MCP) flexion and PIP
(Figure 3). The climber performed his home exercise program

metacarpal phalangeal extension
independently as prescribed for 6 weeks. At the 6-week follow-up,
the climber presented with a VAS of 1.5/10, sports-specific DASH
of 34%, and PSFS score of 43%, 24 h after climbing. He had
returned to training and climbing pain-free at his previous grade
of V8 cautiously but without restriction. At the 12-month
discharge, his symptoms had decreased to 0/10 24h after
climbing, his sports-specific DASH was reduced to 6%, his PSES
improved to 98%, and his climbing ability improved from V5
with pain to V8 pain-free (Table 1).

Discussion

A comprehensive rehabilitation program was developed based
on the concepts of a progressive framework that included
unloading the affected tissues, increasing mobility, improving

TABLE 1 Subjective report questionnaire.

injury onset

VAS 5.5/10 1.5/10 0/10
Sports-specific DASH 69% 34% 6%
PSFS 0% 43% 98%
Climbing grade V5 V8 V8

VAS, visual analog scale (from 0 to 10 reported 24 h after climbing); DASH,
disabilities of the arm, shoulder, and hand; PSFS, patient-specific functional scale.
Sports-specific DASH: The DASH module for assessing the impact of an injury on
sports participation comprises four questions pertaining to the injury’s effects, and
the scores from each question are averaged to determine the percentage disability.
PSFS: Three self-selected activity limitations were identified for the climber, which
included crimping on boulder problems, projecting boulder problems at 80% of
maximum intensity, and completing a full training session without modification.
These limitations were scored on a scale of 1-5, based on the patient’s ability to
perform, and the scores were averaged to calculate a percentage of ability.
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muscle performance, and addressing climbing movement and
training (Figure 5) (9, 11).

The unloading techniques included two methods (ice and
active compression) to reduce inflammation and improve
mobility in the affected finger. Cold compression has been shown
to be effective in decreasing pain and improving mobility in
patients with inflammatory conditions such as arthritis (12).
Additionally, the climber was told to wrap the digit with a self-
adherent compression bandage wrap (less aggressive) or a floss
band (more aggressive) and to perform finger flicks. It has been
shown that floss band wrapping of peripheral joints can increase
joint range of motion, manage pain, and reduce muscle
tightness (13). This active compression method was chosen over
the use of compression gloves since the research on the
effectiveness of passive prolonged compression with gloves in
cases of rheumatoid arthritis and hand osteoarthritis remains
inconclusive (14).

The rationale behind the mobility techniques was to restore
pain-free mobility and reduce joint capsule tissue tension in end-
range positions. Finger traps were used during oscillations to
allow the climber to obtain a better grip to mobilize the affected
finger. The climber was instructed to place the finger in the
resting position and to perform three sets of 45s (15).
Additionally, the climber was instructed to perform gentle
instrument-assisted soft tissue mobilization to the fingers as this
technique has been shown to be effective in improving pain and
patient-reported function (16). After the climber improved their
joint mobility with the finger trap oscillations and improved
adjacent tissue mobility with instrument-assisted soft tissue
mobilization, the climber was told to perform an active range of
motion of the PIP joint from a straight hand to a hook fist to
use the range of motion that they had just gained.

It has been shown in research that there is a deficit in finger
extensor strength ratios to finger flexors in rock climbers when
compared to non-climbers (17). It is proposed that climbers may
benefit from finger extensor training to balance the strength of
the muscles that move the fingers. Additionally, the finger
extensor tendons (extensor digitorum communis extensor indices
and extensor digiti minimi) play a role in micro-adjusting finger
position while gripping. In particular, extensor digiti minimi can
extend the fifth digit at the MCP joint while gripping to help the
climber reduce the excessive MCP flexion of his fifth digit that
was observed during fingerboarding. The climber also presented
with decreased temperature in the affected finger distal to the
PIP joint when compared to the other side which likely was a
result of the decreased circulation distal to the PIP injury. While
there are no standardized normative values for an acceptable
tissue temperature difference to reflect decreased circulation, the
fact that commercially available infrared thermometers have been
validated for measuring skin surface temperature associated with
deep and surrounding wound infections still makes the
information useful in the context of the climber’s presentation
(18). For these reasons, rapid active finger movements into a
band (rather than
strengthen the finger extensor tendons and improve finger

rubber isometric) were prescribed to

circulation prior to climbing with the proposed mechanism of
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CLIMBING
Grip Selection
Training Volume
and Intensity
STRENGTH
Open Chain Dorsal Interosseous
Closed Chain Dorsal Interosseous
MOBILITY
Finger Trap PIP Joint Mobilizations
GuaSha or Scraping to The Finger
Hook Fist PIP Joint Active Range of Motion
UNLOAD
Ice With Bath or Ice Pack
Coban Wrap Range of Motion
FIGURE 5
Organization of rehabilitation into a framework.

creating a muscle/tendon pump to promote increased tissue
temperate through the arterial system and recirculation of the
edema through the venous system.

Based on the climber’s gripping on the fingerboard, additional
exercises were added to improve open and closed kinetic chain
finger positions with an emphasis in the fifth digit positioning.

FIGURE 6

Closed kinetic chain interossei exercise demonstrated between the
third and fourth digit. The climber performed this same exercise but
with the band between the fourth and fifth digit.

Frontiers in Sports and Active Living

Since the climber’s fifth digit was abducted, flexed at the MCP
joint, and extended at the PIP joint, this can place greater
amount of stress on the fourth digit secondary to the loss of
lateral support from the pinky. Greater loads while crimping
have been shown to increase joint forces and this can potentially
lead to joint capsulitis/synovitis (8, 19). Based on this hypothesis,
both open chain exercises for the palmar interosseous muscles
(in particular the 3rd palmer interosseous) and closed kinetic
chain exercises while gripping were given. Both open and closed
kinetic chain finger exercises were hypothesized to improve
muscle performance (open kinetic chain) and movement
coordination (closed kinetic chain) during gripping to reduce
joint torsion and PIP loading.

The open kinetic chain exercise was performed by having the
climber press their pinky and/or ring finger into a resistance
band. The closed kinetic chain exercise was a novel exercise that
involved the climber placing a rubber band (connected to a 2 ft
string or piece of climbing webbing) between the fourth and fifth
digit and squeezing the band tightly as it is pulled downward
while trying not to allow the band to slip (Figure 6).

Since the climber presented only with mild symptoms, they
were recommended to discontinue climbing and training for
2 weeks, followed by a gradual return to full climbing and
training intensity while using the crimp grip sparingly. He was
encouraged during his return to full climbing and training to
focus the movement modification of engaging the fifth digit
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while crimping. Additionally, since the climber showed signs of
decreased temperature to the affected finger, he was given a
comprehensive warm-up to perform prior to climbing to
improve tissue temperature and prepare the fingers for loading.

Limitations of this case include a sample size of one and lack of
imaging to confirm the diagnosis of synovitis/capsulitis. Moreover,
there is a paucity of research on the average recovery time and
timeline for return to sports following joint synovitis and
capsulitis in rock climbers. Therefore, while the climber in this
study made steady progress and was able to return to his pre-
injury grade of climbing, the effectiveness of the described
rehabilitation framework cannot be accurately evaluated or
measured in this single study due to the absence of comparable
data in the existing literature. The retrospective administration
the sports-specific DASH and PSES at the 12-month follow-up
may have introduced recall bias in this study. However, the
climber maintained meticulous weekly training logs and notes
that were utilized during the evaluation process to minimize the
impact of potential bias.

Conclusion

The results of this study suggest that the use of a progressive
framework, which includes unloading, mobility, strength, and
movement training, holds promise for rehabilitating early-stage
finger joint capsulitis/synovitis in rock climbers over short-term (6
weeks) and long-term (1 year) periods. While this study cannot
definitively conclude the effectiveness of the progressive framework
without comparisons to other treatment approaches, the findings
are encouraging and warrant further investigation in future research.
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Objectives: Competitive sport climbing has made its way to the Olympic stage.
This prestige has brought about route setting and training alterations which
presumably affect injury epidemiology. Most of the climbing injury literature
contains male climbers and lacks high performing athletes. Studies with both
female and male climbers, rarely included separate analyses for performance
level or sex. Therefore, injury concerns for elite female competitive climbers are
impossible to discern. A former study examined the prevalence of amenorrhea
in elite international female climbers (n =114) and reported that 53.5% had at
least one injury in the past 12 months, but injury details were excluded. This
study’'s aim was to report these injury details and their associations with BMI,
menstrual status and eating disorders of the cohort.

Methods: Online survey was emailed to competitive female climbers recruited
through the IFSC database between June and August 2021. Data was analyzed
using Mann—Whitney U, y2 and logistic regression.

Results: 229 registered IFSC climbers opened the questionnaire and 114 (49.7%)
provided valid responses. Respondents (mean+SD; age=229+5 year)
represented 30 different countries and more than half (53.5%, n =61) reported
an injury in the prior 12 months with the majority in shoulders (37.7%, n = 23)
and fingers (34.4%, n =21). Injury prevalence in climbers with amenorrhea was
55.6% (n = 10). BMI was not a significant predictor of injury risk (OR =1.082, 95%
Cl: 0.89, 1.3; p=0.440) while accounting for current ED over the past 12
months. However, the odds ratio for having an injury was doubled for those
with an ED (OR =2.129, 95% CI: 0.905, 5.010; p = 0.08).

Conclusion: With over half reporting recent injuries (<12 months) mostly to
shoulders and fingers, development of new strategies for injury prevention in
competitive female climbers are warranted. In addition, climbers with disordered
eating behaviors and/or menstrual disturbances might be more prone to injury.
More research in this population is required. Suitable screening to prevent these
health issues and proper monitoring of these athletes are paramount to long-
term athlete success.
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climbing, climbing injuries, BMI, eating disorders, sports injuries, sport medicine
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1. Introduction

Climbing has gained momentum as a competitive sport,
especially with its recent debut in the 2020 Tokyo Olympic
Games. With the required Olympic climbing format, which
currently (Paris 2024) includes two medals for each sex: one
medal for a combination of boulder +lead (combined) and one
for speed, it’s expected that more task-specific training strategies
will be employed (1-5). It is likely that these objectives will
create higher injury susceptibility to these competitive climbers.
Additionally, climbers with lower abilities and route setters at
commercial gyms tend to look to the elite for inspiration. Thus,
the anticipated augmented volume-overload training in elite
climbers may create higher injury susceptibility at the pre-
Olympic level and most likely will impact injury rates in climbers
of all abilities.

In general, chronic injuries in sports result from repetitive
movement with high stress including either excessive loading,
insufficient recovery and/or inadequate energy intake (6-10).
Previous studies have demonstrated that fingers, elbows, and
shoulders are the most prevalent site of injury in climbing (11-
14). Most studies examining injury rates of climbers that include
females and males do not report their injury rates or injury sites
between these two sexes (15-21). Climbing style (i.e., top rope,
bouldering, speed) (22, 23), performance level (i.e., beginner,
advanced, elite) and competitiveness (local gym, national,
international) were also not often distinguished within the
climbing injury literature (15-21). Lutter et al. (24) presented a
narrative review of the literature on injuries in competition
climbing and concluded that data was scarce, of low quality and
only one study included a sex-specific analysis (25). Furthermore,
the majority of data collected on competitive climbers has been
dominated by male participants ranging from 60%-100% (24).
One study that collected injury survey data on athletes (312
females, 262 males) competing in a variety of sports found sex
differences occurred for injury location as well as in type of sport
and were somewhat explained by the differences in training
hours (26). Therefore, more research is needed on female
climbers, especially in high-level competitors and their rates of
injury, location and their etiology.

Thus, the aim of this paper was to report the injury data
collected in a previously published study that examined the
prevalence of amenorrhea in elite-level female climbers registered
with the International Federation of Sport Climbing (IFSC) (27).
Additionally, we conducted an exploratory analysis to understand
whether factors such as body mass index (BMI), eating disorders
(ED) or menstrual status were associated with the number of
injuries in this cohort.

2. Methods

An electronic survey was developed in Qualtrics (Qualtrics XM
2021, Provo UT) and consisted of a total of 33 questions. The
survey was distributed by the IFSC to competition climbers with
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an international license. A total of 229 climbers registered in the
IFSC database opened the questionnaire and 114 participants
(49.7%) completed the questions in full. The survey included
questions developed by the researchers related to the following
sections: (1) demographics and anthropometrics (e.g., height,
weight), (2) climbing resume (e.g., training volume, discipline),
(3) behaviors related to changing body weight, (4) eating
behaviors, (5) injuries and (6) menstrual history. Questions were
formatted for responses that were multiple choice (i.e., select one
answer and select all that apply), sliding scale, and text-entry/
open-ended. Injury-related questions asked about the number of
calf).
Participants also self-reported whether they thought their injury

injuries and location of injury (e.g, finger, arm,
was classified as acute (e.g., an injury with a sudden onset) or
chronic/overuse (e.g., an on-going issue).

Climbers were recruited through the IFSC database between
June and August 2021. All climbers were required to be licensed
with one of the 57 IFSC federations (28, 3) if competing in IFSC
sanctioned events prior to a competition for the calendar year.
Survey links were dispersed to all IFSC licensed members via
email with consent collected after opening the survey and
advancing to the second page. Due to this recruitment process,
the researchers were unable to track how many female athletes
received this email and/or opened it. The major outcome variable
of the study, injury prevalence, was defined as the number of
participants that responded yes to having at least one injury
within the past 12 months. Factors hypothesized to influence
injury rate that were explored included: body mass index (BMI;
kg/mz), menstrual status (i.e., amenorrhea, no amenorrhea), and
eating disorder prominence (ie., eating disorder, no eating
disorder).

BMI was classified as followed: <18.5 kg/m’ underweight;
18.5-24.9 kg/m? healthy; 25.0-29.9 kg/m? overweight, and
>30.0 kg/mz, obese.

Eating disorder status (i.e., eating disorder, no eating disorder)
was determined according to how respondents replied to prompt
31 on the survey. A “no eating disorder” classification was assigned
if any of these 3 were checked “I have disordered eating patterns”,
“I don’t have any of the above issues currently” or “I am unsure”.
Further detail on the methods has been previously reported (29).

2.1. Statistics

For descriptive statistics, categorical data is reported as n (%)
and continuous data is reported as mean + standard deviation.

For exploratory analyses, a Mann-Whitney U independent
samples test was used to determine whether there was a
statistical difference between the overall number of self-reported
injuries between climbers meeting criteria for amenorrhea
compared to non-amenorrhea. Effect size for the Mann-Whitney
U tests was calculated as r=z/ \/ n and defined as: small effect,
r=.1; medium effect, r =.3, and large effect, r=.5 (29).

A y* test was used to determine if there was a statistical
difference between the prevalence of injury within the past 12

months between climbers who met criteria for amenorrhea
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compared to those who did not meet criteria for amenorrhea.
Lastly, a logistic regression was used to assess whether BMI was
associated with higher odds of self-reported injury (0 =no injury,
1 =injury), accounting for eating disorder status (0=no eating
disorder, 1=eating disorder) in the model. Results were
computed using IBM SPSS Statistics for Windows, version 28.0
(IBM Corp., Armonk, N.Y., USA). Statistical significance was

defined as p <0.05.

3. Results
3.1. Demographic and training variables

On average, the sample of 114 respondents included female
climbers from 30 different countries, were aged 22.9+5 years
spanning from 16 to 40 years. Participants reported partaking in
their first competition at the age of 12.9+5.1 years and ranged
from 6 to 30 years. The average BMI (range 15.4-27.2) of
the participants (n=110) was classified as healthy at 20.7 +
1.9 kg/m*. Three climbers did not report their height and one
climber did not report weight, thus BMI could not be calculated
for 4 climbers. A total of 18 climbers (15.8%) were identified as
meeting criteria for amenorrhea and 37 (32.4%) indicated they
had at least one eating disorder. Of the 18 climbers classified
with amenorrhea 10 (55.6%) reported at least one injury the past
12 months.

The respondents reported training for an average of 3.4 +1.2 h
per training day and 5.2+ 1.7 days per week (9 athletes reported
that they were not currently training) with the majority of
climbers (82; 78%) training at least 5 days per week. Of those
training, 20 (17.5%) athletes had double trainings one day per
week, 31 (27.2%) had double trainings two days per week, 11
(9.2%) had double trainings three days per week, 8 (7.0%) had
double trainings four days per week, and 3 (2.6%) indicated that
five days a week they had double training sessions within the
same day. In the past 6 months, 17 (14.9%) competed in speed,
60 (52.6%) competed in bouldering, and 40 (35.1%) in lead.
Only 11 (10%) had competed in a combined event (scores tallied
in two or more disciplines within the same competition). Almost
half of the athletes, 51 (45%) received financial sponsorship for
sport climbing within the past 6 months.

3.2. Self-reported injury prevalence

Of the respondents, 61 (53.5%) reported they had experienced
at least one injury in the past 12 months. The majority of the
injured climbers experienced only one (21.9%, n=25) or two
(21.9%, n=25) injuries. Only a few climbers reported three
injuries (7%, n=38) or four (2.6%, n=3) injuries and there were
no climbers who reported five or more injuries within the past
12 months. The majority of the injuries were to the shoulder
(37.7%, n=23) and finger(s) (34.4%, n=21) followed by ankle/
foot (32.8%, n=20) and knee (27.9%, n=17). All athletes who
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reported an injury stated that they sought a health professional
for treatment for the injury.

3.3. Exploratory analyses of factors
associated with self-reported injury

The prevalence of injury in those who met criteria for
amenorrhea was 55.6% (n=10). On average, there was no
difference (U=241.5, z=-0.284, p=0.78, r=-0.04) in the
number of injuries self-reported by climbers who met criteria for
amenorrhea (n=10, 1.70 £ 0.68, median =2) compared to those
who did not meet criteria for amenorrhea (n=51, 1.84 +0.88,
median = 2). The proportion of climbers self-reporting an injury
within the last 12 months who met criteria for amenorrhea was
not different between the climbers who did not meet criteria for
amenorrhea [Chi square (%) =0.036, p =0.85]. Body mass index
was not a significant predictor of injury risk (OR =1.082, 95%
CL: 0.89, 1.3; p=0.440) while accounting for current eating
disorders over the past 12 months. Although not statistically
significant, the odds ratio for having an injury was doubled for
participants indicating they had an eating disorder (OR =2.129,
95% CI: 0.905, 5.010; p = 0.08).

4. Discussion

To the best of our knowledge the present study is the first to
focus on injuries among international elite competitive female
climbers. The main finding was that 53.5% of the athletes
reported at least one injury within the past year, mostly injured
shoulders and fingers. Compared to other individual sports, the
rate of injuries in climbers, whether chronic or acute, is almost
twice as high (30). Additionally, in many sports, elite athletes
experience more injuries than lower-level athletes, and individual
sports have fewer injuries than team sports (31). Although the
findings of the present study with elite-level female climbers
presents an injury rate greater than what is expected when
comparing with other sports (31), it is still in line with a
previous study of elite competitive climbers (32). Furthermore,
compared with female artistic gymnasts the rate of shoulder
injuries were similar (33) suggesting that the load to the
shoulders in climbing is comparable to gymnastics. Comparing
the present study with previous studies is difficult as most do not
report sex-specific analyses. Still, the rate of injuries has been
more or less the same for more than a decade and the one
previous study that reported sex-specific analyses found similar
injury rates in elite female climbers (13, 34).

4.1. Injuries

Injuries among climbers at a high level of performance has
been assessed in 11 studies (24) reporting injury rates from 50%
(13) to 61% (34). Thus, the present findings are in line with or
slightly lower than previous studies. Still, comparisons between

frontiersin.org


https://doi.org/10.3389/fspor.2023.1121831
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Grgnhaug et al.

10.3389/fspor.2023.1121831

TABLE 1 Number of injuries (n = 132) self-reported in the IFSC female athletes who experienced an injury (n = 61) during the year prior to June-August

2021.

Acute
Chronic 12 10 4 9
Total number of injuries 23 21 20 17

studies is challenging due to differences in the populations studied
and the difference in the definition of an “elite” or “competitive”
athlete. In the present study we included only those who were
registered as competing in international level events organized or
recognized by the IFSC. Thus, the present study is the first to
present analyses on injuries in an elite group of female climbers.

Lutter et al. (24) speculated that a change in the onset of injury
site may come as a consequence of new route setting techniques
and/or sizes of holds or volumes on indoor walls and
competitive settings (24). If such a change is to come it is likely
to occur first among the high performing athletes who initiate
new trends in route setting and training. Route setting on
climbing walls and in competitions are to climbing what course
setting is to ski racing. The ski race course design influences
skier injuries in ski racing, which has been widely debated and
studied for several years (35, 36). These reports have guided
stakeholders to minimize the risk for injuries by changing the ski
course and by developing injury prevention training programs
for both the elite and recreational athletes (37). Minimizing
injury risks by analyzing and interpreting movement patterns
and setting climbing routes accordingly might help climbers like
it has helped skiers.

Previous studies on injuries in climbing have found the
fingers to be injured more often than any other anatomical site
(18, 25, 34, 15, 17). The present study is the first to show more
injuries to the shoulders than the fingers (Table 1) in a
climbing population. When compared to the only other sex-
specific analysis from 2018 (34) there is a change from fingers
being most prevalent in the previous study (29.8% fingers vs.
21.9% shoulders) to shoulders in the present study (38%
shoulders vs. 34% fingers).

This possible change in the most prevalent site of injuries for
the female climber from the fingers to the shoulders might be a
sign of how the change in route setting has evolved over the last
decade. Climbing routes have transformed from being slightly
overhanging walls to severely overhung that involve several no-
feet jumps. However, it must be noted that the difference in
number of injuries in the present study between the shoulders
and fingers were small (23 vs. 21 cases or 38% vs. 34%). Further
studies are needed before we can conclude if this is a matter of
the present study focusing on elite level female climbers or if the
findings in this study are the first to document a shift in the
epidemiology of injuries in climbing.

The findings in the present study showed a higher prevalence
of injuries to the knees and ankles than in one other study
including injuries of female climbers (34). Combined with the
shoulders as the most prevalent site of injury in climbing in the
present study, the finding of more injuries to the knees further
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injury site___houider Footanke Thigh
11 11 16 8 5 5 1 3 2 1 2 0

10 9 6 3 2 1 0 1
15 14 7 6 4 2 2 1

strengthens the anticipation that there is a shift in terms of
where and how often climbers are injured.

Most chronic injuries may be prevented with appropriate
action by athletes, stakeholders and organizers of the sport.
Similar to competitive skiing, some climbing injuries might be
prevented by adjusting training and resting protocols, and/or
changing the competition rules or routes.

Regardless whether the current study premiers a shift in injury
site or not, more focus is clearly needed on climbing shoulder
injuries in terms of potential diagnosis, treatment and return to
sport protocols.

4.2. BMl/injuries

There is a dearth of research looking at possible interaction
between BMI and injuries in climbers. One previous study (38)
used an univariable general linear model to assess a potential
association of higher BMI and injuries and found none. In
the present study, BMI was not a significant predictor of
injury risk (OR=1.082, 95% CI: 0.89, 1.3; p=0.440) while
accounting for current eating disorders over the past 12
months. Although not statistically significant, the odds ratio
for having an injury was doubled for participants indicating
they had an eating disorder (OR =2.129, 95% CI: 0.905, 5.010;
p=0.08). Still with a 2.1 odds ratio, it raises awareness and
skepticism to the practical use of BMI as a tool for health
monitoring in climbing. This supports the conclusion of
Joubert et al. (39) that there is a need for better health
monitoring for athletes and inclusion of education for both
trainers and athletes to avoid injuries related to having a low
BMI, eating disorders or disordered eating behaviors. While
not all cases of low BMI are a result of low energy
availability, any climber may be in an energy deficit at any
given time. If that time of energy deficit coincides with high
loads of training or an injury, recovery will most likely take
longer than when compared with recovery with adequate
dietary energy intake.

4.3. Medical aid

All of the climbers in the present study who reported an injury
sought medical aid (Table 2) from a health professional. This is
contradictory to the other studies that assessed the use of health
care among injured climbers (40, 41). Gronhaug & Saeterbakken
(41) reported that although the majority of climbers did not seek
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TABLE 2 Overview of injuries and use of health care.

Yes

Injury past 12 months 61 53.5 53 46.5

Number of injuries

1 25 21.9
2 25 21.9
3 8 7

4 3 2.6

Did you seek health care?
61 100

health care, the female climbers were more likely to seek medical
aid than their male counterparts (41.7% vs. 27.3%).

As all the respondents in the present study sought medical
aid, it is most likely an accessibility benefit to the climbers in
the present study, since each team within the IFSC is required
to have a medical commission. Additionally, the use of health
care might be more about whether or not the climbers believe
that the health personnel is capable to help with their injury.
The female international elite climbers are all part of national
teams within their own federations accompanied by health
personnel that presumably are knowledgeable to treat climbing
specific injuries.

4.4. Strengths and limitations

This study was a cross-sectional open on-line survey where
injury prevalence was only a portion of the questions asked. It is
very likely that some IFSC registered climbers with injuries may
have been reluctant to take part in an online survey that
included questions about menstrual health and eating
behaviors.

The survey was open during the three months while most
participants were in the midst of the international competitive
season. This timing may have influenced their responses on
questions regarding body weight. This may have been a prime
time for these athletes to lower their weight to competition
weight and the self-reported data collected may not have
reflected their usual body weight.

A weakness of the study was absence of a medical examination
on the reported injuries. Although the questionnaire specified that
the study inquired about injuries, it is not guaranteed that the
respondents reported the correct number of injuries within the
past 12 months, or simply reported a sensation of pain that may
or may not have been a true injury. Also, the survey neglected to
ask if the injury occurred during climbing. Still, this is a
weakness of all self-reported studies on the prevalence of injuries
in sports.

A strength of the study was that all participants were
international elite climbers. Performing research on a specific
group of athletes makes the results easier to interpret and

thereby increases the likelihood that the results may be used to
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develop medical screening guidelines, education and injury
prevention strategies specifically targeted to this population.

5. Conclusion

With our cohort majority reporting injuries (<12 months)
mostly to shoulders and fingers, this calls for development of
injury prevention to injury
susceptibility in female climbers. In addition, although this

new strategies for reduce
research did not make a strong case for this, climbers with
disordered eating behaviors and/or menstrual disturbances might
be more prone to injuries and require medical care interventions
to attenuate injuries and protect health. More research on female
competitive climbers is clearly needed. Health monitoring and
injury prevention are paramount to long-term athlete success in

other sports and climbing should be no exception.
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Background: Non-professional climbers are increasingly attempting long routes in
a single day. Many suffer injury or rely on search and rescue teams when they
become too fatigued to finish. Predicting fatigue is difficult, and existing studies
have only studied climbers over durations less than an hour, while many
outdoor multipitch climbs require more than an hour of climbing.

Objectives: To determine how strength, endurance, and dexterity reflect fatigue
after 24 h of continuous climbing.

Methods: Volunteer competitors completed measurements of grip strength, static
hang time to failure, and time to tie a figure-eight follow-through knot.
Measurements were taken during the registration period before the competition and
again within an hour after the competition ended. Measurements were compared
using the paired t-test. Subgroup analysis was applied to competitors by division.
Linear regression was applied to determine the relationship between vertical feet
climbed and the number of routes climbed during the competition on each metric.

Results: Thirty-six total climbers (average age 29.4 years old) completed pre- and
post-competition measurements. After 24 h of climbing (n = 36), mean grip strength
decreased by 14.3-15 lbs or 14.7%-15.1% (p < 0.001) and static hang time decreased
by 54.2s or 71.2% (p<0.001). There was no significant change in time to tie a
figure-eight-follow-through knot. Grip strength and hang time decreases were
significant in climbers with outdoor redpoints of 5.10a and above. Hang time
decreased by 5.4 s per 1,000 vertical feet climbed (p = 0.044).

Conclusion: Climbers can expect to experience a 14.7%-15.1% decrease in grip
strength and 71.2% decrease in static hang time after 24 h of continuous climbing.
These changes may make it difficult to climb consistently over a long objective, and
climbers can use these measures at home to train for longer climbing routes. Future
studies on shorter climbing intervals can help determine rates of decline in
performance measures.

KEYWORDS

rock climbing, endurance, grip strength, hang time, speed

Introduction

The sport of rock climbing has experienced a rapid increase in participation over the past
several years. The sport’s increasing popularity is evidenced by increasing numbers of
climbing gyms opening all over the USA and Climbing officially becoming an Olympic
sport for the 2020 Tokyo games (1-3). In 2019, industry leaders released the first ever
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State of Climbing report which noted a yearly increase in 440,000
climbers (4). Paralleling this growth, the US has also experienced a
dramatic increase in climbing-related injuries seen in emergency
departments from 1990 to 2016 (5, 6).

The American Alpine Club, which publishes an annual report
of climbing accidents, notes an increase in accidents from its first
publication in 15 in 1951, surpassing 100 in 1970, exceeding 200
in 1986, and staying steadily above 100 since 1982 (7, 8).
Between 1951 and 2016, exceeding abilities and/or inexperience
was the second most common direct cause of accidents after falls
(7). Of all the indirect causes leading to accidents from 1951 to
2020, inexperience was second only to climbing without a rope (8).

There is a growing concern about climbing’s overall safety for
newer climbers who venture outdoors. Epidemiological literature
describes that the incidence of climbing injuries is greater in
outdoor climbing on real rock than that of indoor climbing in a
gym (9). Furthermore, there has been a documented increase in
search and rescue efforts nationwide within the National Park
Service (10), and while limited, rescue efforts for climbing-related
incidents have also been of notable interest in both the US and
Europe (11, 12). Inexperience and fatigue have been cited as
increasing contributors to these reported search and rescue
efforts (13, 14).

As more climbers venture outdoors for recreational sport and
traditional climbing, it is important to recognize the physical
limitations athletes experience on routes that may be far longer
than found in gyms, and when managing weather and other
environmental factors not replicable in gym settings. Newer
climbers, or those who may climb infrequently, may be at
increased risk of injury due to their inexperience or lack of
physical conditioning (15). Several studies have been performed
in other realms of endurance sports such as marathon running
to better understand factors such as age (16) and gender (17) as
they relate to overall performance. While there are articles that
explore physiologic characteristics (18, 19) that may be associated
with increased climbing performance, there remains a paucity of
literature that describes factors related to climbers who undergo
continuous climbing feats (20).

Grip strength has been shown to decrease by 22.1%-23% after
a 30-minute bout of indoor sport rock climbing (21), grip strength
recovers within 10 min after a 2-minute bout of indoor climbing
(22), and maximum hang time has been shown to decrease over
eight repeated hangs with 1-minute rest intervals and plateau
with 3-minute rest intervals (23). Outdoor rock climbing on long
single-day routes often requires more than 30 min of climbing.
Due to the nature of different routes, climbers may be required
to hang with their entire body weight with rest intervals much
than Additionally,
climbing with a partner requires multiple changeovers between

shorter or longer 1-3 min. multipitch
belaying and climbing, necessitating finger dexterity in knot
tying, clipping, and belaying.

Due to the limited available data on endurance climbing and
how climbers’ performance may be affected by multiple hours of
continuous rock climbing, we sought to determine how strength,
endurance, and dexterity reflect fatigue after 24 h of continuous

climbing. We measured grip strength, hang time, and knot-tying
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time, as these are easily replicated measurements that do not
require training or access to expensive or heavy equipment. Our
secondary objectives were to determine how climbing ability,
vertical distance climbed, and the total number of routes climbed
affected those performance metrics.

Materials and methods
Setting

Measurements were taken during the 24 h of Horseshoe Hell
event hosted at Horseshoe Canyon Ranch in Jasper, AR from
September 23 to 24, 2022. Pre-event measurements taken on
September 23rd between 7 and 9 AM; post-event measurements
were taken on September 24th between 10 and 11 AM. The
weather during the event was partly cloudy with temperatures
ranging between 64 and 88 F, winds 0-10 mph, and humidity
between 37% and 71%. There was no precipitation during the
event.

The rock at Horseshoe Canyon Ranch is primarily limestone.
Routes range in height from 30 to 90 ft and in difficulty from 5.2
to 5.14 (Yosemite Decimal System) in either sport, traditional, or
mixed styles, which is equivalent to Lower Grade through Higher
Elite in the IRCRA system (24). Each route is given a point value
based on a combination of its height, difficulty, and style.
Climbers are required to complete each route “clean” by free
climbing and not weighting the rope to claim points for the
ascent; free-soloing is expressly prohibited.

Climbers compete in pairs, swapping between belaying and
climbing so that both can log points for the competition. While
some climbers choose to climb different routes, most partner pairs
climb the same routes and complete routes in sequence spanning
an entire cliff face so that they are only traveling several feet
between finishing one route and starting the next, with longer
breaks in climbing to travel between cliff faces. Each team’s time
management in the 24 h must factor in route finding, waiting in
line for other teams to complete routes, eating, drinking, toileting,
traveling between routes and climbing areas, and attempting more
difficult climbs during daylight hours. Pairs are self-supported and
must carry their own gear, food, water, and other necessities with
them as they climb throughout the ranch.

Completed routes are recorded via the honor system on a
phone application or physical scorecard. Scorecards are posted
on the event website and results are publicly available. We
referenced the total vertical feet climbed, number of routes
climbed, and entry division from scorecards.

Participants

Study participants were recruited during the registration check-
in period before each competition. We collected their age, sex,
identity, category. In total, 54
competitors agreed to participate. After signing an informed

gender and competition

consent, participants were assigned a random number and given
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a wristband with that number to de-identify them for testing. Their
wristband number was documented on their informed consent and
kept in a secured file folder by one research assistant. Spectators
and support personnel were excluded. Participants voluntarily
completed the study measurements at the time of enrolling in
the study and again within 1 h of finishing each competition.
Each climber entered the competition in the division based on
their highest outdoor redpoint: 5.9 for Recreational, 5.10d for
Intermediate, 5.12a for Advanced, and 5.12b+ for Elite. These
divisions are set by the competition organizers and are the same
for both male and female entrants. Per the IRCRA Reporting
scale, these categories would correlate with Lower Grade,
Intermediate, Advanced (Female), and Advanced (Male)/Elite/
Higher Elite (24). Entry into the competition is via a lottery
system or by climbing a minimum number of routes in the prior
year of the same competition. While professional climbers have
competed in the past, most competitors are recreational climbers.

Measurements

We measured three parameters during this study: grip strength,
hang time, and knot-tying time. These were chosen because they
were tests that could be reproduced by average climbers not
requiring any special athletic training and with equipment that
could be easily purchased and transportable by both traveling
climbers and the research team to the event location.

Protocol

Participants completed these exercises in a randomized order
before and another randomized order after each competition. All
measurements were recorded on paper next to the wristband
number of the participant to protect identifying information.
Each participant was given one attempt per measurement.
Maximum hand grip strength (in pounds, Handeful handheld
dynamometer) was measured in for both the right and left hands
of each participant in their preferred arm positioning while
standing. Most participants chose to do so in a slightly bent arm
position where they could see the numbers on the screen

10.3389/fspor.2023.1224581

changing as they gripped down. The maximum number stays
displayed on the screen once the hand lets go.

Hang time was measured by having participants hang until
failure from the edge of an elevated porch balcony that is
constructed out of wooden planks with a 90-degree angle at the
edge, a depth of approximately six feet, and a length of
approximately 50 feet. Their feet were not allowed to touch the
ground while hanging, but participants could select their
preferred distance between their hands and position their body
however they preferred if their feet did not touch the ground.
Most their
interphalangeal joints flexed and metacarpophalangeal joints

participants chose to hang with proximal
extended (see Figure 1). Two matching commercially available
hanging grips were initially selected for this measurement,
however there was no place to hang them close to the
registration area, therefore the porch edge immediately behind
the registration tent was used instead.

For knot-tying time, each participant wore an adjustable 8 mm
cordelette around their waist at their preferred tightness to simulate
a tie-in point on a climbing harness. The cordelette was used in lieu
of each participant’s personal climbing harness because none had
their harness available at the time of registration. Participants
were timed on their speed in tying a figure-8-follow-through
knot with a provided length of 9.7 mm dynamic climbing rope
through this improvised harness, starting when a research
assistant called “start” and started a stopwatch, and ending when

the participant called “done” and the stopwatch was stopped.

Results
Participants

Thirty-six competitors completed repeat measurements. There
were four competitors in the Recreational category, nine
competitors in the Intermediate category, 15 competitors in the
Advanced category, and eight competitors in the Elite category.
Climbers ranged from 21 to 40 years of age, with an average age
of 29.4 years old; 21 were male, 15 were female. See Figure 2.
In some cases, measurement recordings were either missing or
illegible and unable to be included in calculations. Any pair of

FIGURE 1

Hand positioning during hang time test, photo taken during live data collection by Elaine Yu.
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18 lost to
follow-up

Intermediate
(n=9)

FIGURE 2
Participant characteristics. Created by Elaine Yu.

measurements that was recorded both pre- and post-competition
for an individual was included in the calculations.

Statistical analysis

Percent decreases in handgrip strength from Macdonald et al.
were used to determine a sample size of 8 with an alpha level of
0.5 and a power of 0.8.

We applied the paired two-tailed t-test to determine the mean
difference between the pre- and post-competition data.
Additionally, we performed the paired two-tailed f-test on
subgroups based on their entry division. The o for each paired
test was adjusted by Bonferroni correction with the resulting
COadjusted Value used to determine significance. Cohen’s d effect
sizes were used. Percent increase or decrease in value was also
calculated. We applied linear regression to predict the change in

grip strength, hang time, and knot-tying time based on vertical

height climbed and the number of routes climbed. p <0.05 was
used to determine significance.

In the 24-hour competition, the mean right hand grip strength
before the competition was 99.21bs (SD=25.5) and after the
competition was 84.21bs (SD=23.3); [t(34)=6; p<0.001;
d=1.01; Cygjustea=0.001]; or a 15.1% decrease. Mean left hand
grip strength before the competition was 97 Ibs (SD =23.3) and
after the competition was 82.71lbs (SD=22.7); [t31)=8;
Pp<0.001; d=1.41; Qugjusea= 0.002]; or a 14.7% decrease. Mean
hang time before the competition was 76.8s (SD=32.6) and
after the competition was 38.1s (SD=249); [#(34)=124;
Pp<0.001; d=2.1; Gygjustea=0.001]; or a 71.2% decrease. Mean
knot tying time before the competition was 24.7 s (SD =18.5)
and after the competition was 20.2's (SD=6.8); [t(28)=1.3; p=
0.218; d=0.23; Gagjustea=0.002]; or a 18.2% decrease. Changes
are displayed in Figure 3.

On subgroup analysis, there was a significant change in hang
time in all competition categories. Grip strength of both the right
and left hands showed a significant change in Intermediate,

24hr Mean Grip Strength (Ibs)

120
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60
40
20
0

R Hand L Hand
mPre mPost

FIGURE 3

tying time measurements in seconds.

Left: Pre- and post-competition grip strength measurements in pounds of the right and left hands. Right: Pre- and post-competition hang time and knot
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TABLE 1 Subgroup analysis by division.

Right hand grip strength

Recreational (highest outdoor redpoint 5.9)

Left hand grip strength

Hang time

10.3389/fspor.2023.1224581

Knot tying time

Before M=743lbs M=76.5 lbs M=437s M=394s
SD=13 SD=9 SD=11.8 SD =248
After M=7291bs M=69.5 lbs M=153s M=272s
SD=87 SD=10.3 SD=154 SD =135
Change A=141bs, —1.9% A=71bs, —9.2% A=284s* —65% A=1225s, -31%
1(3)=0.3 1(3)=22 t(3)=9.7 1(3)=0.9
p=0.757 p=0.116 p=0.002 p=0.448

Qadjusted = 0.013

adjusted = 0.013

Oadjusted = 0.013

adjusted = 0.013

Intermediate (highest outdoor redpoint 5.10d)

Before M=1127 Ibs M=106.8 Ibs M=649s M=225s
SD=324 SD=295 SD =14 SD=1138

After M=90.11bs M=89.51bs M=221s M=203s
SD=163 SD=221 SD=209 SD=43

Change A=22.61bs, —20.1% A=17.31bs, —16.2% A=47.3 5%, —65.9% A=22s, —9.8%
#8)=2.9 #6) =32 18)=7 #7)=04
p=0.019 p=0.019 p<0.001 p=0.708

Qadjusted = 0.006

adjusted = 0.007

Oadjusted = 0.006

adjusted = 0.007

Advanced (highest outdoor redpoint 5.12a)

Before M=9421lbs M=95.11lbs M=893s M=251s
SD =226 SD=228 SD =42 SD =225

After M =804 lbs M=2813lbs M=282s M=20.1s
SD =30.3 SD =26.5 SD =326 SD=59

Change A=13.8 lbs*, —14.6% A=13.8bs*, —14.5% A=61.1s*, —68.4% A=5s, -19.9%
#(13)=5 #(12)=5.8 #(14) = 8.2 (12) = 0.6
p<0.001 p<0.001 p<0.001 p=0.528

Qadjusted = 0.004

Cadjustea = 0.004

adjusted = 0.003

Uadjusted = 0.004

Elite (highest outdoor redpoint 5.12b+)

Before M =106 lbs M =995 lbs M=284s M=174s
SD =16.1 SD=16.5 SD=13.8 SD=24

After M=90.3 lbs M =84.11bs M=155s M=157s
SD =186 SD =209 SD =129 SD=138

Change A=15.7 lbs, —14.8% A=1541bs*, —15.5% A =685 s*, —81.5% A=17s, —-9.8%
H7)=35 #(6) =8.1 H6)=9.5 #(5)=18
p=0011 P <0.001 p<0.001 p=0.127

Qadjusted = 0.007

adjusted = 0.007

Qadjusted = 0.007

adjusted = 0.008

*Indicates p < dagjusted-

Advanced, and Elite climbers, but not Recreational climbers.
Change in knot tying time was not significant in any category.
Subgroup analysis by division are presented in Table 1.

Right hand grip strength decreased by 0.9 Ibs per 1,000 ft
climbed and 3.11bs per 100 routes climbed. Left hand grip
strength decreased by 1.51bs per 1,000 ft climbed and 5 lbs per
100 routes climbed. Hang time decreased by 5.4's per 1,000 ft
climbed and 21s per 100 routes climbed. Knot tying time
increased by 1.7 s per 1,000 ft climbed and 6.5 s per 100 routes
climbed. Fitted regression models are summarized in Table 2.

Discussion
Generalizability

The competitors in the 24 h of Horseshoe Hell competition are
generally recreational climbers that climb in their free time,

Frontiers in Sports and Active Living

without significant income from brand sponsorships, and who do
not climb as their primary profession. Therefore, we believe that
the data from the sampled participants can be applied broadly to
recreational climbers worldwide.

Additionally, as the competition take place outdoors, on real
rock faces, and requires partner teams to clip bolts, place gear,
clean gear, and swap belays, we feel that this most accurately
parallels multipitch outdoor climbing. Given that this
competition was timed at 24 h, requiring teams to manage their
hydration, food consumption, rest, waiting in line for routes, and
toileting along with achieving their climbing goals, the results
from this study are most relevant to climbers planning to spend
half to a full day on a climbing objective.

An example of a popular climbing route where this could be
applicable is the route Epinephrine, a 13-pitch, 1,600 ft, 5.9 that
is often timed car-to-car ranging from 5h 30 min to 20 h 30 min
with an average time of 12h 46 min for the 45 parties that
ticked the climb in 2022 on Mountain Project, a community

frontiersin.org
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TABLE 2 Fitted regression models.

| fighthand gnp stengih _Left hand grp srength

Vertical height ¥ = 11.34 + 0.0008834*(ft) ¥ =8.1453 + 0.001469*(ft) ¥ =32.3137 + 0.005373*(ft) Y =11.3479 — 0.001687*(ft)
R?=0.0069 R*=0.03 R*=0.12 R*=10.026
F(1,34) = 0.24 F(1,33) = 1.03 F(1,33)=4.4 F(1,32) =0.85
p=0.629 p=0318 p=0.044 p=0.363
B=0.0009 B=0.0015 B=0.0054 B=-0.0017
Route number Y =11.8749 + 0.03083*(#) Y =9.1435 + 0.05029*(#) Y=33.1412 + 0.211*(#) Y'=10.9732 — 0.06511*(#)
R*=10.0052 R*=10.022 R*=0.11 R*=10.024
F(1,34) =0.18 F(1,33)=0.73 F(1,33) =4.12 F(1,32) =0.77
p=0.677 p=0.399 p=0.05 p=0.386
B=0.031 B=0.05 B=0.21 B=—-0.065

*Indicates multiplication.
#Indicates number of routes.

climbing forum (25). In 2022, 12 parties bailed off the route due to  predictors did not reach significance when addressing grip
adverse conditions while 11 reported an “epic”, which is defined as  strength or knot-tying times, we were able to predict with
“when a climb turns into an ordeal, often taking much longer than  significance how vertical feet could affect hang time. The number
anticipated by being affected by adverse conditions or unexpected  of routes climbed did not predict any change in measurements,
difficulties” (26). While none reported injury or requiring rescue,  which indicates that the time spent climbing contributes more to
climbers who become fatigued are more prone to experiencing a  fatigue than the number of iterations of changeovers from belay
climbing accident. to climb and climb to belay.

Aspiring climbers training for this route could measure their Watts et al. has previously demonstrated that max time for
baseline grip strength and hang time, go climb for several hours,  repeated hangs plateaued with 1-3 min rest intervals, with a
and then re-measure their grip strength and hang time once  mean hang time of 36.3-40.7 s over 8 tries within <30 mins. In
fatigued and compare the change they experience with the  our study, mean hang time was 38.1 s after 24 h climbing, which
change from the competitors in this study to predict when they is similar to the values they found. However, participants in our
would reach the level of fatigue equivalent to 24 h of climbing, study had higher mean hang times before the competition
and therefore predict whether they would be likely to epic or  (76.8 s) which may reflect the endurance competitors had built
require rescue. up in preparation for the event lasting multiple hours.

Hang time is a useful proxy for measuring climber endurance

(30), especially when considering longer objectives for climbers,

Results interpretation such as multi-pitch routes or big-wall climbing. A climber’s self-

selected speed of climbing is thought to be a balance between

This study found that competitors” grip strength decreased due —; doing isometric work and the avoidance of early muscle

to fatigue from repeated use of forearm, hand, and finger fatigue (31). Hangboard exercises have been proven to improve

musculature after 24 h of climbing. When divided into subgroups grip endurance after 4-8 weeks of training (32) and are a

based on division, the decrease in hang time remained significant popular training technique to delay the onset of the dreaded

for all groups. Grip strength was significantly decreased in all but (' pump that ails climbers who become fatigued.

the Recreational subgroup. This is likely because recreational Our prediction model may be useful for climbers preparing for

climbers have been shown to have similar handgrip strength to large outdoor objectives. By using their current maximum hang time

physically active non-climbers (27). It is worth noting that while ", 4, point for their present level of climbing fitness, climbers

the mean grip strengths of the Intermediate climbers were greater may utilize the predictors in this study to estimate their change in

than those of the Advanced group, the Advanced group had hang time after their desired objective and target their training to

longer hang times, disproving the common misconception that e resce this difference. Climbers may also aim for a certain hang

“stronger” climbers have better grip strength, as even non-climbers . objective during their training period to maximize chances of
have been found to have similar grip strength as elite climbers (28).

The results from this study add to the pool of knowledge on
handgrip strength change in rock climbers, which has been shown
to decrease 22% in 5.12a climbers climbing until a fall (29) and
22.1%-23% in 5.9 climbers climbing for 30 min (21). We found
that a 1.9%-9.2% decrease in 5.9 climbers, a 16.2%-20.1% decrease
in 5.10d climbers, 14.5%-14.6% decrease in 5.12a climbers, and a  Limitations

14.8%-15.5% decrease in 5.12b+ climbers over a 24-hour period.

a successful ascent and thus avoid unplanned overnight bivouacs
or emergency calls for rescue. Climbers may also use the
prediction model to compare different objectives and expected
changes in their performance as a marker of fatigue.

Our study also looked at how the number of vertical feet There are several limitations that we encountered during our
climbed and the number of routes climbed could predict changes  study. While we measured right and left hand grip strengths, we
in grip strength, hang time, and knot-tying. Although these  did not indicate which laterality was the climber’s dominant
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hand, which would have been an interesting additional point of
investigation. Climbers also gave varying degrees of effort during
their pre-test hang times. While most competitors gave their
maximal efforts during the pre- and post-test hang times, a
handful of them indicated that they did not want to tire
themselves out prior to the start of the competition for fear of
overexertion, or “pumping themselves out,” and thus let go
before what would otherwise have been their maximal hang time.
Additionally, we did not measure climbers’ height or weight to
calculate a strength to body mass ratio, which has been shown to
determine performance in indoor World Cub sport climbers (33).

This was an observational study, so we did not specify which
routes each climber chose in the course of the competition.
Climbers competing in the Elite category could select to climb
the same number and difficulty of routes as someone competing
in the Recreational category, and therefore may demonstrate a
smaller change in their grip strength, hanging endurance, and
knot tying speed by the end of the competition.

We were unable to standardize the exact times for when each
measurement was taken after the competition. Thus, some
competitors were measured directly after their finish, while
others were measured up to an hour after the official finish. The
order in which we took the three measurements also varied
between climbers. Lastly, we were also unable to control for any
possible effects of drugs used before or after the event.

This study was undertaken over the course of 24 h of consecutive
competition. Of the 54 original participants, 18 did not present for
repeat measurement immediately after the competition and were
lost to follow-up. Additionally, some measurements were not
recorded or not legible for interpretation. Therefore, the data
presented in this study is limited by our small sample size.

Future avenues of study

Repeating this study on shorter intervals of continuous climbing
can provide insight into the level of fatigue expected after shorter
climbing objectives. Replicating this study using a standard
climbing harness and hangboard with a fixed grip width would
better standardize the results and can also help recreational
climbers repeat these measurements at home to assess their own
fatigue after training sessions or unexpected days out.
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Purpose: Sport climbing may lead to tissue adaptation including finger cartilage
before apparent surface damage is detectable. The main aim was to assess
finger cartilage composition with T2 mapping in young, active climbers and to
compare the results to a non-climbers’ collective. A secondary aim was to
compare whether differences in cartilage T2 times are observed between older
vs. younger volunteers.

Methods and materials: 7 Tesla MRI of the fingers Dig.2—-4 was performed using a
multi-echo spin echo sequence. Manual segmentation of 3 ROls at the metacarpal
heads, 1 ROI at the base phalanx and 1 ROI at the proximal interphalangeal joint
was performed. Included were 13 volunteers without history of trauma who are
regularly performing climbing activities as a recreational sport (>20 h/month).
These were age-matched with 10 control subjects not performing climbing
activities.

Results: Mean age was 32.4 years for the climbing group and 25.8 years for the
controls. Mean T2 values for the 5 different ROIls were 42.2 +7.8 msec for
climbers and 41.4 + 6.8 msec for non-climbers. No significant differences were
observed for T2 values between both groups. However, higher age had a
significant impact on T2 values for all assessed ROIls (higher age 44.2 +9.5,
younger age 32.9 +5.7, p=0.001).

Discussion: This study evaluated the cartilage composition of young, engaged
climbers with a T2 mapping MRI technique with the purpose to depict early
onset joint changes. No negative impact on cartilage composition due to the
sport activity was found, whereas age-related effects on the cartilage seemed to
be more prominent.

KEYWORDS

climbing, finger, cartilage, mapping, magenetic resonance imaging

Introduction

Climbing, as a new Olympic discipline, exposes the human body to various patterns of
musculoskeletal adaptation and may be associated with a specific risk for joint, muscle or
cartilage injuries (1, 2). The large community of professional and recreational athletes is
the reason why knowledge about this has an increasingly great medical importance (3-7).
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Injuries notably concern the upper extremity and finger joints due
to high loads during repetitive tension and compression motion
(8). This is associated with a high incidence of acute injuries,
such as finger pulley rupture, which represents the most
common climbing injury (9). Concerning joint tissue adaptation
as a response to repetitive stress and loading, cartilage alterations
and osteoarthritis (OA) development in the finger joints have
been examined in several studies but an association between
climbing activity and early OA development could not be shown
(10-13). Young top athletes may develop tissue adaptations such
as an increase in cartilage thickness and cortical thickness
(13, 14) at an early stage of their career. Studies by Pastor et al.
focussed on long-term climbing athletes performing at a high
level and investigated a possible connection between cartilage
and cortical thickness,
symptoms in follow-up studies (12, 13). Studies investigating a

osteophyte development and pain

potential impact on finger cartilage for recreational climbing
activities at an early stage are pending. However, knowledge
about the earliest cartilage changes caused by climbing would be
relevant, particularly in the early phase of an athlete’s career.
Sport behavioural adaptions with improved or gentler climbing
techniques or training methods in terms of degeneration
prevention might be possible.

High field magnetic resonance imaging (MRI), particularly
with field strengths beyond 3 Tesla, has potential for high
resolution structural imaging of the cartilage quality (15). This
has been investigated in several studies, especially for bigger
joints of the human skeleton, such as the hip, knee and ankle
(16-18). Various MRI techniques such as delayed gadolinium-
enhanced MRI (dGEMRIC) (19), diffusion weighted imaging and
T2 mapping, a composite measure of water content, collagen
content and organization (17), are available for this purpose.
7 Tesla MRI has the highest magnetic field strength approved for
routine clinical scanning. The high magnetic field strength can be
used for improvement of spatial resolution, image contrast and/
or signal to noise ratios (SNR) (20). This might be beneficial for
imaging of thin cartilage joint layers of smaller joints (15).

The aim of our study was to investigate finger cartilage quality
as characterized by T2 mapping using 7 Tesla MRI in young
climbers and to compare the results to age-matched non-
climbers. An additional research question was to analyse whether
age had an influence on the T2 time of cartilage.

Materials and methods
Study population

The study included 23 healthy volunteers (22.6-47.8 y, mean
age 30.5y, m:f=13:10), between June and October 2017.
Thirteen participants were climbers (22.6-47.8y, mean age
324y, m:f=7:6) and ten were non climbers (24.4-35.4 y, mean
age 25.8 y, m:f = 6:4). The mean climbing level was 20 (min 16
max 25; on the IRCRA climbing scale ranging from 1 to 32), the
mean climbing career duration was 7.7 years (min 5.9 max 18.9
years), the average regular climbing time was 20.9 h/month. This
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represented an advanced recreational climber collective. Sporting
or occupational stress on the fingers was considered an exclusion
criterion for the control group. Participants were free to select
the hand to be measured. None of the individuals had a
contraindication for a 7T high field MRI. All subjects gave
written consent to participate and undergo the MRI examination,
as well as to the use of their anonymized data. The study was
approved by the institutional review board (260_15 Bc) and all
patients provided informed consent. The study followed the
declaration of Helsinki.

Imaging

All imaging was performed on a 7 Tesla MRI scanner
(MAGNETOM
Germany). The subjects were examined in the superman

Terra, Siemens Healthineers, Erlangen,
position. The hand was fixed to reduce motion artifacts. A
custom-made dedicated 1-channel transmit, 16-channel receive
wrist coil (7 Tesla wrist coil, RAPID Biomedical, Wiirzburg,
Germany) with an elliptical cross-section (78 mm x 98 mm) and
a length of 70 mm was used. For each subject/specimen, T2-
weighted multi-echo, spin-echo sequences (MESE) were acquired
in the sagittal plane. T1-, T2-, and Proton density-weighted
sequences in the axial direction, as well as three-dimensional
double-echo steady state (DESS) sequences were obtained to
visualize the finger anatomy and morphological joint changes.
The latter served for subjective anatomical correlation and had
no influence on the quantitative image analysis/region-of-interest
(ROI) measurements. Details on the applied scanning parameters

can be taken from Table 1.

Image analysis/quantitative T2 mapping

All data sets were evaluated by two researchers in consensus
regarding anatomical abnormalities/pathologies (M.B., 3 years;
T.B; 17 years of experience in musculoskeletal MRI). A ROI-
analysis was performed with dedicated Software on a DICOM
viewer (Leonardo syngo Multimo-dality Workplace VE36A;
Maplt Software, both Siemens Healthineers, Erlangen, Germany).
All ROIs were placed by the same researcher (M.B.) in consensus
with (T.B.). A freehand drawing tool was used to create ROIs
manually on the index, middle and ring finger of each individual
in the central sagittal finger slice, which suited for optimal
depiction of the metacarpophalangeal (MCP) and proximal
interphalangeal (PIP) joint cartilage. The thicker cartilage layers
of the MCP joint allowed an individual ROI placement at the
proximal and distal joint side with three different cartilage
segments defined for the MC head and with one cartilage
segment defined for the ground phalanx base. The thinner PIP
joint cartilage layers allowed a common ROI placement including
the ground phalanx head and middle phalanx base cartilage. The
ROIs were defined as following: proximal MCP joint dorsal (ROI
1), proximal MCP joint central (ROI 2), proximal MCP joint
palmar (ROI 3), distal entire MCP joint cartilage layer (ROI 4)
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TABLE 1 Details on the applied scanning parameters for 5 MRI sequences.

‘ T2 MESE T1 TSE T2 TSE PD TSE DESS
700 68 14

10.3389/fspor.2023.1248581

TR (msec) 3,030.0 17.97

TE (msec) 14.7-88.2 17 5,000 6,540 6.38

TA (min, sec) 8.31 4.46 6.32 6.32 8.55
Field of view 608 x 608 500 x 500 500 x 500 500 x 500 640 x 540
Flip angle 180° 90° 177° 177° 21°
Voxel size (mm) 02x02x2.5 02x02x1.5 02x02x1.5 02x02x1.5 0.3%x0.3x0.3

and PIP joint including the entire proximal and distal cartilage
layer (ROI 5). The Maplt software enabled fully automated
parametric inline T2 mapping of the imaged cartilage. The
results of each ROI were the mean values of the T2 relaxation
times in milliseconds (msec), the standard deviation, the size of
the ROI in square centimetres (sq.cm), as well as the number of
pixels. A pixel-wise, monoexponential, non-negative least squares
(NNLS) suitability analysis was used for image fusion of the
resulting maps with the corresponding anatomic image (Figure 1).

Statistical analyses

Data collection was performed with anonymization in
Microsoft Excel. The statistical software program R (version
3.5.3., R Foundation for statistical Computing, Vienna, Austria)
was used for calculation. Mixed modelling was performed to
determine differences of T2 relaxation times in between the
different ROI groups depending on age and climbing activity.
Also, differences for gender and different joints (PIP joints vs.
DIP joints) were tested. The median age was determined as a cut
point for defining an additional group analysis depending on the
individuals’ age (<26.5y; >26.5y) dividing the study collective
and older and younger individuals. Unless stated otherwise, data
were expressed as mean * standard deviation (range). P-values
<0.05 were considered statistically significant.

Results

MRI showed normal finger joint anatomy for all individuals
without presence of any pathological or degenerative joint
alteration and without presence of any osteophytes. T2-mapping
was technically successful in all individuals and a total of 345
ROIs could be created with color-coded maps for subsequent
ROI analysis. Sixteen subjects had imaging of the right hand and
seven subjects of the left. The mean size of the ROIs was
0.04 cm® and ranged from 0.01 cm® to 0.13 cm”. Mean T2 values
for all ROIs were 42.2+7.78 msec for climbers and 41.4+
6.78 msec for non-climbers. The respective average T2 value was
442 £9.48 msec for older and 32.9+571 msec for younger
individuals. Further information on mean values of the T2 times
of the individual ROIs, as well as their standard deviations (SD)
are shown in Table 2 and Figure 2. Statistical analysis revealed
no significant differences for T2 values between climbers and
non-climbers. Within the MCP joints of all fingers, significant
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differences (p=0.001) were found for the different ROIs 1,2,3
and 4. The averaged T2 time of all T2 times representing the
MCP joint (ROI: 1-4) had no significant difference compared to
ROI 5, representing the PIP joint. No significant difference was
found between different genders. However, higher age had a
significant impact on T2 values for all assessed ROIs (p =0.001).

Discussion

Our study used 7 Tesla MRI T2 mapping techniques to detect
potential early cartilage changes in the fingers in a collective of
recreational young climbers. In comparison with an age-matched
group of non-climbers, no differences in cartilage quality was
found. Independent of the climbing sport, we found significant
differences in cartilage composition in regard to age. We were
able to define five distinct cartilage regions of the MCP and PIP
joints of each finger, indicating feasibility of this T2 mapping
technique for evaluating finger joint cartilage composition with
MRI.

Several studies have investigated joint tissue adaptions in finger
joints of climbers. Pastor et al. reported that the thickness of the
cartilage layer in the PIP and DIP joints will decrease whereas the
occurrence of osteophytes will increase during the career of elite
sport climbers (12, 13). However, a clear connection between
changes in the thickness of the cartilage, the development of
osteophytes and degenerative symptoms could not be shown in
their 10-year follow-up study (12, 13). In this context, it was
discussed that osteophyte development in young climbers could be
a mechanical adaptation to finger-stressing, which does not
necessarily have to be accompanied by cartilage degeneration
(12, 13). Schoffl et al. reported that one quarter of the German
youth national team climbers showed a mild form of osteoarthritis
Grade 2, however this study based on radiographic and clinical
evaluation only (14). With integration of MRI assessment, a more
comprehensive assessment on the cartilage quality may be possible
in comparison to clinical, ultrasonographic or radiographic
evaluation alone. Compositional MRI is suited to detect possible
early pre-morphologic cartilage changes with T2 realxometry
being the most widely applied technique as a surrogate parameter
of collagen content and organization and water content of
cartilage (15). Compositional imaging with finger T2 mapping was
applied clinically in a study by Renner et al. (21), who investigated
cartilage of MCP joints of patients with underlying rheumatic
disease. In their study, inflammatory activity correlated to changes
of the cartilage T2 times.
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Software analysis for T2-mapping of a finger: the freehand drawn ROIs 1-5 in the morphological (grey left image) was transferred to the colour coded T2
map (right image). ROlIs in the T2 map provide values for T2 time (Mean), standard deviation (SD), size of the individual ROls (Area), as well as the number

Our methodology differs to the aforementioned study, as a
compositional imaging technique was used with the highest
clinically approved magnetic field strength of 7 Tesla which
allowed for maximized spatial resolution and an increased
signal to noise ratio in comparison to 3.0 Tesla. Therefore, we
could perform T2 mapping analysis also for the smaller PIP
joint.

The mechanisms leading to cartilage degradation due to
repetitive strain and/or aging are assumed to contribute to a
decrease in proteoglycans and to changes of the collagen
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network. This subsequently yields to an increase of cartilage
permeability and water content as the earliest demonstrable
(22), typically localized and
quantified by the T2 relaxation time. In our study, a gender-

changes in cartilage damage

specific difference in T2 times could not be shown. We found
differences in T2 times for the different finger and ROI groups,
which did not show a statistically significance, in relation to
climbing sport and age using mixed modelling. In this respect,
differing T2 values for the different ROI groups of the MCP may
be interpreted as physiologic normal observation. It is possible
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TABLE 2 Mean T2 values (ms) + standard deviations of the entire study collective (n = 23), climbers (n = 13), non-climbers (n = 10), individuals <26.5y (n =
13) and individuals >26.5y (n = 12) measured for three fingers and 5 different regions of interest (ROI) in-7 T MRI.

All participitants ROI 1 ROI 2 ROI 3 ROI 4 ROI 5
Dig. 2 3504+ 1275 49.84 +17.56 35.89 £ 7.04 54.74 % 16.47 40.33£13.77
Dig. 3 31.68+10.78 44.85+12.78 37.57£7.93 46.47 +10.87 3898+ 1133
Dig. 4 28.19+8.86 47.63 +15.54 31.82+9.72 53.8+13.39 36.14 £ 10.57
Climbers

Dig. 2 34.85+9.51 55.56 +31.61 37.01 +8.24 59.15 + 14.48 43.06 +14.49
Dig. 3 33.13+5.01 44.92+8.47 38.01 +4.45 47.74+10.93 4239+16.6
Dig. 4 29.43 +5.58 54.64 +21.81 3342+ 647 52.22+14.25 37.34+11.99
Non-Climbers

Dig. 2 46.48 + 44.44 51.03+17.85 34.42+4.99 59.8 +28.69 36.77+7.01
Dig. 3 29.15+6.12 44.76 £ 8.47 37+8.63 44.83+7.77 34.54 £ 631
Dig. 4 26.58 £6.19 54.64 +21.81 29.75 +6.58 55.85+ 13.08 34.59 £ 6.66
<265y

Dig. 2 41.35+41.38 48.52+17.53 34.21+5.36 55.68 +27.35 34.92+7.66
Dig. 3 29.08 +5.74 42.93 +8.23 37.61+8.73 4418 £6.56 32.28+5.27
Dig. 4 24.9£3.62 48.83 £22.17 28.26 £ 5.55 50.82 % 14.52 33.43+6.32
>26.5y

Dig. 2 38.34 £ 8.56 59.12 33.09 37.728.3 63.53+19.83 4623 +13.43
Dig. 3 3452+ 4.1 46.95 +8.08 37.53+2.75 48.98 +11.48 46.28 +16.08
Dig. 4 31.78 £ 5.91 49.84 +7.99 33.82+5.56 56.83 £ 12.29 39.11+12.42

) that with future technical improvements (e.g., dedicated 7.0 Tesla

= A et ren (ngr 234 hand/finger r.eceivi.ng MRI coil), furtk.ler knpwledge about tl‘lat
may be possible in subsequent studies using a more precise

g segmentation of the distinct cartilage layer segments also for the
PIP joint and DIP joint (analogous to MCP).

2 7 Tesla MRI is not commonly applied clinically, although
regulatory approval for routine clinical use has been granted. The

] advantages of a decreased acquisition time and higher spatial
resolution at high magnetic field strength is advantageous for

€7 visualization of small anatomical structures such as the wrist (23)
or finger joints (24).

&7 Manual segmentation of the cartilage is dependent from the
subjective judgement of each observer, which means that
measurement accuracy can vary both between different observers

g and with repeated assessment by the same observer. In addition,
manual T2 mapping takes a lot of time. Simplification could be

8 achieved by developing automated assessment or evaluation tools
with artificial intelligence algorithms, not only for 7 Tesla but

3 also for the more widespread 3.0 Tesla installations, which would
be easily accessible for follow-up studies on larger collectives.

s However, to date manual segmentation is still considered the
gold standard technique (17).

e Regarding the prevention of cartilage degeneration in climbers,
comprehensive MRI analyses such as in our study could help to

. better understand the different stress mechanisms to finger

& cartilage segments. The influence of grip techniques such as slope

w w . . f grip or crimp grip (25, 26) on the cartilage at different cartilage

o roe ro rot roe locations could be investigated with compositional MRI techniques

FIGURE 2 as in our study. Likewise, differences between diverse climbing

Influence of climbing gnq age on cartilage. ROIs 1 to 4 represent the disciplines (sport climbing, multi-pitch, bouldering, speed climbing)
metacarpal-phalangeal joints, ROI 5 reflects the proximal interphalangeal ) . . . ) .

joint. Left bar = index, middle bar = middle finger, right bar = ring finger. or different forms of training (static training, dynamic training)

First graph (A) shows the comparison between climbers (red bars) vs. would be accessible in future studies. It is not yet understood

(”g?;y iiar?:;ir; t(k?;es:nyfjr:;)érsifjgc;)a?:gz.éBy)e:?sm;iaarge; subjects older whether climbing related bony adaptations, such as osteophytes or

cortical thickening, are associated with cartilaginous damage in

Frontiers in Sports and Active Living

frontiersin.org


https://doi.org/10.3389/fspor.2023.1248581
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Bayer et al.

older athletes, or whether they are merely mechanical reactions as
discussed before (13). Further knowledge on that will be
increasingly more important with the gaining popularity of climbing.

Our study has several limitations. It is a small cross-sectional
study and therefore does not allow any conclusions to be drawn
about the changes found in the T2 times with regard to the actual
occurrence of OA. We did not correlate MRIs with ultrasound/
radiography and no analysis of the cartilage thickness was
performed. An analysis for the DIP joint was not possible due to
technical limitations, particularly owing to the coil design. The
MRIs had to be performed without the use of dedicated hand/
finger receiving coils, and as such are not yet commercially
available. Further experience with larger collectives and with
corresponding clinical classification into different degrees of
osteoarthritis is necessary, in particular to better assess the
sensitivity of the method to changes in cartilage in climbers. Such
studies also could evaluate a possible reversibility of T2 time
changes through adaption of climbing techniques and/or training
methods, especially with consideration of clinical symptoms.

At this stage, the current data support the concept that the
assessment of compositional T2 relaxation times reflects non-
specific changes in cartilage in terms of early sport and age
dependent alteration. Our study showed that T2 mapping is a
feasible method for the direct evaluation of cartilage composition
in young climbers. In our limited study collective, we did not
register early onset cartilage changes dependent to climbing sport
effects to be
prominent. T2 mapping seems appropriate as methodology to

activity, whereas age-related seemed more
depict early hydration changes and collagen fibre damage in

finger joint cartilage of larger subsequent studies.
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Introduction: It is acknowledged that training during recovery periods after injury
involves reducing both volume and intensity, often resulting in losses of sport-
specific fitness. Therefore, this study aimed to compare the effects of high-
intensity training (HIT) and low-intensity training with blood flow restriction (LIT
+ BFR) of the finger flexors in order to preserve climbing-specific strength and
endurance.

Methods: In a crossover design, thirteen intermediate climbers completed two 5-
week periods of isometric finger flexors training on a hangboard. The trainings
consisted of ten LIT + BFR (30% of max) or HIT sessions (60% of max without
BFR) and were undertaken in a randomized order. The training session consisted
of 6 unilateral sets of 1 min intermittent hanging at a 7:3 work relief ratio for
both hands. Maximal voluntary contraction (MVC), force impulse from the 4 min
all out test (W), critical force (CF) and force impulse above the critical force (W)
of the finger flexors were assessed before, after the first, and after the second
training period, using a climbing-specific dynamometer. Forearm muscle
oxidative capacity was estimated from an occlusion test using near-infrared
spectroscopy at the same time points.

Results: Both training methods led to maintaining strength and endurance
indicators, however, no interaction (P>0.05) was found between the training
methods for any strength or endurance variable. A significant increase (P =
0.002) was found for W, primarily driven by the HIT group (pretest—25078 +
7584 N.s, post-test—27327 + 8051 N.s, P=0.012, Cohen’s d = 0.29). There were
no significant (P> 0.05) pre- post-test changes for MVC (HIT: Cohen’s d = 0.13;
LIT + BFR: Cohen's d = —0.10), CF (HIT: Cohen’s d = 0.36; LIT+BFR=0.05), W’
(HIT: Cohen's d=-0.03, LIT+BFR=0.12), and forearm muscle oxidative
capacity (HIT: Cohen’'s d = —-0.23; LIT + BFR: Cohen’s d = —0.07).

Conclusions: Low volume of BFR and HIT led to similar results, maintaining
climbing-specific strength and endurance in lower grade and intermediate
climbers. It appears that using BFR training may be an alternative approach after
finger injury as low mechanical impact occurs during training.

KEYWORDS

injury, hypertrophy, hypoxia, ischemia, intermittent exercise, isometric contraction,

strength, oxidative capacity
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Introduction

Sport climbers heavily rely on finger flexor contractions,
making finger flexor strength and endurance crucial predictors of
climbing performance (1, 2). Previous research has extensively
investigated the physiological adaptations induced by high-
intensity training (HIT) on finger strength and endurance (3, 4).
For example, specific maximal strength and hypertrophy training
designed for climbers have demonstrated significant increases in
finger flexor strength and endurance after 5-10 weeks of training
(5-8). However, HIT of the finger flexors may increase the risk
of injuries in the fingers, hands, elbows, or shoulders, with
chronic injuries being the most common among sport climbers
(9, 10). Moreover, when recovering from injuries such as pulley
ruptures or strains it is recommended to gradually increase
training loads (11). Consequently, recovery periods require
climbers to train with decreased intensity, often resulting in
losses of sport-specific fitness.

An alternative approach to HIT for improving or maintaining
finger strength and muscle hypertrophy is training at low
intensities (typically 20%-40% of maximum strength) with blood
flow restriction (LIT +BFR), achieved by applying external
pressure to the limb proximal to the working muscle (12). LIT +
BFR exercise creates a localized hypoxic environment and
promotes recruitment of both types I and II muscle fibres,
leading to enhanced muscle strength and power (13-15).
Furthermore, changes in key markers of protein synthesis, such
as mTOR and HIF-1, support the observed adaptations in the
muscle following LIT + BFR training (16, 17). Accordingly, LIT +
BFR triggers an upregulation of protein synthesis, facilitating
muscle growth and strength gains despite the use of lower
training loads (decreased mechanical stress). This suggests that
the metabolic stress induced by LIT + BFR exercise can stimulate
muscle protein synthesis to a comparable extent as high-intensity
exercise (18, 19). To date there are no studies comparing HIT
and LIT + BFR in climbing-specific hangboard resistance training.
However, based on the existing literature, it is reasonable to
hypothesize that LIT+BFR and HIT may yield comparable
effects in finger flexors training in climbers.

Previous research has shown that increasing strength can be
achieved with low volume of HIT per week (20, 21). However,
it remains unknown whether the same training volume of LIT
+BFR would yield similar effects. Most studies investigating
blood flow restriction (BFR) interventions have primarily
focused on designs maximizing their effectiveness for increasing
muscle strength and hypertrophy (22, 23). However, during the
recovery period following an injury, the primary objective of
training is to maintain strength and endurance levels using
minimal load and training volume (20). Low-intensity training
(LIT) with BFR training has been proposed and utilized as a
method of recovery after various types of injuries in lower
limbs such as knee osteoarthritis (24) or arthroplasty (25),
however, to authors best knowledge, there is not any literature
available on this topic on the upper extremities related to the
climbing.
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Therefore, the objective of this study was to investigate the
effects of low volume of LIT+BFR training and HIT on
maintaining climbing-specific strength and endurance. We
hypothesised that HIT and LIT + BFR will be equally effective in
preserving sport specific strength and endurance in intermediate
climbers.

Methods
Participants

Thirteen lower grade to intermediate climbers [6 male, 7 female
participants: males—age, 24.3 + 2.0 yrs; climbing ability level 13 + 4
IRCRA (International Rock Climbing Research Association) grade;
females—age, 32.6 + 12.5 yrs; climbing ability 9 + 2 IRCRA grade]
volunteered to take part in the study. Participants self-reported
their climbing ability using French/Sport grade which was
transformed to the IRCRA difficulty scale ranging from 1 to 32
(26). At the beginning, all participants completed written
informed consent forms and medical health questionnaires.
Exclusion criteria included venous thrombosis, cardiovascular
and diabetes),
unexplained chest pain, heart pathologies, and fainting during

diseases (including high blood pressure
physical activities. Additionally, participants with carpal tunnel
syndrome, acute upper limb injuries, tendosynovitis, or tendon
injuries in the upper limb, pregnancy, or in the injury recovery
phase were also excluded.

Participants were instructed to abstain from engaging in any
strenuous exercise, consuming caffeine, and consuming alcohol
24h  before
Furthermore, participants were not allowed to maintain normal

within each experimental testing session.
training routine or engage in any finger flexor strength and
endurance training. This was achieved partially by the ongoing
COVID lockdown when sport facilities were closed. Additionally,
participants were asked to continue their regular dietary and
supplement habits. The study was approved by Ethics Committee
of Charles University, Faculty of Physical Education and Sport.
The participants provided their written informed consent to

participate in this study.

Experimental protocol

The 13 weeks long experimental protocol is depicted at
Figure 1. All participants completed two 5 weeks periods of
finger flexors training in a cross-over randomized order with a 1-
week long washout period. The two training interventions
consisted of either isometric HIT or LIT + BFR on a hangboard.
Testing climbing specific strength and endurance was applied
before and after each period of training (Figure 1).

To eliminate interference between individual tests, the
participants underwent two separate testing sessions during the
testing week. In the first session, the muscle oxidative capacity

and the maximal voluntary contraction (MVC) were assessed.
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Week 1
Randomization and Preliminary testing

ze &7

HIT LIT + BFR

Week 7
Washout and Post-intervention testing

wesarz ¥ v

LIT + BFR HIT

s > &

Post-intervention testing

FIGURE 1
Experimental design of the study.

The second testing session involved performing a 4-min all-out test
after the measurement of blood pressure to determine the level of
occlusion.

Upon their first visit, participants were randomly assigned into
two groups based on the training intervention. They were also
familiarized with the laboratory setup. Additionally, they
completed a questionnaire and signed the medical consent form.
In the questionnaire, participants reported their climbing ability

as proposed by Draper et al. (26).

Warm-up

All subjects completed a standardized self-directed warm-up
prior to the assessment and training protocol. The warm-up
consisted of three minutes of pulse-raising activity, such as
jogging or cycling, followed by three minutes of climbing, which
is considered a sport-specific activity. In addition, the warm-up
included a series of 5:5s work-to-rest ratio hangs on the testing
edge in a half-crimp position at ~50% of the perceived
maximum force (27).

Training interventions

Both training interventions consisted of 10 training sessions (2
sessions per week during each 5-week period). The LIT + BFR and
HIT participants previously scheduled a time of the day for the
individual sessions of hangboard strength exercises. The intensity
for each training type was based on the MVC tested prior to
each intervention. The training was performed on the same
wooden rung as for testing MVC and all-out test (see below) in
standing position with arms ~180° flexed in shoulder, and
slightly flexed in elbows. Participants applied the target force on
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the rung by hanging (bending the knees). The online feedback of
applied force was visible on the screen of the testing/training
device (1D-SAC, Spacelab, Sofia, Bulgaria).

Blood flow restriction training

To implement BFR, we utilized a cuff provided by Occlude
ApS (Aarhaus, Denmark). Prior to each training session, the
cuff was inflated to 60% of the complete arterial occlusion
pressure (21, 28) on training arm, which caused decrease in
the blood flow in the downstream vascular system by 47%-
48% (29). In each session both arms performed 6 sets over
two blocks (one block consisted of three consecutive sets)
unilaterally for each arm, and each set comprising 6
repetitions performed at 30% of MVC, with a work-to-rest
ratio of 7 to 3 s. Following the completion of set 3 (60 s rest in
between) for one arm, the cuff was deflated and participants
immediately continued with the other arm for next three sets.
In total, 36

completed (Figure 2). The cuff pressure was monitored and

isometric contractions for each arm were

controlled during the rest periods between sets.

FIGURE 2
Position of participant during the Low-intensity training with the blood
flow restriction.
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High-Intensity training

Participants performed HIT sessions at 60% of their MVC. The
same volume of training as for LIT +BFR was applied. Each
training session consisted of 12 working sets (i.e., 6 sets of each
arm divided into two blocks with 5 min rest in between), with
each set comprising 6 repetitions and a work-to-rest ratio of 7 to
3's. Following the completion of the third set, participants were
given a 5 min recovery period while the other arm was exercising.

Testing climbing specific strength and
endurance

Maximal strength

The maximal strength of the finger flexors was determined
using a custom-made dynamometer (1D-SAC, Spacelab, Sofia,
Bulgaria). The participant was instructed to maintain a 5s long
half-crimp position while “hanging” on the wooden rung. The
rung depth was 23 mm with a 10 mm radius to maximize the
activation of the flexor digitorum profundus (FDP) and flexor
digitorum superficialis (FDS) (30). Two attempts were performed
separated by a two-minute rest in between. Participants were
instructed to progressively transfer as much of their weight as
possible onto the wooden rung with their dominant arm. The
highest peak value from the two trials was considered as the
MVC of finger flexors, and this value was used to determine
relative workloads for the following training intervention.

All-out test

To assess the critical force (CF), force impulse from all
contractions (W), and impulse above the critical force (W’), the
4-min all-out test was performed (31). This test involved 24

10.3389/fspor.2023.1256136

isometric maximal voluntary contractions on the same rung as
for maximal strength (1D-SAC, Spacelab, Sofia, Bulgaria) in a
half crimp position with a 7:3 s work to rest ratio.

During the “rest” phase, participants were instructed to
maintain the anatomical position with upper-limb over the head
level and were not allowed to shake their forearms or hands, as
shaking is known to aid recovery (32). However, participants
could dry their the chalk. Loud verbal

encouragements were given to all participants to reach their

fingers using
maximum force during every contraction. Force and time data
were continuously recorded throughout the test. For the visual
representation see Figure 3.

For each contraction in all tests, the length (in seconds), peak
and mean force and the
determined. The CF was defined as the mean force from the last

(in kilograms), impulse were

three contractions of the test.

Muscle oxidative capacity

To assess the muscle oxidative capacity, near-infrared
spectroscopy (NIRS) (Portamon, Artinis Medical Systems BV,
The Netherlands) was employed to monitor changes in tissue
oxygenation levels of the FDP. A chartered physiotherapist
located the FDP using the technique recommended by Schweizer
and Hudek (30), where the thumb and first finger were squeezed
together, and the middle of the muscle belly was palpated (30).
The NIRS device sampling frequency was set to 10 Hz and data
were processed using the Oxysoft software (Artinis Medical
System, BV, The Netherlands). Path length factor was set to
4. Muscle oxidative capacity was estimated by calculating half-
time to recovery of the tissue oxygen saturation (O,HTR) after

arterial occlusion (33).
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FIGURE 3
Vizualization of data acquired by the all-out test for the finger flexors. Critical force was calculated as the average force from the last three contractions
The duration of the all-out test was 240 s with 7:3 work to rest ratio. Force impulse from all contractions was calculated as the area under the force-time
curve and represents total isometric muscle work during the test (W). Impulse above the critical force represents energy store component (W’)
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Participants were instructed to rest in a supine position with
their arm elevated above heart level for 20 min after fitting the
artery tourniquet. Following the initial measurement of the
baseline, the tourniquet was inflated to a supramaximal pressure
of 250 mmHg for 5 min. After that, the cuff was rapidly released,
and recovery muscle tissue oxygen saturation (StO,) values were
recorded for 3 min. Half-time of StO, recovery was calculated,
which represents a valid estimate of oxidative capacity (33).

Statistical analysis

Statistical analyses were performed using IBM SPSS for
Windows (IBM Corp. Released 2020. IBM SPSS Statistics for
Windows, Version 27.0. Armonk, NY: IBM Corp). Descriptive
statistics (mean + standard deviation) were used to characterize
strength and endurance indicators during pretest and post-test.
The analysis of variance (ANOVA) 2 x 2 with repeated measures
was conducted to examine the main effects of time (pretest vs.
post-test) and training method (LIT +BFR vs. HIT), as well as
their interaction effect. The significance level was set at P <0.05.
Post hoc analysis using Bonferroni correction was performed to
compare specific pairs of interventions in terms of their effects on
the pretest and post-test measures. Effect sizes of 0.3, 0.5, and 0.8
were interpreted as small, medium, and large effects, respectively
(34). Utilizing the Shapiro-Wilk test, all data were determined to
be normal and met the criteria of Mauchly’s test of sphericity.

Results

At baseline, no differences for were observed between the
training methods for any of the variables (P> 0.05).

There was a significant main effect of time for impulse (delta
W= +1568 Ns; P=0.002). However, there was no significant
interaction of time and training method demonstrating no
substantial differences between LIT + BFR and HIT (P=0.057-
0.855).

Pairwise comparisons showed significant increases of force
impulse only for HIT method (Table 1, Figure 4). Otherwise,
non-significant improvements with small or no effect size were
found for all strength and endurance indicators and no
significant decreases of climbing specific strength or endurance
indicators were demonstrated (Table 1, Figure 4).

10.3389/fspor.2023.1256136

Discussion

The main finding of the current study was that small volume
of LIT + BFR was equally effective as HIT to maintain finger
flexor strength and endurance in lower grade and intermediate
climbers.

To evaluate maximum finger flexor strength, we employed an
ecological setting with the arm positioned overhead without any
fixation. This method has been demonstrated to be a valid and
reliable measure of climbing-specific strength, with a standard
error of measurement (SEM) of 35 N (35). Neither the HIT, nor
LIT + BFR interventions resulted in significant changes in finger
flexor strength. The observed pretest-post-test changes fell within
the previously mentioned SEM range. It has been observed that
strength decreases occur rapidly with a training interruption,
becoming more pronounced after 8 days of inactivity (36) It is
hypothesized that neural factors such as motor unit recruitment
and synchronization, firing frequency, and intramuscular
coordination are responsible for strength losses during the early
stages of inactivity, while morphological factors contribute to
greater  strength  decreases (37). Our
demonstrates that low volume of intermittent isometric HIT
(60% MVC, with a total exercise time of 36 x 10:3 s work: relief
cycles per session, two sessions per week) and an equivalent
volume of low-intensity with BFR (30% MVC) were effective in

maintaining the initial strength level for 5 weeks. All participants

thereafter study

were able to sustain both training protocols without premature
localized exhaustion. Therefore, it may be speculated that 2
sessions per week, with a total of 12 min of isometric non-
exhaustive exercise per arm at low intensity and with BFR,
counteracted the deteriorating changes that neural factors may
have on maximal strength due to inactivity.

During high-intensity resistance training, a single set of 6-12
repetitions with loads ranging from approximately 70%-85% 1
repetition maximum 2-3 times per week reaching volitional or
momentary failure for 8-12 weeks can produce suboptimal, yet
significant increases in squat and bench press strength in
resistance-trained men (20). Our non-exhaustive protocol with
smaller muscle groups, slightly lower intensity, and similar
volume did not result in significant improvements. It appears
that exhaustive protocols are necessary to induce structural
changes leading to strength increases (38, 39). However, a similar
volume of non-exhaustive exercise may have benefits in
maintaining the current level of strength.

TABLE 1 Mean (+ standard deviation) score of pretest and post-test measurements for high intensity training (HIT) and low intensity training with blood
flow restrictions (LIT + BFR).

HIT LIT + BFR
Post-test Cohen'’s d Pretest Post-test Cohen'’s d
MVC (N) 356+ 134 373+113 0.241 0.13 376 +138 362+125 0.158 —0.10
Cf (N) 103 26 113 £30 0.237 0.36 1143 +31 116 +30 0.844 0.05
W (N.s) 25,078 + 7,583 27,327 + 8,051 0.012 0.29 26,661 + 8,415 27,551 + 6,593 0.392 0.12
W (N.s) 10,246 + 6,011 10,092 + 5,979 0.845 —0.03 9,494 + 5,278 10,152 + 5,599 0.353 0.12
O,HTR (s) 14351 13.1+5.1 0.569 -0.23 13.6 +4.9 13.2+438 0.830 —0.07

W, impulse from the 4 min all-out test; W', impulse above the critical force; CF, critical force; O,HTR, oxygen saturation %2 time to recovery after arterial occlusion.
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LIT + BFR training does not only have impact on maximal
strength improvements but may also, due to peripheric and central
adaptations, have direct or indirect impact on endurance
performance (40, 41). In our study, we estimated endurance of the
finger flexors using several indicators: W, W’, CF from 4 min all
out test and O,HTR from arterial occlusion test. W is an indicator
of total working capacity and represents an overall measure of
finger strength and endurance. W’ is the capacity to release energy
above the CF and is often related to strength-endurance capacity
while the level of CF represents the amount of energy
predominantly released by aerobic metabolism (42). O,HTR is a
standardized NIRS derived functional index estimating muscle
aerobic capacity. Faster recovery of FDP has been associated with
increased climbing ability (43). Similar to maximal strength, no
decreases in any endurance indicators were observed. On the
contrary, after HIT, W was statistically higher, suggesting that low
volume of HIT may lead to overall improvement in finger flexor
working capacity in intermediate climbers as W represents both
strength and endurance components. However, the effect size for
improvement changes was low, and no differences between the
two methods were found. The maintenance of all endurance
indicators during 5-weeks LIT + BFR training is very promising as
submaximal resistance to fatigue appears to be deteriorated to a
greater extent from training interruption in comparison with
maximal force and maximal power (37).

Endurance adaptations following LIT + BFR training have been
associated with improvements in macro- and microvascular
functions, muscle redox and ionic buffering, and mitochondrial
respiratory capacity (40, 41). In our study, the aerobic capacity of
the finger flexor muscles was estimated from the NIRS signal. It
is important to note that the sensitivity of StO, recovery as a
training indicator in climbers is still unknown, and further
experimental studies are needed to validate its use. Subsequent
studies should also aim to investigate the pathways explaining
forearm oxidative capacity and consider using NIRS technology
to independently assess skeletal muscle oxygen diffusion capacity
and mitochondrial respiratory capacity (44).

There are other strength and limitations to be stated. A
strength of the study is that all participants refrained from
engaging in any climbing-specific or upper-body strength
activities during the 13-week experimental period, ensuring that
any observed changes could be attributed to our experimental
conditions. The intervention may be regarded as a simulation of
a rehabilitation period. Participants were fit enough to train
under controlled environment but could not train/climb in an
uncontrolled environment due to lock-down restrictions. The
crossover design allowed for a direct comparison between the
two training modalities within the same group of participants,
minimizing inter-individual variability (45). However, due to
time requirements, a relatively short one-week washout period
between the training interventions was applied. Of note, a
control group was not included which might be useful of
quantifying no strength training or the short washout period.
Nevertheless, this does not seem to influence our results as no
changes in any indicator were observed after the HIT or LIT +
BER intervention. The small group size in this study may limit

Frontiers in Sports and Active Living

10.3389/fspor.2023.1256136

the generalizability of the findings and the ability to detect small
differences between the training modalities. Moreover, using BFR
with more advanced climbers may have provided different
results. MVC was assessed only once before each training
intervention to set the training load. In other words, the climbers
trained at the same relative intensity throughout the whole
period. This may also explain the lack of changes during the
different periods. If MVC was tested every week, there may had
been a progression in the training which ultimately may have led
to an increase in (some of) the variables. On the other hand,
during recovery periods from an injury, regular testing of MVC
would increase stress on injured tissues and may slow the
recovery process.

Our findings support the hypothesis that both approaches, with
and without BFR, were equally effective in preserving the studied
parameters during the minimal training period. However, it is
important to note that physiology of these adaptations may differ
during exercise at 30% of MVC compared to higher intensity
exercise (23, 46, 47). Therefore, BFR training at a lower intensity
(30% of MVC) appears to be a viable substitute for HIT during
recovery periods and may offer advantages, particularly for
climbers recovering from injuries, although it is more
discomforting and less enjoyable compared to HIT (48).

In conclusion, this study demonstrates that low volume of non-
exhaustive BFR training at a lower intensity can be as effective as
HIT in preserving sport-specific strength and endurance. These
findings suggest that LIT +BFR training may be a viable

alternative for climbers recovering from injuries.
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Neuromechanics of finger hangs
with arm lock-offs: analyzing joint
moments and muscle activations
to improve practice guidelines for
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Sport Science and University Sports, University of Vienna, Vienna, Austria, *Vienna Doctoral School of
Pharmaceutical, Nutritional and Sport Sciences, University of Vienna, Vienna, Austria, “Department of
Mechanical and Aerospace Engineering, Politecnico di Torino, Turin, ltaly, °Department of Electronics,
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Introduction: Climbing imposes substantial demands on the upper limbs and
understanding the mechanical loads experienced by the joints during climbing
movements is crucial for injury prevention and optimizing training protocols. This
study aimed to quantify and compare upper limb joint loads and muscle activations
during isometric finger hanging exercises with different arm lock-off positions.
Methods: Seventeen recreational climbers performed six finger dead hangs with arm
lock-offs at 90° and 135° of elbow flexion, as well as arms fully extended. Upper limb
joint moments were calculated using personalized models in OpenSim, based on
three-dimensional motion capture data and forces measured on an instrumented
hang board. Muscle activations of upper limb muscles were recorded with surface
electromyography electrodes.

Results: Results revealed that the shoulder exhibited higher flexion moments during
arm lock-offs at 90° compared to full extension (p = 0.006). The adduction moment
was higher at 135° and 90° compared to full extension (p <0.001), as well as the
rotation moments (p <0.001). The elbows exhibited increasing flexion moments
with the increase in the arm lock-off angle (p <0.001). Muscle activations varied
across conditions for biceps brachii (p <0.001), trapezius (p < 0.001), and latissimus
dorsi, except for the finger flexors (p = 0.15).

Discussion: Our findings indicate that isometric finger dead hangs with arms fully
extended are effective for training forearm force capacities while minimizing stress
on the elbow and shoulder joints. These findings have important implications for
injury prevention and optimizing training strategies in climbing.

KEYWORDS

climbing, neuromechanics, arm lock-offs, injury prevention, training optimization

1. Introduction

The importance of sustained isometric strength in the fingers and forearm muscles for
climbing success has been well-established (1). Climbers face the challenge of harnessing this
specific strength capacity to navigate a large variety of climbing styles, characterized by
different hold shapes, orientations, and wall steepness. Consequently, the upper limbs
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have consistently been identified as the most vulnerable to injuries
across all levels of performance, age, and gender (2-5), with
injuries due to overuse being particularly prevalent (6, 7).
Notably, a significant proportion (42% to 71%) of climbing
injuries occur in the wrists, elbows, and shoulders, resulting from
overuse or acute atraumatic incidents (2).

The mechanical loading experienced by the body can lead to
physiological adaptations and therefore impact performance and
function of the musculoskeletal system (1, 8). These loading
patterns, characterized by interacting physical forces—magnitude,
duration, frequency, rate of force development, type, and
direction of application—yield various effects on the tissues,
ranging from favorable functional adaptations (e.g., increased
strength, coordinated movement) to potential chronic overload
injuries (9). Previous studies investigating mechanical loading in
climbing have predominantly focused on the fingers, either
in vivo or in situ. These studies examined finger force capacities
under different hold depths and grip techniques and highlighted
that maximal forces increase with the hold depth, with crimping
requiring higher finger flexion force (10-12). Biomechanical
models have been applied to estimate the forces acting on finger
tendons and pulleys during specific climbing grip techniques and
indicated that crimping elicits higher forces on the finger pulleys
compared to more open grip techniques (13), while also
demanding greater forces on the ring and middle fingers (14). To
the best of the authors’ knowledge, no studies evaluated the
mechanical loads during climbing or climbing-related activities at
other anatomical structures, e.g., elbow and shoulder joints.
),

quantifying elbow and shoulder loads might help to enhance our

Considering that these joints are prone to injuries

understanding of certain injury mechanisms and prevent overuse
injuries in the future.

One aspect associated with climbing performance is the lock-off
ability (15). This term refers to the gesture involved in pulling
movements during ascent. While climbers apply force with one
hand to the initiating hold (H), they release the other hand to
reach the next target hold (T). During this brief period, known as
lock-off, H engages in static and isometric exertion. Once the
target hold is reached, H and T often remain in a partially locked-
off state, enabling climbers to regain balance and execute the
necessary footwork for the subsequent move (16). Lock-offs are
performed across a range of upper-body joint angles, depending
on the steepness of the climbing surface and the initial and final
positions between subsequent holds (16). In some instances,
climbers can utilize lower limb support to perform the movement,
while in others, they cannot. Consequently, the intensity of a lock-
off also depends on the type of movement being executed during
the ascent. Under such conditions, climbers may experience
varying degrees of joint loading.

Gaining a better understanding of the neuromechanical
behavior during climbing movements could enhance the quality
of training protocols by ensuring effectiveness and mitigating
injury risks. Therefore, the aim of the present study was to
quantify and compare upper limb joint loads and muscle
activations between three isometric finger hanging exercises with
specific lock-off positions, ie., (1) elbows flexed at 90° (2)
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elbows flexed at 135°, and (3) elbows fully extended at 180°. We
hypothesized that shoulder and elbow joint loads will increase
with
activations will remain the same.

increasing elbow flexion, whereas forearm muscle

2. Methods
2.1. Sample

A total of 17 recreational climbers (age: 26.3 +3.7; height:
1.70 £ 0.1 m; weight: 62.0 £9.2 kg) were recruited to participate
in the study. The sample consisted of advanced/elite climbers,
with a mean ability rating of 22.1+ 1.8 according to the IRCRA
reporting scale (17). To be eligible for participation, climbers had
to have prior experience using a hang board, which is a
commonly used instrument for finger strength training.
Additionally, participants were required to have no history of
upper-limb musculoskeletal injuries that could hinder their
involvement in the study. The research protocol received
approval from the Ethics Committee of the University of Vienna
(00690), and all participants were provided with detailed
information about the study’s objectives. Before participating,
they voluntarily signed an informed consent form indicating

their willingness to take part in the research.

2.2. Experimental protocol

The experimental protocol involved conducting six trials of

isometric finger hangings on a custom-designed and
instrumented hang board consisted of 2 separate handles, and
utilizing a 22 mm-depth edge (Figure 1). The hangings were
performed with fingers positioned in an open crimp grip, under
three different conditions: elbows flexed at 90° (Figure 2C), 135°
(Figure 2B), and in full 180° extension (Figure 2A), and the
order was self-selected by the participant. The distance between
the handles was adjusted to enable participants to perform the
task with the desired elbow flexion positions, confirmed with the
help of a goniometer, while maintaining the forearm vertical.
Each position was held for a duration of 12's. A one-minute rest
period was provided between trials, while a five-minute rest
period was given between conditions. With this design, the low-
intensity exercises could be carried out by the participants
without interference from previous training or climbing sessions.
Prior to commencing data collection, participants were instructed
to engage in a 10-min warm-up routine. They were allowed to
choose between a self-selected routine or a suggested routine,
which included joint-mobility exercises, rowing, push-ups, and

assisted finger dead hangs.

2.3. Measurements

To capture the body kinematics of our participants, a total of
33 retroreflective surface markers were attached to each

frontiersin.org
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FIGURE 1

Instrumented hang board used in the study. The force sensors were
placed in separate hand holds, with height and width being adjusted
according to participant’s individual anthropometry and the desired
arm lock-off angles required in the tasks.

participant (Figure 3), and their trajectories were recorded using
a 12-camera motion capture system (Vicon Motion Systems,
Oxford, UK) at a sampling frequency of 200 Hz. The marker

10.3389/fspor.2023.1251089

model used was a modified version of the Plug-in-Gait marker
set (18), with additional markers placed on the phalanx distalis,
as well as the index and pinky fingers. Following data
collection, the markers were labeled, gap-filled, and low-pass
filtered using Nexus 2.14.0 software (Vicon Motion Systems,
Oxford, UK).

Electromyographic signals (EMG) from the finger digitorium
superficialis (finger flexor), biceps brachii—long head (biceps
brachii), trapezius, and latissimus dorsi were recorded from both
left and right limbs using a wireless system (Cometa®™, Milan,
Italy) at a sampling rate of 2,000 Hz, synchronized with the
motion capture system. The placement of surface electrodes
followed the SENIAM guidelines (19) for all muscles, except for
the finger flexor, which was placed according to Vigouroux et al.
(20). The recorded EMG data was filtered using an 4th-order
band-pass filter with cutoff frequencies of 6 Hz and 600 Hz, and
demeaned (21).

Forces applied during the finger hangings in the vertical and
medial-lateral directions were measured using force sensors
mounted on the hang board (Figure 1). These 2D sensors are
based on 4 HBM strain gauges for each direction, as Wheatstone
bridge circuit, mounted on a National Instruments cDAQ-9174.
For further details, see Maffiodo et al. (22). The force sensor was
synchronized with the motion capture system and collected data
at a sampling frequency of 1,000 Hz.

2.4. Data processing

2.4.1. Estimation of joint loads

OpenSim (23) was used to quantify wrist, elbow and shoulder
angles and moments for each trial. The Rajagopal model (24) was
slightly modified to ensure an adequate range of motion in the
upper limb joints for the tasks performed. In this model, the

FIGURE 2

Dead hang exercises performed in the present study. (A) represents the hanging performed at full elbow extension (180°). (B) indicates the arm lock-off at
135° of elbow flexion, and in (C) it is represented the position of the participants during the lock-off at 90° of elbow flexion.
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FIGURE 3

measurements, but it was applied for visualization purposes only.

Participant with surface markers and EMG sensors. The leg markers are not included in the Plug-in-Gait model used in this study for the kinematic

shoulder joint was represented as a ball and socket joint with three
degrees-of-freedom (DoF), while the elbow and wrist joints
included two DoF, enabling flexion/extension and pronation/
supination at the elbow, and radial/ulnar deviations at the wrist.

To personalize the model, the generic model was scaled based
on the surface marker locations from a static trial to match each
participant’s anthropometry. This is performed by comparing the
experimental marker data from the motion capture to the virtual
markers from the Rajagopal model used. Subsequently, the
personalized model and the corresponding marker trajectories
from the arm lock-offs were used to calculate joint angles using
inverse kinematics. The vertical and lateral forces measured with
the force sensors were applied to the hand segment of the model
at the location of the finger markers. Inverse dynamics analysis
was employed to compute joint moments for all degrees of
freedom. The joint moments were then smoothed using a LOESS
function, and the parameters were defined after residual analysis
and inspection of the derivatives. The peak values from the
middle 10 ms of each trial were extracted. Additionally, peak
joint moments were normalized by participant’s body weight for
further analysis. Therefore, the upper limb loads were normalized
by individual’s body weight (Nm/kg) and are represented by
their estimated peak joint moments, defined as follows: flexion
(+) and extension (—) in the sagittal plane; internal rotation/
pronation (+) and external rotation/supination (—) in the
transverse plane; adduction/radial deviation (+) and abduction/
ulnar deviation (—) in the frontal plane.

Frontiers in Sports and Active Living

2.4.2. Estimation of muscle activity

Muscle activity in the upper body was assessed using the
root mean square (RMS) of the recorded EMG signals from
the finger flexor, biceps brachii, trapezius, and latissimus dorsi
muscles. The RMS was computed with a window size of
250ms and overlaps of 125 ms. amplitude-
normalized by the peak activation observed in the trials

Data was

performed at 180° elbow condition. For analysis purposes, the
peak RMS-relative to 180° values from the middle windows of
each trial were expressed as a percentage and will be presented
accordingly (%RMS180°).

2.5. Statistical analysis

Prior to the analyses, data normality was assessed using the
Shapiro-Wilk test. For normally distributed data, comparisons
were performed using ANOVA for repeated measures with
Bonferroni correction for multiple comparison, and the results
were reported accordingly. In the case of non-normally
distributed data, Friedman’s Two-way Analysis of Variance by
Ranks Summary was applied. Side differences were tested using
the Wilcoxon signed rank test. In all tests, statistical significance
was considered when p<0.05. Data analysis was carried out
using custom-built scripts in MATLAB 2022a (MathWorks Inc.,
Natick, MA, USA) and IBM SPSS Statistics 29.0.0.0 (Armonk,

NY: IBM Corp).
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3. Results

Friedman’s showed that the muscle activation obtained for all
of the upper body muscles across the arm lock-off conditions
was significantly different for all muscles (y*(2) = 52.62, p <0.001
for the biceps brachii; ;(2(2) =52.51, p<0.001 for the trapezius;
12(2) =62.90, p<0.001 for the latissimus dorsi) except for the
finger flexors (r*(2) =155, p=0.45). We found significantly
higher %RMS180° at 135° and 90° when compared to full elbow
extension, and no differences were found between 135° and 90°,
as can be seen in in Figure 4.

The mean %RMS180° (+ standard deviation) recorded for the
finger flexor was 102.2 + 33.2%, 103.4 + 14.2%, and 102.8 + 18.42%
at full extension, 135° and 9°, respectively, and did not change
across conditions. Biceps brachii %RMS180° was significantly
lower when participants performed at full extension (97.2% +
12.0%), compared to the arm lock-off at 135° (447.26 + 386.21%,
p<0.001) and 90° (524.5% +468.5, p<0.001). No differences
were found when comparing biceps brachii at 90° and 135°
(p=0.90). Trapezius and latissimus dorsi %RMS180° were lower

10.3389/fspor.2023.1251089

at full extension (103.02+13.00%, and 99.67 +10.52%,
respectively) when compared to 135° (158.42 +90.02%, 212.03 +
104.65%, respectively, with p=0.001), and 90° (277.67 + 207.09%,
and 314.74 £236.00%, p<0.001). Both muscles also showed
significant differences when compared between 135° and 90°
(p=0.002 and p =0.001, respectively).

The ANOVA showed that the joint moments differed between
arm lock-offs at different conditions (Table 1). The shoulder
presented significant differences in the moments in all planes
[F (1,33)=23.54, p<0.001]. The adduction moment was higher
[F (1,33) =93.80, p < 0.001] for the conditions at 135° and 90° when
compared to arms fully extended (p < 0.001 for both comparisons).
The internal-external rotation moments at the shoulder were
significantly different across all conditions [F (1,33)=47141,
P <0.001], being higher in the lock-offs performed at 90° and at
135° compared to arms at full extension (p<0.001 in all
comparisons).

For the elbow in the sagittal plane, ANOVA also revealed that
the external joint moments were different across all exercise
conditions [F (1,33)=88.77, p<0.001]. The highest moments
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FIGURE 4
Average EMG RMS, represented as % relative to the peak value observed at 180°, for upper limb muscles of climbers during arm lock-offs performed at full
elbow extension (180°), 135° and 90° of elbow flexion, in a 22-mm depth ledge. Values are expressed as percentage of the peak normalized by the full
elbow extension condition. (*) indicates significant difference with the 180° condition. (¥) indicates significant difference with 135° condition.
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TABLE 1 Estimated external upper body joint moments of climbers during dead hang exercises performed with arm lock-offs at different degrees of

elbow flexion.

Joint Moments (Nm/kg)

Arm lock-off Shoulder Shoulder Shoulder Elbow Elbow Wrist Wrist frontal
condition sagittal frontal transversal sagittal transversal sagittal

90° 056 +0.18%" 053 +0.22* 0.41+0.10%* 0.39+0.16" 0.001 % 0.03* 030+ 0.04 —0.02 +0.06*
135° 0.49+0.16 0.45+0.16* 0.23+0.07* 0.24+0.14* 0.02 +0.02* 031+0.05* | —0.002+0.062*
Full elbow extension 0.41+0.15 0.19+0.09 0.07+0.03 0.13+0.07 0.01+0.01 030+ 0.04 0.07+0.05
p-value* 0.006 <0.001 <0.001 <0.001 0.02 1.00 <0.001
p-value® 0.005 <0.001 <0.001 <0.001 <0.001 0.42 0.13
p-value® 0.006 0.08 <0.001 <0.001 0.81 0.02 <0.001

p-value* of the comparison between 90°-180°; p-value® of the comparison between 90°-13°; p-value® of the comparison between 180°-135°.

*Significantly different from full elbow extension.
#Significantly different from 135°.

Significantly different from 90°. Movements in the sagittal plane: flexion/extension (+/-); Movements in the transversal plane: internal—pronation/external—supination
rotations (+/-); Movements in the frontal plane: adduction—ulnar deviation/ abduction—radial deviation (+/-).

were found when participants performed arm lock-offs at 90°,
followed by lock-offs at 135°, when compared with arms fully
extended. Although the magnitudes were considerably small,
pronation moments were significantly lower in 90° lock-offs
when compared to 180° and also lower for 135° when compared
to 90° [F (1,33) = 8.55, p = 0.006].

The ANOVA showed that the wrist did not present significant
differences in the sagittal plane [F (1,33) =0.85, p=0.36] but did
for the movements in the frontal [F (1,33)=35.46, p <0.001].
When participants performed the exercises with elbows fully
extended, the moments significantly changed from a small radial
deviation to ulnar deviation moment as the degree of arm lock-
offs decreased from 90° and 135° to arms fully extended.

Wilcoxon results on the side imbalances for some joints
showed significant differences across arm lock-off conditions, and
seemed to increase concomitantly with increasing elbow flexion
angles, as can be seen in Figures 5-7. The shoulder moments in
the sagittal plane presented left-right significant differences at
arms fully extended (absolute differences + standard deviation:
—0.08 £0.09 Nm/kg, Z=-291, p=0.003), at 135° (-0.10+
0.15 Nm/kg; Z=-2.15, p=0.03), but not at 90° (0.11 +0.25 Nm/
kg, Z=-1.77, p=0.07). The shoulder in the transversal plane
also had left-right significant differences in all conditions
(—0.02 £0.02 Nm/kg, Z=-2.8, p=0.005 for full extension;
—0.05+0.08 Nm/kg, Z=-2.05, p=0.04 for 135°% and —0.08 +
0.09 Nm/kg Z=295 p=0.003 for 90°). The wrist moments
presented left-right differences in the sagittal plane only in
arm full extension condition (—0.03+0.05 Nm/kg, Z=-2.39,
p=0.02). No differences were found for the elbow.

4. Discussion

The aim of the present study was to quantify muscle activities
and joint loads during dead hangs performed with different arm
lock-off positions. Our findings are in agreement with our
hypothesis: the external joint moments in the shoulder and
elbow increase with increasing elbow flexion in the arm lock-offs
but muscle activations of the finger flexor muscles remained the
same. These results highlight that different lock-off positions
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during dead hangs have the same training effect for finger flexor
muscles but lead to different shoulder and elbow joint loads.
Increasing elbow flexion in the arm lock-offs resulted in
higher elbow and shoulder moments. Although no previous
studies have explored this specific isometric action, our findings
are complementary to what has been reported for pull-ups.
Variants of pull-ups involving different hand grip positions and
orientations have been shown to significantly affect upper limb
joint loads (25). It is known that the mechanical demands
placed on the muscles and joints depend on the joint
kinematics, and specific poses may increase pain and potentially
the risk of pathology. For instance, rotator cuff related shoulder
pain (RCRSP; historically called subacromial impingement
syndrome), is a frequently reported shoulder condition in
overhead athletes (26) as climbers (27). This condition has been
formerly associated to glenohumeral instability as a primary
cause (28), which would be facilitated by the smaller
subacromial space at 120° of elevation, 90° of abduction and
45° of external rotation of the shoulder (29). However, recent
literature has challenged the role of the impingement in the
acromion in causing pathologies associated to pain in shoulder
structures (30). Not only the recent tools are better capable of
differentiating rotator cuff disorders (31), but it has been
reported that exercise therapies presented the same benefits as
acromioplasty, further putting impingement as the main
symptom mechanism (32). The current consensus is that pain
linked to poor the
performance of overhead activities are the most determining

mechanical load management in
causal factors in RCRSP and its progression (33). Considering
that dead hangs with arm lock-offs are commonly incorporated
into training regimens to develop strength capacities, and most
injuries in climbers occur due to overuse (7), it is crucial to
although

examined isometric exercises performed for a relatively short

prescribe them cautiously. Additionally, study
duration, it is known that exercising at intensities that induce
fatigue and repetitive loading can alter muscle activations and
joint kinematics and therefore the load distribution across
upper extremity joints (34). The increased joint loads found for
the shoulder in arm lock-offs can potentially represent a source

RCRSP at long term.
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FIGURE 5
Shoulder peak joint moments (Nm/kg) observed during arm lock-offs performed by climbers at full elbow extension (180°), 135° and 90° of elbow flexion.
Left and right sides of the violin plots represent the left and right upper limbs. (*) indicates significant difference between left and right sides.

We observed increased participation of the biceps brachii,
trapezius, and latissimus dorsi with higher degrees of elbow
flexion during arm lock-offs. These findings are consistent with
studies on similar actions such as pull-ups and chin-ups, which
have demonstrated that different angular positions in these
movements elicit distinct recruitment strategies in the
surrounding muscles (25). Furthermore, the greater involvement
of the latissimus dorsi at 135° and 90° arm lock-offs compared
to the biceps brachii and trapezius aligns with previous
literature highlighting the latissimus dorsi as the most active
muscle during these types of actions (25, 35, 36). Also, our
results showed a high variability in the %RMS180° of the
latissimus dorsi across participants. EMG is naturally affected
by biological and instrumental sources of variability.
Additionally, the shoulder is a joint with high degrees of
freedom, therefore favoring variable length-tension outcomes,
of this

However, the phenomena referenced as “climber’s back” might

especially considering the large-volume muscle.
also have a contribution to the variability of latissimus dorsi

activations in the lock-off positions with increased elbow
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flexion. “Climber’s back” is characterized by an imbalance

between strong inwardly and weak outwardly muscles
responsible to rotate the shoulder griddle, in combination with
shortened pectoralis muscles (37). Although the present study
did not monitor antagonist muscles, it is possible that
participants might have had different levels of co-contraction
and antagonist activity around the shoulder to maintain the
lock-offs at high angles of elbow flexion, leading to the
observed variability in the latissimus dorsi.

We found that left-right asymmetries in shoulder flexion and
internal rotation moments tended to increase with increasing
elbow lock-off angles. Functional asymmetries are inherent in
symmetrical tasks performance (38, 39) but are also associated
with increased risks for injuries (40). The objective of symmetry
analysis in our study was not to emphasize the impact of side
differences in performance, as this has been recently investigated
in indoor climbing (41), but to comprehend the implications of
potential asymmetries in shoulder and elbow moments during
arm lock-offs. The findings of our study highlight that greater

elbow flexion during isometric hangings may exacerbate the
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Elbow peak joint moments (Nm/kg) observed during arm lock-offs performed by climbers at full elbow extension (180°), 135° and 90° of elbow flexion.
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135°

effects of sudden increased peak loads on the upper limb joints,
thereby increasing the risk of injuries.

A worthy reflection to this discussion, which is critical to
sports medicine and science, concerns the relationship between
training load, injury, fitness, and performance. One might
question: how can we help climbers enhance performance,
knowing that repeated peak workloads result in pain and
injuries and, at the same time, are necessary to elicit the
adaptations that would make them stronger? The “Training-
injury Prevention Paradox model”, by Tim Gabbett (42),
debates over the fact that high training loads are necessary to
enhance fitness and sport performance, but costs soft tissue
injury risk. Moreover, lower workloads exposure is also related
to susceptibility to injuries, thus training loads provide
protective effect against it. The view about this dogma
highlights the importance of monitoring load, so athletes are
appropriately prescribed graded training loads to improve
fitness and protect against pain and injury. In this sense, the
primary purpose of dead hangs is typically to assess or improve
finger flexor strength capacities (43-45), as hanging ability is a
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predictor of climbing performance (15, 46). Arm lock-offs are
frequently incorporated into climbing-related tests (15), training
protocols, and sport-specific movements (16, 47, 48). The present
study provides novel and valuable insights into the functional
aspects of isometric dead hangs with arm lock-offs, revealing the
amount of load that climbers can expect to experience. The
activation of the finger flexors remained unaffected by the increase
in elbow flexion resulting from different lock-off angles, differently
from the upper limb and trunk muscles, which increased
participation.  These then, support the
recommendation to prescribe dead hang focusing on finger

findings  would,
strength training with full elbows extension, thus minimizing
unnecessary joint loading at elbows and shoulders. Still, it is
reasonable that one might want to enhance strength capacities for
back, shoulder, arm, and trunk muscles using climbing-oriented
hand holds in overhead exercises. The optimization of this process
needs to consider elements that would better translate to gains in
sport performance and protect against pain and injury, thus
pull-ups can be a better option to develop upper body strength
and coordination in climbers (49).
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Nevertheless, biomechanical modeling enables a comprehensive
analysis of movements and loads applied to the musculoskeletal
system (50). To the best of our knowledge, this study represents
the first neuromechanical analysis of a specific exercises commonly
used for strength training and assessments in climbing. The
findings of this study have implications for training optimization
in the sport. Coaches, trainers, and climbers can use this
information as a guideline to develop smarter training protocols
that target specific muscle groups and joint angles to enhance
climbing performance while managing the factors related to upper
limb joint pain and injuries.

5. Limitations and future directions

Our study includes the following limitations. First, we only
evaluated muscle activity of a small set of muscles. We analyzed
the primary muscles at the forearm, arm, and trunk that are
used during the dead hangs with different arm lock-offs, which
was sufficient to address our research questions. Additional
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investigations of antagonist muscles could provide insights into
the stabilization strategies employed in the tasks. Second, our
participants performed the dead hangs on one predefined hold
size. Evaluating how joint moments and muscle activations
change with varying hold sizes would enhance our understanding
of the relationship between load distribution across the upper
body joints and the increased involvement of finger flexor
activity. Third, we only analyzed static, isometric dead hangs.
Campus boarding, a common exercise in climbing, involves
dynamic movement in combination with arm lock-offs, which
might significantly increase joint loads. Hence, future studies
should collect data from dynamic tasks to get a comprehensive
overview of joint loads experienced during different climbing-
specific movements. Fourth, we estimated finger strength training
load solely based on the available EMG data, and no reliability
measurement was performed. However, considering that we
analyzed isometric exercises and the different lock-off positions
did not alter the length of the forearm and finger muscles, we
believe our estimations are reasonable and valid. Additionally,
worth it mentioning that the vertical forces did not change
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across conditions, while lateral forces were slightly higher (in the
order of 4 to 6kg) in the lock-off positions. In the future, we
plan to use musculoskeletal simulations to estimate in-vivo
muscle forces during different climbing-related movements.

6. Conclusion

In summary, this study examined the neuromechanical
characteristics of dead hangs with arm lock-offs at varying elbow
flexion angles. The findings of this study offer valuable insights
that can be applied to smarten training guidelines, once it
demonstrates that performing isometric finger dead hangs with
arms fully extended is an effective method for developing
forearm force capacities. This exercise allows for targeted training
of the forearm muscles while minimizing the strain on the elbow
and shoulder joints. Overall, this study contributes to the
understanding of the neuromechanical aspects of climbing-
specific exercises, providing novel and applied information for
climbers, trainers, and researchers in the field.
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Introduction: Finger strength is a key factor in climbing performance and is highly
dependent on the capacity of the finger flexor muscles. The majority of finger-
specific training therefore focuses on improving such capabilities by performing
finger flexion contraction during hanging exercises on small holds. However,
greater strength in the finger flexors causes an imbalance with the extensor
muscle capacities. Such an unfavourable imbalance may be detrimental to finger
strength and could possibly lead to an increase in the risk of finger injury. The
aim of this study was to develop an easily implementable method to assess the
flexor-to-extensor imbalance and evaluate the effects of different training on it.
Methods: Seventy-eight experienced climbers were tested to assess their
maximum finger flexion strength (MFS), maximum finger extension strength
(MES) and MFS/MES ratio. Fifty-two of them were randomly assigned to one of
three training regimens: intermittent static flexion at 80% MFS (TFlex; n=11),
intermittent static extension at 80% MES (TExt; n = 10), intermittent repetition of
alternating flexion and extension (TPaired; n =11) or no specific training (CTRL;
n =20). They trained twice a week for four weeks on a hangboard. Before and
after training, force data were recorded on a force-sensing hangboard and MFS,
MES and the MFS/MES ratio were compared using ANCOVA.

Results: The mean value of the MFS/MES ratio was 6.27 (confidence interval:
5.94-6.61) and the extreme ratio was defined above 8.75. Concerning the
training intervention, no difference was observed in the CTRL group between
pre- and post-tests. MFS improved significantly in the TFlex (+8.4 +4.4%) and
TPaired (+11.9 + 10.5%) groups, whereas MES increased significantly in the TExt
group (+41.4 + 31.3%). The MFS/MES ratio remained statistically stable among all
groups (+0.9 + 17.5% in TFlex, —1.9 + 16.1% in TPaired), although the TExt group
showed a decreasing trend (p = 0.1; —27.8 + 17.6%).

Discussion: These results showed that only the extensor-based training had an effect
on finger extension strength and the potential to rebalance the MFS/MES ratio.

KEYWORDS

muscle force ratio, muscular imbalance, finger, sport climbing, training

1. Introduction

Rock climbing has become immensely popular over the past 20 years with nearly 45
million climbers worldwide in 2019 according to the International Federation of Sport
Climbing (IFSC). During climbing, practitioners apply force on their feet and pull with
their arms to move upwards (1-3). In these movements, the athletes exert high-force
intensities with the fingers on holds of different shapes and sizes (4). Climbers thus need
very high finger strength to be able to hold onto the thinnest possible holds. Previous
studies have shown that the maximum finger strength was 18%-27% greater in climbers
compared with non-climbers (5-7). Finger strength is also highly related to the climbing
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grade level (8, 9), i.e., expert climbers have greater strength than
skilled climbers, who in turn have greater strength than novices.

The effort exerted on the fingertips induces high mechanical
loadings on the musculoskeletal system of the upper limbs,
including wrist, forearm, elbow, shoulder and shoulder girdle
regions. When grasping a hold, the muscular forces generated
produce net joint moments in the hand joints that allow the
specific hand/finger position to be maintained and produce the
external force applied to the hold. Under the influence of these
loadings, the climbers’ hands develop many adaptations which
may be bony (10), ligamentous and/or muscular (11). Since finger
flexors are the main agonist muscle for climbing grips (12, 13), it is
logical that the climbers develop flexor muscle capacities over time
and throughout years of practice. Vigouroux et al. (14) used a
biomechanical model and an overall hand testing procedure to
determine that the finger flexor force capabilities are 37% higher in
climbers compared with non-climbers. When focusing on the
antagonist muscle groups, the estimation of muscle forces during
climbing grip showed that finger extensor muscles are also highly
engaged (15). Moreover, EMG parameters indicated that extensors
fatigued at the same intensity as flexors (7). In spite of this, the
extensors’ force capacities of climbers estimated in the study of
Vigouroux et al. (13) did not show the same strengthening as
flexors and were comparable with those of non-climbers, and even
tended to be lower. These findings showcased a higher flexor-to-
extensor finger force ratio (the ratio of the agonist to antagonist
muscle force capacities) in climbers (6.1 on average) compared
with non-climbers (3.7 on average), with a difference of 67%
between the two populations. These observations raise concerns
regarding the optimum balance between flexor and extensor
(agonist and antagonist) strengths necessary for both maximizing
finger performance and practising climbing safely.

The agonist-to-antagonist balance of strength has been widely
investigated to quantify the co-contraction in different joints such as
knee, ankle, shoulder or wrist in various populations (16, 17). It is
thought that the role of an imbalance of the joint musculature, i.e.,
values that deviating from previous references, may be a possible
cause of pathologies by reducing the stability of the joint. Thus, the
imbalanced flexor-to-extensor ratio in climbers’ finger muscles
raises doubts about their ability to balance the entire chain of
segments from the forearm to the fingertips by maintaining stability
and effectively controlling the joints to enhance finger strength.
Peters (18) and Phillips et al. (19) suggest that the potential risk
factor for finger injury could be attributed to the imbalance resulting
from underdeveloped finger extensor muscles. However, since no
measurements or values were obtained in these studies, this link
remains unsubstantiated in the current state-of-the-art. Nonetheless,
exploring this potential source of injury is crucial, given the
prevalence of upper extremity injuries, particularly those to the
fingers, during climbing (20). For example, joint instability and
overuse injuries, especially in the wrist, are the potential injuries that
could be caused in part by an unfavourable flexor-to-extensor ratio,
as is the case with the shoulder (21).

Since finger grip strength is related to climbing performance (8),
climbers and trainers tend to focus on finger-specific training to
constantly improve their finger flexion strength, mostly by hanging
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on a fingerboard or campus board (22). However, this training
strategy (i.e., using the finger- and campus board) does not
necessarily reduce the imbalance of the flexor-to-extensor ratio.
Some authors (18, 19) have proposed to regulate this imbalance by
including finger extension exercises in a training routine. This idea is
of interest since, for full hand grip, Shimose et al. (23) have shown
that the training of wrist extension significantly improved both
the wrist extension strength by about 91% and the hand grip
strength by about 3% in an untrained healthy population. Similarly,
elbow extension training was found to increase both the elbow
extension (+8.5%) and flexion (+5.8%) strength in untrained women
(24). Therefore, antagonist-based training seems to be potentially
beneficial both for strength enhancement and for reducing the
finger flexor-to-extensor imbalance with a greater increase in
extension/antagonist strength than in flexion/agonist strength.

To summarize, even if no proof of links between flexor-to-
extensor balance, injuries and finger strength has been found,
many climbers and coaches already train extensor muscles in the
perspective of improving finger strength or preventing injuries.
Nevertheless, such practice faces several unknowns. The first is that
the only available method (14) to evaluate the flexor-to-extensor
ratio is too complex to be used daily and the climbers thus have no
means to appreciate the level of imbalance. The second is that no
training methods to improve this imbalance have been quantified
and evaluated. The climbers and trainers are therefore unaware of
the effectiveness of extensor training. The overall objective of this
study was thus to investigate the issue of antagonist muscle
adaptation in climbers from the point of view of muscular
capabilities, and was twofold. The first was to propose an easily
implementable test to assess the flexor-to-extensor imbalance of
climbers’ fingers and to establish a reference database. To this aim,
the finger flexion and the finger extension strengths were measured
to compute the ratio in a sample of climbers. The results obtained
were used to estimate the normal distribution of values among
climbers and classify them to help diagnose climbers. Correlation
with the climbing grade level was tested to examine a link between
imbalance and grade level. We hypothesized that (i) the extensor
capacities would not correlate with the climbing grade level, unlike
the trend for flexor capacities and thus that (ii) the flexor-to-
extensor imbalance would increase with the climbing grade level.
The second objective was to provide an effective training protocol
to modify this ratio by quantifying the effect of different types of
extensor training. We hypothesized that flexor-based training
would increase flexor strength, whereas extensor-based training
would enhance both flexor and extensor strength, allowing a
rebalance of the flexor-to-extensor ratio.

2. Methods
2.1. Participants

Seventy-eight climbers were assessed (22 women and 56 men,
25.7+6.7 years old, 64.9+8.6kg, 173.0+9.0 cm) for the finger

strength profile (including flexor strength, extensor strength and
flexor-to-extensor ratio). Participants’ climbing levels ranged
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from intermediate to elite on the International Rock Climbing
Research Association (IRCRA) scale (25), with an average of
20.3+4.3 in their self-reported best red-point grade in the past
six months. They had all practised climbing (indoors and/or
outdoors) at least twice a week for the past two years, and had
had no upper limb injuries in the previous six months. In
addition, although carrying out regular practice, no climber had
followed a specific training protocol lasting several weeks in the
six months prior to this study. All participants volunteered and
signed an informed consent form. The study was conducted with
the formal approval of the CERSTAPS Ethics Committee.

2.2. Procedures

The 78 climbers were tested in a pre- and post-format
described below. Of the initial sample, 52 climbers (15 women
and 37 men, 25.7+6.9 years old, 65.4+85kg, 172.9+9.7 cm;
19.0+£4.3 in their best red-point grade) participated in the
experiment by following a specific training protocol. The
climbers were randomly assigned into four different training
protocols. Based on previous research done on finger-specific
training in climbing (26, 27), the training program lasted 4 weeks
(weeks 1-4) with 2 sessions per week and started the week after
the pre-test session (week 0). A post-test session, identical to the
pre-test, was performed the week after the end of the training
sessions (week 5) (22). All climbers were instructed to continue
their climbing activities normally and regularly outside of the
study throughout week 0 to week 5.

2.3. Pre- and post-test sessions

The pre- and post-tests consisted in measuring the finger
flexion and extension strengths using a hangboard (SmartBoard,
Peypin d’Aigues, France) instrumented with force sensors (strain
gauges) measuring the vertical force applied on the holds (0.8 N
accuracy, 50 Hz acquisition, 0-4,000 N range of measurement).
The associated app provided real-time feedback on the force
exerted, allowing precise modulation of the force intensity during
training. Before each test session, participants first underwent a
20-min standardized warm-up and familiarization with the
instrumented hangboard, consisting of muscular awakening
(scapular retractions, shoulder and wrist circles, finger grips, etc.)
traverses and specific exercises (pull down, push up with fingers)
they
performed the tests, which consisted of assessing maximum

on the hangboard with increasing intensity. Then,
finger flexor strength (MFS) and maximum finger extensor
strength (MES). Four trials were performed in each condition
(two warm-up trials and two maximum trials). Participants were
asked not to train or climb the day before the experiment and to
be ready to perform as much as possible. The same experimenter
was present during all test sessions (before and after training),
checked the correct execution of the tasks for each test and
verbally motivated maximum

the participants to ensure

performance.
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FIGURE 1

[llustrations of the position of the climbers on the SmartBoard (A), with a
zoomed-in view of the fingers for flexion (B) and extension (C) during
the test and the training sessions (with both hands during training).
Arrows indicate the direction of the applied force.

2.3.1. Flexor strength test

asked to
downwards with the palmar aspect of the fingers of both hands on a
12 mm hold for 6 s with the right hand and then with the left hand.
When pulling, the participants kept their feet on the ground and

Participants  were exert a maximum force

tried to hang with a maximum amount of weight (Figures 1A,B).
One participant was able to hang with his entire body weight with
one hand. To allow him to exert a greater force, we loaded him with
a 20 kg mass attached to his harness so that he could not hang
completely. Each participant self-selected the grip type (either half-
crimp or slope grip), although thumb use was not allowed, and each
climber was required to use the same grip throughout all test
sessions. Self-selection of grip type was done to ensure maximum
finger flexion performance for each participant, allowing a condition
to be tested in which the finger flexors were activated as much as
possible. For each trial, the MFS was evaluated as the mean of the
total force exerted by both hands and recorded by the instrumented
hangboard during the 4-s window centred on the force peak. The
absolute value was displayed directly on the app in newtons (N) and
was considered as the MFS. MFS was also normalized by body
weight. Two trials, separated by a 3-min rest period, were evaluated
and the best was selected for the analysis.

2.3.2. Extensor strength test
On an inverted 12 mm hold with light padding to avoid pain,
participants had to exert a maximum force upwards using the
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dorsal aspect of the distal phalanges of their fingers, with the
intention of extending them, while being prevented from doing
so by the top of the hold (Figure 1C). The fingernails were
positioned almost horizontally and parallel to the hold surface.
The distal interphalangeal joints did not touch the hold at any
point. Participants were asked to adopt a finger position close to
a half-crimp grip, whereby the distal interphalangeal joints were
slightly flexed, while the proximal interphalangeal joints were
highly flexed (>40°), thereby preventing the intrinsic muscles
from extending at the distal finger joints. The thumb was not in
contact with the hold. Both hands were tested successively for
6s. As with MFS, MES was evaluated from the same absolute
mean value of the total force exerted by both hands that was
displayed by the app in N. MES was also normalized by body
weight. Two trials with a 3-min rest in between were evaluated
and the best was selected for the analysis.

Following the recording of MFS and MES, the flexion-to-
extension ratio (MFS/MES ratio) was computed by dividing the
MES by the MES. A ratio superior to 1 means that MFS is
higher than MES.

2.4. Training sessions

The participants were first randomly divided and followed
three different types of training (TFlex, TExt, TPaired described
below) and a control group (CTRL). Taking into account
dropouts, other participants were recruited so that the climbing
level, gender and age matched between the groups. TFlex focused
on training finger flexion strength only, TExt focused on finger
extension strength only, while TPaired aimed to train both
flexion and extension strengths simultaneously. The same grip
types (in flexion and extension) were used for all training
sessions as for the test sessions. The CTRL group (n=20) did
not follow any specific training and only continued their normal
climbing activity. The three training sessions were best matched
in terms of the duration of effort, the perception of the load
during the pre-test. In this sense, 10s of effort in flexion
appeared as an equivalent perception of effort of 5s for
extensors. We therefore added a set of repetitions for TExt
compared with TFlex in order to achieve, at best, a similar
duration. For TPaired, the duration of effort was longer than for
the others, as we took into account the time needed to switch
from flexion to extension.

2.4.1. Flexor training protocol (TFlex)

Participants (n=11) in the TFlex group followed a flexor
training protocol consisting of reproducing the “F80” training
presented by Devise et al. (22). To sum up, this training
consisted of exerting finger flexion isometric contractions at an
intensity of 80% MFS with both hands on the 12mm-hold of the
hangboard. They completed a series of 12 repetitions with a 10-s
effort phase followed by a 6-s rest phase. If the participants were
unable to achieve 70% MFS during the hanging phase, the series
was stopped. The force level was controlled throughout the
protocol by the visual feedback and carefully adjusted by
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off-loading with the feet on the ground or conversely using an
additional load attached to a harness. Three sets were performed,
with 8 min of recovery time between each set.

2.4.2. Extensor training protocol (TExt)

The participants (n = 10) in the TExt group followed an extensor
training protocol equivalent (number of sets, repetitions and intensity)
to the TFlex training: it consisted of exerting finger extension isometric
contractions with both hands, alternating a 5-s push phase (in the same
position as for the extensor strength test) and a 6-s rest phase, for a
maximum of 10 repetitions or, if the participants were unable to
apply 70% MES, the series was stopped. Four sets were performed,
separated by a 2-min recovery period.

2.4.3. Paired flexor and extensor training (TPaired)
A final group (n = 11, TPaired group) followed a flexor-extensor
training protocol based on agonist-antagonist paired (APS) training,
a method involving the alternation of agonist and antagonist
exercises (28). Thus, the current training consisted of exerting
finger flexion at 80% MFS intensity with both hands, followed
immediately by finger extension at maximum intensity. During the
extension phase, the finger position was identical to that of the
extensor strength test. Participants completed a series of 12
repetitions of an 8-s flexion phase, followed by a 5-s extension
phase on the inverted 12 mm-hold, then followed by a 6-s rest
phase. When any climber was unable to achieve 70% MFS during
the hanging phase, the series was stopped. Three sets were
performed, with an 8-min recovery period between each set.

2.5. Statistics

Data are reported as mean+ SD. Descriptive statistics were
used to verify whether the basic assumption of normality was
correct for all the variables studied. As we were testing a mixed
gender group, we first tested for the presence of any differences
between men and women using ANCOVA (with climbing level
as a co-variate) or non-parametric ANCOVA when variables did
not follow a normal distribution. Then, to categorize the
participants, the results of the MFS/MES ratio were divided into
eight classes allowing them to be listed from “very low” to
“extreme” ratio. The number of classes was determined using
Sturges’ rule, appropriate for n <200 (29). Considering a normal
distribution, the value of Z-score for a probability of <0.05 was
computed and the confidence interval of the MFS/MES ratio was
computed. Pearson’s correlations were used to observe the
relationship between the climbing level and the different
parameters (MFS, MES, and the MFS/MES ratio). The effects of
training on MFS, MES and the MFS/MES ratio were assessed by
comparing the training groups (CTRL, TFlex and TExt and
TPaired) over time (pre- and post-tests) using a 2-factor
repeated-measures ANCOVA (Time x Group, with climbing level
as a co-variate), with Tukey post-hoc analysis and power (1-f)
when ANCOVAs were significant. In addition, effect sizes
(partial eta squared, 1°) were computed and were defined as
small for 7”>0.01, medium for 7°>0.09 and large for 7>>0.14 (30).
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TABLE 1 Results (mean + SD) of maximum finger flexor (MFS) and extensor
(MES) strengths in absolute values and normalized to body weight (BW)
and flexor-to-extensor ratio (MFS/MES ratio) for all participants, in men
and women during the pre-tests and correlation of variables with
climbing grade level.

Absolute BW normalized
strength (N) strength
MFS Total 791+178 1.25+0.24 0.68*
Men 854+ 159 1.28£0.23 0.67*
Women 632+ 117° 1.16 £0.25 0.65*
MES Total 130 £30 0.21+0.04 0.04
Men 136 £29 0.20 +0.04 0.03
Women 113 +24° 0.21 £0.05 0.23
MFS/MES | Total 627+15 0.52*
Ratio Men 6.44+1.43 0.43*
‘Women 5.86+1.63 0.65*

Significant difference with men (p < 0.001).
*Significant correlation with climbing grade level (p < 0.001).

3. Results
3.1. Finger strength profile

The finger strength profile variables for all participants are
presented in Table 1. Analysis of the data performed after
dividing the groups based on gender indicated that MFS and
MES were higher in men than in women when expressed in N
but when normalized to body weight, no differences were
observed between men and women in MFS (p=0.82) and
MES [F(1,75) =0.004; p=0.95; 7°=0.00]. The MFS/MES ratio
(p=0.16) was also similar between men and women.

A significant correlation between the climbing grade and MFS
and the MFS/MES ratio was observed but there was no correlation
between the climbing grade and MES. The same results were
observed in men and women for MFS, MES and the MES/MES ratio.

20

—_
W

Frequency
=

415 509 6.02 695 7.89 8.82 9.75
MFS/MES ratio class

FIGURE 2

Histogram of frequency distribution of the number of participants (men
and women combined) by flexor-to-extensor ratio (MFS/MES ratio)
classes. The red curve represents the normal distribution with the
vertical red dotted line representing the upper limit for p <0.05.
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TABLE 2 Descriptive characteristics (mean +SD) of the participants of
each group (control, CTRL; flexor training, TFlex; extensor training,
TExt; flexor-extensor training, TPaired).

CTRL TFlex TExt | TPaired | p-value
Age (y) 285+9.1 | 243%53 | 272+75 | 233+47 0.15
Height (cm) 1724495 | 176.8+9.0 | 1683+9.6 | 1747+9.6 | 031
Body mass (kg) | 64.0+88 | 67.5+64 | 62.7+83 | 67.0+103 | 0.61
Red-point grade | 18.6+4.8 | 21.2+32 | 166+47 | 193+35 0.09

Red-point grade means climbing a sport route after inspecting and practising it,
and represents the most difficult grade achieved in the past 6 months, converted
to the IRCRA scale.

p-values represent results of the one-way ANOVA comparing the four groups.

The eight MFS/MES intervals are shown in Figure 2. Since no
significant difference was observed between men and women, the
histogram was based on pooled data and made it possible to classify
intervals from “very low ratio” to “extreme ratio”. The ratios of the
lowest class were less than 4.15 while the extreme ratios were above
9.75, meaning that the finger flexors were 9.75 times stronger than
the finger extensors in this class. The mean value was 6.27 and the
confidence interval was within the range of 594 and 6.61. The
Z-score for a p < 0.05 probability corresponded to a value of 8.75.

3.2. Training effects

The anthropometric data and climbing ability of participants
involved in the different training groups are summarized in
Table 2. No statistical differences were observed between groups
for all variables.

MFS, MES and the MFS/MES ratio results before and after
training according to the different groups are presented in
Table 3. There were significant Time x Group interaction effects
for MFS [F(347)=7.4; p<0.001; 7°=032; 1-8=0.91], MES [F
(3,47) =6.0; p=0.001; 17°=0.28; 1-$=0.86] and a tendency in the
MFS/MES ratio [F(3,47)=137; p=0.099; n’=0.12; 1-8=0.48].
Post-hoc tests revealed that MFS was greater after training than
before in the TFlex and TPaired groups, and MES was greater
after training than before in the TExt group, and the MFS/MES
ratio seemed to decrease after training in the TExt group.

TABLE 3 Mean + SD results of maximum finger flexor (MFS) and extensor
(MES) strength normalized to body weight (BW) and flexor-to-extensor
strength ratio (MFS/MES ratio) before (pre) and after (post) training,
according to the groups (control, CTRL; flexor training, TFlex; extensor
training, TExt; flexor-extensor training, TPaired).

CTRL TFlex TExt TPaired

MFS/ | Pre 1174026 | 1254015 | 099+0.19 | 1.21+0.14
BW Post 1214027 | 1.36+0.17% | 095+0.18 | 1.34+0.13*
Difference (%) | 3.6+9.8 | 84+44> | —23+71 |11.9+10.5%

MES/ | Pre 0.21+0.05| 0.18+0.02 | 0224006 | 0.21+0.04

BW Post 0.22+£0.05 | 020+£0.03 | 0.34+0.12% | 0.24+0.02

Difference (%) | 3.7+15.3 | 10.9+22.8 | 41.4+31.3*>¢| 18.1+30.5

MFS/ | Pre 584+201 | 7.02+1.14 | 466+1.04 | 595+1.11

MES | post 596+233 | 6.93+093 | 3.16+1.39 | 572+0.78
Ratio | pifference (%) | 1.6+15.9 | 09+17.5 | —27.8+17.6 | —19+16.1

Statistical difference with CTRL (p < 0.05).

bStatistical difference with TFlex (p < 0.05).

“Statistical difference with Text (p <0.05).

dStatistical difference with TPaired (p <0.05).

*Statistical difference between pre- and post-tests (p < 0.05).
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4. Discussion

The aim of the study was to investigate antagonist muscle
adaptation in climbers from the point of view of muscular
capabilities. A first objective was to propose an easy-to-perform test
to assess the flexor-to-extensor imbalance in climbers’ fingers and to
observe the strength profiles in their fingers. The second objective
was to explore the effectiveness of different types of training on
performance and on rebalancing the flexor-to-extensor ratio.

4.1. Effect of level of expertise on
capabilities and imbalance in fingers

Our results allowed us to determine a finger strength profile for
the climbers, as well as ratio classes that allow us to measure the
degree of imbalance between finger flexor and extensor strengths.
Our results showed a positive correlation between the finger
flexor capacity (MFS) with the climbing level which is in line
with previous studies (8). As our sample was mixed-gender, the
analysis enabled us to measure any gender-related effect. As no
differences were observed between men and women when
strength was normalised by body weight, the rest of the analysis
was based on pooled data. The gender effect in our study differs
from the literature, as Mermier et al. (31) found a higher
strength than
normalisation. In their study, the gender difference was explained

in men in women, despite body mass
by a lower climbing level in female participants compared with
male participants. However, in our study, the climbing level of
women (18.4+4.1) was also lower (p=0.013) than that of men
(21.0 £4.1). Faced with this problem, we used ANCOVA with
climbing level as a co-variate to correct for its effect on the
variables analysed. This statistical approach may thus explain the
different conclusion compared with Mermier et al. (31) who only
performed a t-test without considering the effect of the climbing
level. Future studies should thus take into account the climbing
level as a co-variate to isolate the main effect of the factors tested
and provide robustness in any conclusions.

Contrary to the results for MFS, MES results were not
correlated with the climbing level which is in line with the
literature (5, 8, 14).
Vigouroux et al. (14), who showed that practising climbing

This confirms previous findings by

develops primarily the flexors, so it is justified to ask whether the
balance of the finger flexor-to-extensor ratio should be shifted,
especially given the complexity of the hand, which requires the
intricate balancing of a whole chain of joints. This equilibrium
implies a major action of the finger extensors, as previously
shown in other types of grip (32, 33) which, without appropriate
capacity, can limit finger force-generating capacity (34).

With regard to the MFS and MES results, the averaged MFS/
MES ratio showed a strong imbalance in both men and women
which is correlated with the climbing grade level. In our study
the ratio revealed that the finger flexors were on average 6.27
times stronger than the finger extensors. This result is similar to
the ratio previously observed in the literature for climbers [6.10
in Vigouroux et al. (14)]. A relationship between the MFS/MES
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ratio and climbing level was also shown, so the more experienced
the climber, the more unbalanced the ratio, and the higher the
need to rebalance the extensors’ capacity. The histogram
(Figure 2) provides ratio values that allow the imbalance to be
considered and classified. For example, a climber with a ratio in
the class of 6 (6.02-6.95) could be considered a “standard”
included). The
“extreme” climbers (with a ratio higher than 8.75 defined by the

climber (where the confidence interval is
Z-score) represented 7.7% of our participants, and are included
in the two highest classes of MFS/MES ratio. With such
imbalanced results, it is legitimate for climbers and trainers alike
to decide whether a rebalancing should be undertaken since the
extensors are highly solicited during climbing grips and such an
imbalance could either limit performance or lead to overuse and
injuries.

The main contribution of this first part is the easy-to-
implement method which allows discriminating climbers from a
muscular imbalance perspective. Although this method was based
on external fingertip force measurements the results were in line
with previous studies relying on more complex measurements
and evaluating internal muscle capacities, confirming the validity
of the present protocol. The main interest is that this method,
unlike the one based on modelling by Vigouroux et al. (14), can
be implemented in gyms for trainers and climbers. Given the
complexity of the biomechanics (23 joint degrees of freedom)
and muscles of the hand (more than 40 muscles), determining
the capabilities of each muscle does indeed require a modelling
approach using electromyography and kinematics, combining
efforts on all the 23 joints of the hand under different force
application conditions. This time-consuming method would not
have been applicable to be consistent with our first objective and
to use in daily training.

Few studies have focused on the flexor-to-extensor ratio in the
upper limb of climbers, particularly in the shoulders and elbows
(30, 31), and some differences have been found compared with
non-climbers, but the impact of these consequences on the risk
of injury needs to be confirmed as the climbers tested were all
uninjured. Based on the method currently proposed, further
studies are now needed to establish relationships between the
occurrence of finger injuries and the value of the MES/MFS
ratio, in order to investigate the pertinence of this ratio in the
occurrence of injuries.

4.2. Effect of type of training on capabilities
and imbalance in fingers

First of all, similar values in the control group between both
pre- and post-tests showed that differences observed in other
training groups are not attributed to a familiarization effect with
the tests nor to other concomitant activities. Regarding the
effects, the that
increases MFS was confirmed by our results, which indicated an
increase in MFS (+8.4% in the TFlex group and +11.9% in the
TPaired group, on average). However, the hypothesis that

training hypothesis flexor-based training

extensor-based training increases MFS and MES was only
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partially confirmed: paired training increased MFS but not
significantly MES (+18.1%), whereas extensor-only training
increased MES (+41.4% in the TExt group on average) but not
MEFS. Thus, the MFS/MES ratio had a tendency to decrease with
the extensor-only training (—27.8%) but seemed to remain stable
in the other groups (between —1.9% and +1.6%). The increase in
MFS after flexor-based training is in agreement with the
literature (22, 26, 27, 35). The training with 80% MES tested in
the current study led to an 8.4% increase in strength. These
improvements have been discussed in detail by Devise et al. (22)
for this type of training. Briefly, the physiological phenomena
activated are probably a combination of neural adaptation
processes and metabolic stress that may be effective in increasing
muscle strength.

No increase in MFS was observed in the extensor-only training.
This differs from the literature focused on other joints, which
showed an increase in hand grip (23) and elbow flexion (24)
with antagonist training. This difference might be explained by
several factors. First, the muscles analysed were not the same,
especially as the fingers are at the end of the upper limb chain,
different. In
hypertrophy can partly explain a strength gain, but the volume

so the adaptations may be large muscles,
available in the forearms for the finger muscles is more limited
and suggests more difficulties for development, which may
explain the lack of increase (36). Secondly, the duration of our
training protocols was shorter than in previous studies (4 vs. 6
weeks or more) and we can suppose that an increase may appear
with a longer training program. Finally, climbers already have a
higher initial flexor strength compared with non-climbers, which
makes it more difficult to gain strength (22), whereas the
population tested in the previous studies (23, 24) were untrained
subjects. Thus, these effects would depend on the type of
population studied, and it would appear that agonists in a
trained population (i.e., with higher initial strength) would be
less sensitive to strength gain.

The increase in MFS in the paired training is consistent with
the literature concerning the APS training (28). This type of
training was chosen because it might be beneficial for both
strength development and injury prevention. As this type of
training is an alternation of exercises involving the coupling of
agonists and antagonists, it has the advantage of enhancing acute
performance on agonists in a relatively short period of time
[significant effects after 4-weeks of training (24)] and to be less-
time consuming than traditional resistance training. Reported
effects on antagonist strength are rarer but improvements may be
expected as a previous study (37) has shown an increase in both
flexor and extensor forearm strength in recreationally trained
individuals. However, no significant increase in MES was
observed in the paired training of our study, despite an average
increase of 18.1%, which could be attributed to relatively high
inter-individual variability. As MES is not correlated with
climbing level, it cannot be the type of population (with a
potentially higher initial MES) that affects our result. However,
our results are similar to those of Fink et al. (38) who found no
increase in one repetition-maximum for triceps, although the
significance of their findings was questioned due to relatively
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large confidence intervals. It may also be that our training was
not sufficiently optimum to be significant, but could probably be
improved by simply changing the volume and/or rest periods
during the training sessions.

There seemed to be a tendency for the MFS/MES ratio to
decrease in the extensor-only training (—27.8%), due to a
significant increase in MES without an increase in MFS. Again,
the variability was relatively high. The mean ratio after the
extensor-only training (3.16) was 47% lower than in the control
group, close to or even lower than that found in non-climbers in
the literature [3.66 in Vigouroux et al. (14)]. It can be assumed
that extensor-based training may activate the same physiological
phenomena as flexor-based training and as mentioned above.
The effects of extensor-based training should be confirmed by an
intervention longer than 4 weeks or with a higher training volume.

In the other training groups (the TFlex and TPaired groups),
the MFS/MES ratio did not decrease so the flexor-to-extensor
imbalance remained high. Although MFS increased, the ratio did
not increase either, which means that MES must increase
slightly, not enough to be significant but enough to keep the
ratio similar. A certain amount of work was therefore done by
the co-contraction of the finger extensors, which are the
antagonist muscles, and are involved in the maintenance and
stability of the joints (14, 33). However, the additional work on
the extensors in the paired training was not sufficient as it did
not increase the MES: it seems better to separate the training of
the flexors from that of the extensors in order to obtain the best
benefits.

From a practical point of view, the main conclusion is that
improving MES is not obvious. Even if the extensors are highly
engaged during climbing grip, TFlex or TPaired training is not
suitable for improving their level. Only the TExt training over
four weeks has been validated to rapidly enhance MES. Further
studies with a longer training period should be conducted to
explore whether this has a significant effect on the finger flexor-
to-extensor ratio. In addition, the training volume of the TExt is
only 15min per session, so that it can be quickly and easily
incorporated into a “classic” climbing training routine, making it
potentially acceptable to climbers. It should be noted that the
load applied in our study (>70% MES) is of high intensity to
produce MES benefits. This training intensity is probably higher
than that used in the popular exercise relying on elastic bands to
train finger extensors. The amount of force exerted with elastic
bands is not known and not constant throughout the extension
phase. Unfortunately, to our knowledge, no studies have reported
information on the effects of elastic band training on MES, but it
can be expected that this exercise does not produce sufficient
resistance and intensity to improve strength benefits (39).

4.3. Limitations and perspectives

This study presents some inherent limitations that should be
considered. First of all, our results should be confirmed with
tested
intermediate to elite climbers. In addition, our study lacked a

higher-elite climbers as we only climbers from
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population of non-climbers to exactly understand the adaptations
associated with climbing. As a further analysis, it would be
interesting to investigate the level of activation of the finger
flexors and extensors before and after training using
electromyography. This would highlight the neuromuscular
adaptations that may have occurred and clarify the mechanisms
that explain the strength gains whereas, in the current study,
only assumptions of the phenomena can be made. In addition,
the relationship between the MFS/MES ratio and the injury rate
is only speculative given the current state-of-the-art. Further
studies should thus focus on measuring the finger strength
profile of previously injured climbers to provide more
information. Furthermore, conducting a longitudinal study of
climbers who have undergone rebalancing training and those
who have not, and then observing the incidence of injury in both
groups using the proposed assessment method would be a step
forward in understanding injury prevention. Future research is

therefore needed on this topic.

5. Conclusion

Our study proposed an easy-to-implement method and
provided the basis for some reference values for finger strength,
especially in the extensors. It has made it possible to classify
climbers according to their MFS/MES ratio, which can help
climbers and trainers to assess climbers and personalise training.
The results obtained suggest that climbing at higher grade levels
is associated with an increasingly imbalanced flexor-to-extensor
ratio in climbers. Finally, our results showed that training the
finger flexors increased the MFS and left the same imbalance as
it does not benefit the extensor muscle groups. On the other
hand, combining some flexor-extensor training in the way we did
(combined in the same training exercise) only improved the
MES. On the contrary, extensor-only training improved extensor
capacities and thus reduced the flexor-to-extensor imbalance, but
this reduction did not lead to any improvement in maximum
finger strength. Although further studies are required, the results
of this study thus suggest that exclusively utilizing extensor-based
training shows promise in reducing the flexor-to-extensor
imbalance. This study was a first step in exploring the issue of
antagonist muscle adaptation in climbers and therefore provided
the basis for assessment and training to further investigate the
potential implication of hand extensor strength and flexor-to-
extensor imbalance on injury prevention and performance.
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Introduction: Climbing is an increasingly popular activity and imposes specific
physiological demands on the human body, which results in unique injury
presentations. Of particular concern are overuse injuries (non-traumatic injuries).
These injuries tend to present in the upper body and might be preventable with
adequate knowledge of risk factors which could inform about injury prevention
strategies. Research in this area has recently emerged but has yet to be
synthesized comprehensively. Therefore, the aim of this study was to conduct a
systematic review of the potential risk factors and injury prevention strategies for
overuse injuries in adult climbers.

Methods: This systematic review was conducted in accordance with the PRISMA
guidelines. Databases were searched systematically, and articles were deemed
eligible based upon specific criteria. Research included was original and
peer-reviewed, involving climbers, and published in English, German or Czech.
Outcomes included overuse injury, and at least one or more variable indicating
potential risk factors or injury prevention strategies. The methodological quality
of the included studies was assessed with the Downs and Black Quality Index.
Data were extracted from included studies and reported descriptively for
population, climbing sport type, study design, injury definition and incidence/
prevalence, risk factors, and injury prevention strategies.

Results: Out of 1,183 records, a total of 34 studies were included in the final analysis.
Higher climbing intensity, bouldering, reduced grip/finger strength, use of a “crimp”
grip, and previous injury were associated with an increased risk of overuse injury.
Additionally, a strength training intervention prevented shoulder and elbow
injuries. BMI/body weight, warm up/cool downs, stretching, taping and hydration
were not associated with risk of overuse injury. The evidence for the risk factors
of training volume, age/years of climbing experience, and sex was conflicting.
Discussion: This review presents several risk factors which appear to increase the
risk of overuse injury in climbers. Strength and conditioning, load management,
and climbing technique could be targeted in injury prevention programs, to
enhance the health and wellbeing of climbing athletes. Further research is
required to investigate the conflicting findings reported across included studies,
and to investigate the effectiveness of injury prevention programs.

Systematic Review Registration: https://www.crd.york.ac.uk/, PROSPERO
(CRD42023404031).
KEYWORDS

climbing, bouldering, overuse injuries, risk factors, injury prevention, systematic reveiw,
climbing injuries
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1. Introduction

Participation in climbing is growing rapidly, especially given its
recently attained status as an Olympic sport (1). There are several
unique disciplines of climbing, including traditional and sport
climbing (practised outdoor), bouldering and lead climbing
(practised indoor), and ice climbing, which is also practised
outdoor, but indoor ice walls are available (2, 3). Each discipline
is known to have its own specific performance demands and risk
of injury (4, 5). Injury incidence rates for both traumatic and
overuse injuries have been reported around 4.2 injuries per 1,000
climbing hours (6), indicating a similar injury risk profile to
sports such as baseball and handball (7). The point prevalence of
all injuries in climbers has been reported at 22.8% (8), whilst the
one year prevalence of rock-climbing injuries appears to be
around 50% (9) The majority of overuse injuries seem to occur in
the upper extremities, whereas lower-extremity injuries are more
commonly associated with falls (9). Acute lower-extremity injury
seems to be particularly prevalent in bouldering, whereby nearly
two-thirds of injuries treated in an emergency department and
obtained whilst bouldering were located in the lower extremities
(10). Injuries in climbing can be classified as both acute and
overuse. Acute injuries are typically related to falling or
environmental exposure such as rock falls, whereas persistent
overuse injuries arise due to repetitive stress without adequate
recovery, where one clear and exact traumatic cause for pain or
structural deficit cannot be identified (11). Some injuries occur
whilst overstraining in a single move, for example a finger pulley
rupture when exerting high levels of force in a crimp grip against
a hold (11). Such injuries would typically be defined as acute in
nature, although the effects of preceding repetitive overuse and
fatigue on the injured tissue cannot be ruled out. Most injuries in
climbing are thought to be overuse in origin, with up to 93% of
injuries defined as such (6). It would therefore appear pertinent
to categorize injury risk as either traumatic or overuse,
considering that the aetiology and risk factors associated with
each category are known to be distinct (5, 6, 12). Injury
prevention strategies and risk factor mitigation for traumatic
injuries has mainly focused on adequate safety standards and
training, equipment use, and type of climbing (12), whereas risk
factors for overuse injuries seem more related to appropriate load
management and training programming, particularly relating to
the upper extremities (5, 13). A previous systematic review by
Woollings et al, (2015) found that age, increasing years of
climbing experience, higher climbing grade, high chronic training
loads, and participating in lead climbing are potential risk factors
for injury in sport climbing and bouldering (5). However, this
included both
Concentrating solely on overuse injuries may be more insightful

analysis traumatic and overuse injuries.

for practitioners, as some of the risk factors are likely modifiable
and related to physical training programming (5, 14). Since the
review by Woollings et al., (2015) literature in this area has been
reviewed critically (13, 14) but not systematically, and research
interest has grown significantly in recent years. An updated
systematic review of the literature is therefore appropriate, to
revise and Moreover, this

synthesize existing knowledge.
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systematic analysis should identify more specific risk factors and
thus support the development of injury prevention strategies to
reduce overuse injuries in climbers. This knowledge is vital for
coaches, clinicians, and the athletes themselves as more and more
individuals are likely to push the limits of training in the pursuit
of Olympic gold. Therefore, the aim of this study was to conduct
a systematic review of the literature, relating to risk factors and
injury prevention strategies for overuse injuries in adult climbers.

2. Methods

This systematic review was pre-registered in the international
prospective register of systematic reviews (PROSPERO) (ID:
CRD42023404031). Additionally, the review was conducted in
accordance with the preferred reporting items for systematic
(PRISMA) guidelines (15) (see
Supplementary Material File S1).

reviews and meta-analyses

2.1. Sources

The databases (PubMed, Web of Science and the Cochrane
Library) along with the websites (The International Federation of
Sport Climbing (https://cdn.ifsc-climbing.org/index.php/home-
mobile), The International Rock Climbing Research Association
(IRCRA) UIAA—The
Climbing and Mountaineering Federation (https://theuiaa.org),
The Beta Angel Project (https://beta-angel.com), and The Crag

(https://www.thecrag.com/home)

(https://www.ircra.rocks), International

were searched for studies
addressing risk factors and injury prevention of overuse injuries
Ist March 2023. The

bibliographies of included studies were also searched for further

in climbers. The search date was

relevant publications.

2.2. Search strategy

The key terms of “climbing”, “injury”, “risk factors”, and
“injury prevention” were combined with the Boolean Operators
“AND”/”OR” to search the selected databases. Truncation of
search terms and MeSH terms were applied, to maximize the
reach of the search. An example of the search strategy conducted
in the database PubMed can be seen in Table 1, and the search
strings for additional databases can be found in Supplementary
Material File S2. Identified studies were exported into an
electronic reference manager (Mendeley Desktop 1.19.8), and
duplicates were removed semi-automatically with manual
checking. The eligibility of identified then
determined according to strict eligibility criteria.

records was

2.3. Eligibility criteria

Studies were included for analysis based upon the following
criteria: (1) Original data published in peer-reviewed journals,
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TABLE 1 Details of search strategy conducted in pubMed.

Goegoy T

Climbing [“Climb*"(Title/Abstract)] OR [“Boulder*"(Title/Abstract)] OR
[“Mountaineering"(MeSH Terms)]
Injury [“Wounds and injuries"(MeSH Terms)] OR [“Athletic

Injuries’(MeSH Terms)] OR [“Injur*'(Title/Abstract)] OR
[“Overuse"(Title/Abstract)]

Risk factors [“Risk Factors"(MeSH Terms)] OR [“Protective Factors"(MeSH

Terms)]
Injury [“Prevention Program” (Title/Abstract)] OR [“Train*” (Title/
prevention Abstract)]
(Human NOT (Animals)
subjects)

Categories of “climbing”, “injury” and (“risk factors” OR “injury prevention”) were
combined with the Boolean Operator "AND".

(2) Adult climbers (mean age of sample >18 years old) at all levels
and in all disciplines of climbing, (3) Study designs should be
prospective, cross-sectional, retrospective, cohort, randomized
controlled trials, case-control or case-series, (4) Published in the
language of English, German, or Czech, (5) Studies should
investigate overuse injuries (studies exclusively investigating
acute/traumatic injuries were excluded), and additionally at least
one potential risk factor or injury prevention strategy. Solely
epidemiological studies or investigations into conservative
treatment, injections, surgery and rehabilitation of injuries were

excluded.

2.4. Selection process

Potential studies were screened independently by two reviewers
and included according to the aforementioned eligibility criteria.
Initially, titles and abstracts of identified studies were screened
for eligibility. Upon inclusion, the full-text articles of studies were
sought for further screening, and disagreements regarding study
inclusion were arbitrated by a third author.

2.5. Data collection

Relevant parameters were manually extracted from the
included studies and entered into a single table. Data was
extracted for study design, participant characteristics and sample
size, injury definition and incidence/prevalence, types of overuse
injuries identified, risk factors and/or injury prevention strategies
studied, and the results of associations between risk factors/
prevention strategies and injury with statistical findings. In some
cases, studies investigated all forms of injury occurrence
including overuse and traumatic aetiologies. Where possible,
overuse injuries were isolated and identified in relation to
associated risk factors and prevention strategies. Reported
climbing grades of participants were converted into the IRCRA
comparative grading scale (16), to allow for easier comparison
and interpretation of the included samples. To assess the
methodological quality of the included studies, two independent
reviewers conducted the Downs and Black questionnaire (17).
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The checklist scores studies out of 32 points and is referred to as
“Study Quality Score” (SQS; x/32) in the results and discussion.

2.6. Data synthesis

The included studies were highly heterogenous in terms of
objectives, methodology, and outcomes, and thus, a meta-analysis
would not have been appropriate. Therefore, the data was
synthesized descriptively, whereby trends in risk factors and
prevention measures were interpreted qualitatively with reference
to the methodological quality of the identified studies. Risk
factors and injury prevention strategies were grouped into
“modifiable” and “nonmodifiable” to assist with interpretation of
the findings.

3. Results
3.1. Identification of studies

The results of the study selection process can be seen in
Figure 1. Overall, 1,183 records were identified for screening. A
total of 83 full-text reports were assessed for eligibility, of which
49 were excluded mainly because a risk factor wasn’t studied, or
no overuse injuries were mentioned. After complete screening, 34
studies were included in the final analysis.

3.2. Methodological quality assessment

The quality of included studies according to the Downs and
Black criteria ranged from 8 to 20 out of a possible 32 points
(mean: 14.4 points), indicating a large range of study quality
(see Table 2). The quality of most studies overall was quite low,
as 64.7% of studies were cross-sectional designs. The remainder
of the studies were prospective designs plus two randomized
controlled trials, and these studies generally obtained higher
quality scores. The majority of studies performed particularly
poorly in ratings of participant blinding (an inherent issue in
many areas of sports medicine), randomization, and control of
confounding factors which could have influenced outcomes.

3.3. Participants

The characteristics of all included participants across all studies
can be seen in Supplementary Material File S3 in the “sample
characteristics” column. A total of 10,049 participants were
included within this systematic review across 34 studies. The
average age of all participants was 30.2 years (ranging from 19 to
54 years). Males were disproportionately represented when
studies.
participants could be categorized as follows: rock climbers (nine

considering  all Regarding  climbing  discipline,

studies), sport climbers (eight studies), mixed discipline (13
studies), boulderers [two studies (18, 28)], and ice climbers [one
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study (2)]. IRCRA climbing grades scored an average of 17.4 in all
studies (intermediate to advanced level) and ranged from 1 (lower
grade) to 29 (higher elite).

3.4. Injury prevalence and incidence

The prevalence and incidence of injuries described within the
individual studies can be found in Table 3. The reported
numbers are extremely varied, probably due to the differences in
populations and methodologies across the 34 studies. The
incidence proportion ranged from 26 injuries per 100 participants
to 300 100 participants,
prevalence ranged from 15% to 81%. These injury rates range

injuries per whereas point/time
across a diverse period from 6 months to whole career. Fifteen of
the included studies investigated climbing injuries at specific

anatomical sites, namely foot injuries/alterations (21, 23, 29),
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back pain (47), injuries of the shoulders (19, 30), elbow injuries
(31), the fingers and hands (22, 32, 34, 43), Duputryen’s disease
(33), and upper extremity injuries (8, 36, 41). The remaining 19
studies investigated climbing injuries more broadly, and nine of
these studies contained clear definitions of overuse injury within
them (6, 9, 18, 25, 27, 35, 39, 40, 45, 46). Upper extremity
injuries appear to be the most prevalent and well-studied across
all included investigations.

3.5. Risk factors and injury prevention
strategies

A total of 73 risk factors or injury prevention strategies were
studied in the 34 included studies. For reasons of brevity, only
the most prevalent of them are presented in the results section,
divided into modifiable and nonmodifiable risk factors, though
details of the remaining findings can be found in Supplementary
Material File S3.

3.6. Modifiable risk factors and injury
prevention strategies

3.6.1. Body weight and body mass index (BMI)

Eight studies researched body weight and/or BMI (6, 8, 18, 26,
28, 32, 35, 37). Of these, three prospective studies (1-3 years in
length) with relatively high study quality scores (SQS) (17/32-19/
32) found no association between body weight or BMI and
climbing injury (8, 18, 35). Additionally, three cross-sectional
studies also showed no associated risk of climbing injury with
BMI (26, 28, 37), whilst one cross-sectional study with a study
quality score of 16/32 did indicate increased risk of injury with
increased BMI (6). Furthermore, a single study determined that
increased BMI was associated with a higher risk of hand injuries,
although the data was cross-sectional (SQS: 14/32) (32).

3.6.2. Type of climbing

A total of 11 studies investigated the type of climbing and
associations with injury (6, 8, 9, 24, 25, 27, 28, 39, 44, 46, 47).
Overall, three studies indicated that bouldering as a climbing
activity was associated with an increased risk of injury, when
compared with other forms of climbing (6, 46, 47). In addition,
one further study found that bouldering increased the risk
of injury in a univariate analysis (p=0.046), but not in a
secondary multivariate analysis (8). Bouldering frequency was
also associated with overuse injury in two further studies (9, 27).
In two studies, outdoor injuries were more prevalent than
indoors, namely 61% vs. 27% in boulderers (28), and 74% of
outdoor male climbers (25). Two studies showed that traditional
climbing was not associated with injuries, whilst other forms of
climbing such as lead and sport were (27, 39). Finally, one study
showed no associations between type of climbing and injury risk,
although the study had a relatively low SQS and sample size
(11/32; n=50) (44).
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TABLE 3 Injuries and epidemiological data from included studies.

Study

& year

Auer et al. (18)
Backe et al. (6)
Beeler et al. (19)
Bollen et al. (20)
Buda et al. (21)
Carmeli et al. (22)

Cobos-Moreno et al. (23)

Gerdes et al. (24)
Gronhaug et al. (25)

Gronhaug et al. (26)
Jones et al. (9)

Jones et al. (27)
Josephson et al. (28)

Killian et al. (29)
Kozin et al. (30)

Kozin et al. (31)

Lion et al. (32)

Logan et al. (33)
Lutter et al. (34)
Lutter et al. (35)

Nelson et al. (36)

Neuhof et al. (37)
Orth et al. (38)

Paige et al. (39)
Pieber et al. (40)
Rohrbough et al. (41)
Runer et al. (2)

Schafer et al. (42)
Schoffl et al. (43)

Shahram et al. (44)
Stelzle et al. (45)

van Middelkoop et al. (8)

Wright et al. (46)
Zielinski et al. (47)

ame | Injury prevalence, incidence rates (IR) or
incidence proportions (IP)

15% incurred overuse injury over 12 months

IR of 4.2 injuries per 1,000 h of climbing

71% career prevalence of shoulder pain

Not reported

Not reported

Not reported

73.59% prevalence of foot injuries or alterations
Career IP of 131 per 100 participants

IP of 58 injuries per 100 participants over past 6
months

IP of 58 injuries per 100 participants over past 6
months

IP of 50.2 injuries per 100 participants over past 12
months

IP of 137 per 100 participants over 12 months

IP 103 per 100 participants (outdoor climbing), IP 127
per 100 participants (indoor climbing)

81% point prevalence of pain/discomfort in feet

Shoulder injuries: IR of 3.2 per 1,000 athlete exposures
in control group vs. IR of 0.5 per 1,000 athlete
exposures in injury prevention training group

Elbow injuries: IR of 1.8 per 1,000 athlete exposures in
control group vs. IR of 0.5 per 1,000 athlete exposures
in injury prevention training group

IP of 67.4 hand injuries per 100 participants in last 3
years

19.5% point prevalence of Duputryen’s disease

IP of 93.5 per 100 participants

IP of 94.4 overuse injuries per 100 participants over 3
year period

IP of 90 per 100 participants for upper extremity
injuries

IP of 28.5 per 100 participants

Not reported

IP of 63 injuries per 100 participants over last five years
Career IP of 194 injuries per 100 participants

Career IP of 300 injuries per 100 participants

IR of 9.8 injuries per 1,000 exposure hours over one
winter season

Not reported

Finger stress reactions in 8/10 national level climbers
and 3/10 recreational climbers over fiver-year period
70% of climbers experienced injury

Career IP of 30 overuse injuries per 100 participants
IP of 13.04 per 1,000 climbing hours over one year
IP of 44 overuse injuries per 100 participants

IP of 26 mild back pain cases per 100 participants

3.6.3. Climbing volume

Eight studies measured climbing volume in some form, as a
potential risk factor for injury (6, 8, 21, 22, 35-37, 48). A single
5-year prospective study with a relatively high SQS (18/32)
suggested that hours of training per week and training units per
week were significantly associated with finger stress reactions
(48). This is
longitudinal prospective studies (SQS: 14/32 and 19/32), showing

contradicted by evidence in two different

that there were no significant associations between climbing time

per month/per week and the development of a climbing injury
(8, 35). Five cross-sectional investigations revealed an increased
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risk of injury with increased climbing volume (6, 21, 22, 36, 37),
in particular for recurrent ankle sprains potentially relating to
chronic ankle instability (21), and injures of the wrist/fingers
(22). Nelson et al., (2017) reported that the odds of sustaining an
injury in people climbing every week were 2.49 times higher
(95% CI: 1.27-4.90) compared to those who climb at most once
a month (36).

3.6.4. Climbing intensity

A total of 21 studies investigated climbing intensity and its
relationship to injury, usually measured by climbing grade or
level of climbing (e.g., intermediate vs. elite climbers) (2, 8, 9, 19,
21, 23, 25, 27, 29, 32, 33, 35-37, 40, 42, 44-48). Except for one
prospective study (SQS: 14/32) (35), and a retrospective survey
studying specifically injuries of the foot (SQS: 11/32) (29), the
remaining 19 studies indicated some level of association between
climbing intensity and an increased risk of injury, and the
direction of this relationship was linear and positive (i.e.,
increased intensity =increased injuries). This evidence is
supported by two longitudinal prospective studies (SQS: 18/32
and 19/32), specifically for finger stress injuries (48), and injuries
of the entire upper extremity (8). Higher climbing intensity was
associated with injuries in specific anatomical areas of the foot in
three cross-sectional studies (21, 23, 33), the low back (47), and
with degenerative changes in the shoulder (19). A single
prospective study over one winter season highlighted that
intermediate ice climbers were more likely to get injured than
advanced ice climbers (2), however this finding is likely specific
to ice climbers and probably alludes to the prevalence of
traumatic injuries in the intermediate cohort as a result of lower

skill.

3.6.5. Strength and conditioning

Nine studies researched strength and conditioning measures as
ether a risk factor or preventative strategy against climbing injuries
(8, 22, 28, 30-32, 38, 42). Two studies reporting from the same
randomized controlled trial (SQS: 18/32) showed that an injury
prevention program based upon closed chain eccentric and
strength exercises performed 3-4 times per week for one year,
could reduce the likelihood of shoulder injuries (30) and elbow
injuries (31). Additionally, prospective evidence (SQS: 14)
suggests that weight training can reduce injuries in boulderers,
although regular yoga practice had no positive effect (28). Cross-
sectional evidence showed that the injured hand in climbers had
weaker grip strength than the contralateral hand (22). An
additional cross-sectional investigation adds weight to these
findings (38) (SQS: 15/32), illustrating 7% mean deficits in
maximal voluntary isometric contraction of the previously
injured finger flexors. In contrast, prospective data (SQS: 19/32)
indicates that higher strength of the middle finger and campus
board training of the fingers is predictive of injury in the upper
extremities (8). A different one-year prospective study (SQS: 19/
32) found that fingerboard training was not associated with an
increased risk of injury in boulderers (18). A single study
examined cardiovascular training as preventive measure against
hand injuries, and found no significant association (32). Finally,
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a single study discussed weak spinal musculature, strength training,
and pull-up technique as indicators for climbing injury (42).

3.6.6. Other prevention measures

Two longitudinal prospective studies (SQS: 19/32) found that
finger taping is not an effective intervention for the prevention of
(18, 28).
prospective studies indicated that wrist taping might have a

injuries in boulderers Meanwhile, one of these
protective effect (28). Three studies (two of which were
prospective designs) indicated that performing a warm-up has no
impact on the prevalence of climbing injuries (8, 28, 32), whilst a
separate prospective study (SQS: 19/32) actually reported
increased odds of injury when conducting a finger-specific warm-
up (18) though this finding was attributed to confounding
variables not measured within the study design. Performing a
cool-down appeared to have no effect on injury in a single cross-
sectional study (32), whilst a prospective study (8) (SQS: 19/32)
showed that cooling-down was associated with increased risk of
injury. Stretching was non-protective against climbing injury in
two studies (28, 32). Two studies discussed the repetitive use of a
“crimp grip” as a potential risk factor for injuries of the hand
and fingers (20, 45), and found a significant association with
injury risk. A single study reported a strong correlation between
shoe size reduction and neurological symptoms in the foot e.g.,
tingling, although shoe size reduction was not correlated with
pain or discomfort (SQS: 11/32) (29). Lastly, hydration was
investigated in a single-study and found not to be associated with
injury risk in climbers (32).

3.7. Nonmodifiable risk factors

3.7.1. Age and years of climbing experience

Age and years of experience are considered together, as they are
likely somewhat colinear and may confound each other e.g., older
people are more likely to have more years climbing experience. A
total of 12 studies considered age as a risk factor for climbing
injury, whilst ten studies examined years of climbing experience.
Five studies identified older age as a significant risk factor for the
development of climbing injury (6, 8, 22, 40, 41), whereby one of
these studies was a higher-quality prospective study investigating
upper extremity injuries only (8) (SQS: 19/32). Conflictingly, six
studies (9, 18, 35-37, 46) including two prospective studies in
boulderers (18) (SQS: 19/32) and a broad population of climbers
(35) (14/32) found no significant relationship with increasing age
and risk of climbing injury. Although, Lutter et al., (2019) only
included a sample of four people in the 65+ years group (35).
Interestingly, a single study indicated a higher risk of forearm
bone marrow edema in younger climbing populations compared
to their older peers, as measured via magnetic resonance imaging
(34). Regarding years of climbing experience, two prospective
studies propose that development of bone marrow edema in the
hand is associated with increasing years of experience (34) (SQS:
17/32), and that male climbers who report more years of
experience also have an increased risk of injury (35) (SQS: 14/
32). Additionally, there is further cross-sectional evidence
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indicating increased risk of medial epicondylitis (41), injuries of
the foot (21, 23), and general musculoskeletal injury (37), with
increasing years of climbing experience. However, an additional
four studies revealed no association between increasing years of
climbing experience and injury risk (6, 9, 18, 28), whereby two
of these were prospective investigations in boulder specific
populations (18, 28) (SQS: 14/32; 19/32). It should be noted that
the average age of participants in these two studies was relatively
young (24.7-30 years).

3.7.2. Sex

13 studies examined biological sex as a risk factor for climbing
injury and provided conflicting results (6, 8, 9, 21, 22, 25, 28, 34, 35,
37, 40, 41, 46). A total of seven studies discovered a significant
relationship between male sex and the risk of injury (6, 21, 22,
25, 35, 40, 46). One of these studies was conducted in a
prospective design over a three-year period (35) (SQS: 14/32),
and showed a male to female ratio of 3:1 in terms of injury rate,
whereby males also had significantly higher climbing levels and
years of experience which could be considered as confounding
factors. One study added nuance to the results, indicating that
male sex is indeed a risk factor for chronic elbow and finger
injuries, but that females are at greater risk of chronic ankle
injuries (SQS: 13/32) (25). In contrast, six studies suggested no
relationship between biological sex and injury risk (8, 9, 28, 34,
37, 41), and three of these studies were prospective designs with
relatively high quality scores (8, 28, 34) (SQS: 14/32-19/32).
These studies were conducted to determine risk factors on hand
bone marrow edema (34) and general injury risk in boulderers
(28) and a broad climbing population (8).

3.7.3. Previous injury

A total of four studies explored previous injury as a risk factor
for the development of future injury or reinjury (18, 22, 27, 28).
Three prospective studies with relatively high quality scores (SQS:
14/32-20/32) indicated a history of prior injury to be a
significant predictor of future injury and/or reinjury (18, 27, 28).
Jones et al, (2015) reported a 63% average probability for
reinjury in climbers reporting a previous overuse injury, which
was particularly evident for the fingers. In support of this data,
Josephson et al., (2007) specifically indicated that a history of
finger injury was predictive of a reinjury. A single cross-sectional
study on 37 participants (22) (SQS: 13/32) contradicts the above
findings, showing no relationship between past and current injury.

4. Discussion

The aim of this study was to conduct a systematic review of the
potential risk factors and injury prevention strategies for overuse
injuries in adult climbers. A total of 34 studies reporting on 73
risk factors or injury prevention strategies were included in the
final analysis. The methodological quality of the included studies
was variable (SQS: 8/32-20/32) and bias is likely to have
impacted the findings in several studies. The methods of defining
injury and risk factors or injury prevention strategies was
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extremely diverse, so overall conclusions drawn from the reviewed
evidence should be treated with caution. For modifiable risk factors
associated with injury, some key findings from the evidence can be
stated. Strong evidence from prospective and cross-sectional
studies indicates that increased climbing intensity is associated
with an increased risk of injury, whereas the relationship between
climbing volume and injury is much less clear. Strong evidence
both prospectively and cross-sectionally suggest that BMI and/or
body weight are not associated with an increased risk of injury.
Regarding type of climbing, there is moderate evidence that
bouldering might result in more injuries, when compared to
other disciplines of climbing. An injury prevention strength
training program was able to prevent elbow and shoulder injuries
in two randomized controlled trials (RCT) (though on the same
cohort), and there is weak evidence from cross-sectional studies
that reduced grip/finger strength is associated with risk of injury.
Limited evidence suggests that warm up/cool downs, stretching,
taping and hydration have no relationship with climbing injury,
whereas repetitive use of a “crimp grip” and shoe size reduction
might be associated with injury. Considering nonmodifiable risk
factors, the evidence for age/years of climbing experience and its
association with injury was conflicting across studies. Evidence
for the association between biological sex and climbing injury
was equally conflicting. Meanwhile, strong prospective evidence
suggests that previous injury is highly predictive of sustaining
future climbing injuries.

4.1. Modifiable risk factors

4.1.1. BMI/body weight not associated with
overuse injury risk

In a previous systematic review by Woollings et al., (2015), the
authors concluded that a higher BMI was likely to be associated
with increased risk of injury in climbers. However, this
conclusion was primarily based on data from Backe et al., (2009)
due to its methodological rigor compared to other studies in the
analysis. Since this review was published, three prospective
investigations in a total of 1,138 climbers (8, 18, 35) have
subsequently reported no association between increased BMI/
body weight and risk of climbing injury. This strong evidence,
supported by additional cross-sectional findings (26, 28, 37),
suggests that practitioners working with climbing athletes should
avoid strong recommendations on weight loss strategies in the
pursuit of injury prevention. Furthermore, weight loss programs
are commonly initiated in the pursuit of performance goals,
however, associations between reduced BMI and improved
climbing performance also seem limited (26). Therefore, such
should be
especially considering the risk of poor bone health and associated
disorders in athletic populations (49). Hence, the health of the
climbing athlete should be prioritized above all else (50). It

programs implemented with extreme caution,

should be acknowledged that weight loss strategies in the pursuit
of performance goals will likely continue to be a staple in sports
performance, especially in sports such as climbing where the
strength to body weight ratio could still be assumed to influence
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performance for some athletes. Additionally, the data from
Gronhaug (2019) showing no effect of low BMI on climbing
performance is only cross sectional and retrospective, which
weakens the findings substantially.

4.1.2. Bouldering is potentially a greater risk factor
for injury

Bouldering appears to be a risk factor for the development of
climbing injury when compared to other disciplines such as lead
climbing, as indicated by evidence in six studies (6, 8, 9, 27, 46, 47).
However, the majority of the studies are cross-sectional in design,
therefore strong conclusions cannot be drawn. Nonetheless, this
contrasts with previous findings from Woollings et al, (2015) who
suggested that lead climbing was associated with an increased risk
of injury in climbers. The conflicting results can potentially be
explained on two fronts. Firstly, some of the evidence in the
current study has emerged since the publication of this previous
systematic review. Secondly, the focus of the current study was
overuse injuries, whereas the review from Woollings et al,, (2015)
also included all traumatic injuries by methodology. It could be
speculated that lead climbing might result in more traumatic
injuries due to the higher risk of larger falls, compared to
bouldering which might be associated with a higher amount of
overuse related injuries, and traumatic injuries to the leg/ankle
during falling. Bouldering is typified by repetitive intense bouts of
dynamic climbing, and this specific pattern of highly demanding
effort may put climbers at a greater risk of developing an overuse
injury (18). Practically, boulderers should be encouraged to take
sufficient rest periods between intense bouts of climbing to allow
for recovery and mitigate fatigue.

4.1.3. A relationship between climbing volume and
injury risk is unclear

The amount of time spent climbing (climbing volume) was
shown to be associated with finger stress injuries in one
prospective study (48), though the sample size was small with
only 20 participants (SQS: 18/32). This is contrasted in two
prospective studies (8, 35) (n=198; n=434), which showed no
relationship between total climbing volume and general injury
risk in climbers (SQS: 14/32; 19/32). It might be important to
note that the average age of the sample in the study by Schoffl
et al.,, (2007) (48) was much younger (20 to 21 years old) than in
the other two prospective studies (32 to >65 years old), perhaps
indicating that large climbing volume may be a risk factor for
younger climbing athletes specifically. Despite further evidence
from five cross-sectional studies suggesting an association
between increased volume and injury risk (6, 21, 22, 36, 37), it is
difficult to state that a clear relationship exists in the context of
findings from this review. The conflicting results on training
volume in the current study support previous conclusions
published in a systematic review by Woollings et al., (2015). The
discrepancy in findings from the included studies could be
explained by variation in the methodologies of reporting training
volume, whereby information collected in the form of
questionnaires is known to be subject to recall and/or response

bias. Future studies could incorporate wearable sensor technology
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to monitor training volume, which might enable more accurate
measurement of time spent training (51). Additionally, it could
be considered that training volume may also offer a protective
stimulus against injury (52), which might also explain the
paradoxical findings. When applied consistently, large training
volumes will induce physiological adaptations in athletes which
prepare them for their sport and competition, and therefore
might actually assist in the prevention of injuries (52). Whilst it
must be acknowledged that increased training volume has been
suggested to be associated with injury risk in athletes (53), it has
equally been debated whether sudden and rapid spikes in
training volume may be responsible for the increased injury risk,
as opposed to training volume when considered as a consistent
variable over a period of time (54). The results of the current
study and others (5, 9, 55), indicate that future studies should be
conducted to investigate the relationship between training
volume and climbing overuse injuries, with an enhanced focus
on the quality of the data collected.

4.1.4. Climbing intensity is associated with risk of
overuse injury

Climbing intensity was usually measured indirectly via climbing
level or grade, whereby a higher grade indicates a higher intensity. A
total of 19 studies showed an association between increased
climbing intensity and an increased risk of overuse injury (2, 8, 9,
19, 21, 23, 25, 27, 32, 33, 36, 37, 40, 42, 44-48), whereby two of
the studies were prospective (8, 48) in a total of 454 climbers
(SQS: 18/32 and 19/32). A single prospective study conflicted
with this evidence (35) (SQS: 14/32), though this research
included a much older population of athletes compared to other
studies. This may have confounded the findings as older athletes
generally reported lower climbing grades. The findings of the
current study support previous work by Woollings et al., (2015),
who also described a relationship between increased climbing
intensity/grade and an increase in injury risk, and this association
has been discussed in other reviews in the literature (14). High
intensity training maintained over long periods of time (52) or
when introduced abruptly during the training process (54)
appears to increase the likelihood of sustaining an overuse injury
in athletes, and this risk likely exists in climbers. This result
underlines the need for training to be programmed and
monitored in a sensible and accurate way, in accordance with
currently known best practice in training periodization and
planning (52, 56, 57). Approaches should emphasize a balanced
training paradigm, which includes periods of intense training
elicit the
counteracted with “easier” sessions which allow for adequate

sessions  to desired physiological adaptations,
recovery (52, 56). Research in this area specifically for climbers is
notably scarce, and more studies are required with a focus on
more valid methodological approaches for measuring climbing
“intensity”. People working in climbing could adopt the
“Climbing Intensity Score” (=climbing grade/level x climbing
volume), as suggested by Logan et al., (2005). Such a score may
provide a more comprehensive measurement of the total load
experienced by climbing athletes and help to inform future

climbing studies and load management strategies.
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4.1.5. Strength and conditioning for injury
prevention

Two RCTs conducted on the same study cohort, reported that
closed chain eccentric and strength exercises performed 3-4 times
per week for one year, could reduce the likelihood of shoulder
injuries (30) and elbow injuries (31) (SQS: 18/32). This is the first
and seemingly only study which has implemented an injury
prevention program in climbers and showed positive effects of a
strength and conditioning program on injury reduction. Strength
and neuromuscular training programs are broadly supported in
the literature as an injury prevention modality in multiple sports
(55), and it has been shown in a recent systematic review and
meta-analysis that climbing-specific resistance training can also
improve climbing performance (58). Therefore, it would seem
appropriate to implement strength training programs in climbers.
However, the results of the two included studies in this review had
a relatively small sample size (1 =84) focusing on injuries of the
elbows and shoulders (30, 31). Correspondingly, these findings
cannot be applied to injuries of the fingers, which is known to be
the most common site of injury in climbers (14). Furthermore,
there is cross-sectional evidence in two studies that the injured
hand is weaker than the contralateral healthy hand (22, 38), and
an additional two prospective studies showed conflicting findings
regarding finger strength and injury risk (8, 18). The prospective
study by van Middelkoop et al, (2015) reported that increased
strength of the middle finger and campus board training was
actually predictive of injury risk. However, this might be
understood as confounded noise in the data, whereby people with
previous injuries to the fingers have adopted specific finger flexor
training modalities in an attempt to prevent reinjury. This
highlights the need for future RCTs investigating injury prevention
programs specifically for the hand and fingers in climbers.

4.1.6. Taping, warm up/cool down, and stretching
mostly ineffective for injury prevention

Two high-quality prospective trials including a total of 658
climbers showed that taping did not protect against overuse
injury risk (18, 28). Josephsen et al., (2007) did reveal that wrist
taping could have a beneficial effect for boulderers, although
confidence limits for the incidence rates indicated a weak effect.
Taping is widely adopted in climbing gyms as means to prevent
injury, but the results of this review cannot support its use.
Warm-ups and cool-downs are commonly implemented in
climbers to reduce the risk of overuse injury. However, based
upon data from four studies (8, 18, 28, 32), two of which were
prospective studies (8, 18), both warming up or cooling down
had no protective effect against overuse injuries. The ritual of a
warm-up or cool-down is likely to have other effects on athletic
physiology, and there is some evidence that it may improve
athletic performance (59). However, based upon the results of
this review and others similar (5), traditional warm-ups or cool-
downs cannot be recommended with the explicit goal of
reducing overuse injury risk. Another commonly practiced injury
prevention technique is stretching, usually performed prior to
climbing in a static or dynamic manner. Two studies included in
this review (28, 32) including one prospective investigation (28)
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indicate that stretching offers no protective effect against risk of
overuse injury. This finding is commonly reported across other
sporting disciplines (55) and supports results of a previous
systematic review in climbing (5). Given evidence that static
effect
performance, and may even have a negative effect at longer

stretching doesn’t confer a beneficial on muscle
duration stretch routines (>60 s) (60), it would seem problematic
to advise climbers to engage with a stretching routine prior to

training sessions and competition.

4.2. Nonmodifiable risk factors

4.2.1. Relationship between age, years of climbing
experience, and injury risk inconclusive

Results from this review indicate conflicting findings, when
considering age and years of climbing experience as a risk factor
for overuse injury. There is strong prospective evidence in a
sample of 434 climbers that increasing age might exacerbate
injury risk (8) (SQS: 19/32), which is contrasted by two
prospective studies including a total of 704 climbers indicating
no increased risk of injury with older age (18, 35) (SQS: 19/32,
14/32) (n=229). Furthermore, two prospective studies showed a
positive relationship between increased years of climbing
experience and injury (34, 35), which conflicts with two
prospective studies showing no relationship (18, 28) (n=658).
The mixed findings might be attributed to the large variety of
injuries included within this review (see Table 3), whereby age
and years of climbing experience might be a risk factor for
certain injuries, but not for others. In a systematic review,
Woollings et al, (2015) concluded that older age was a risk
factor for injury in climbing, however, they also suggested that
certain injuries may be more prevalent in younger populations
when compared to older climbers. To this point, a recent
prospective study included in this review indicated that younger
climbers may be at a higher risk of bone marrow edema (34),
although there were only 31 participants included in the study.
This may be especially relevant for the physis of the proximal
inter-phalangeal joint during adolescent growth, and practitioners
should be vigilant for these issues in younger climbers. An
additional consideration might be that older climbers tend to
“self-moderate” the intensity of their climbing, by selecting lower
grades as they age. This seems to be the pattern in the
prospective analysis of Lutter et al., (2019), though this is only
speculation and would require further study to verify this claim.

4.2.2. Association between sex and injury risk
conflicting

The findings relating biological sex to injury risk are also very
conflicting. One prospective study with 198 participants showed
that males were more likely to obtain an injury at a 3:1 ratio
compared to females (35) (SQS: 14/32). However, in this sample
males also reported higher climbing levels and years of experience
when compared to females, which have also been discussed as risk
factors for overuse injury. A cross-sectional study indicated that
males are more at risk for chronic elbow and finger injuries,
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whereas females appear to have a higher risk of chronic ankle
injuries (SQS: 13/32) (25). The author highlights that this may be
due to climbing shoe design which is typically male-centric,
therefore, shoes designed specifically for female feet should be
developed and tested in future studies. In this same paper, male
sex was seen to interact with bouldering grade, whereby a higher
prevalence of chronic injuries was found in males with higher
bouldering grades, however this interaction was not as obvious in
females. In fact, the highest prevalence of injuries was amongst the
male outdoor climbing group (74%), which is speculated to be
reflective of the increased risk-taking behaviours of males when
compared to females, especially when climbing outdoors. In
contrast, three prospective studies with a total of 617 participants
reported no differences for injury risk between the male and
female sexes (8, 28, 34) (SQS: 14/32-19/32). Sex-specific differences
in injuries have been revealed to some degree in team sports (61),
though the differences seem marginal. It should also be noted that
most of the studies included samples that were disproportionately
male-biased, and therefore future research needs to be mindful of
conducting research in female climbing populations. According to
this review, there is conflicting evidence regarding sex-specific
differences in risk factors for overuse injuries in climbers. In future
studies, biological sex should be studied alongside other interacting
factors, such as climbing grade and type of climbing e.g., indoors
vs. outdoors, so as to reveal how these factors might coalesce and
effect injury risk.

4.2.3. Previous injury predicts future injury

Three relatively high quality prospective studies (18, 27, 28)
(SQS: 14/32-20/32) identify previous injury as a risk factor for
future injury or reinjury. This supports evidence in other sports
(62), whereby the mechanism is supposed to occur in altered
neuromuscular physiology associated with the injured anatomical
site and potentially unresolved structural pathology in the local
tissue. However, some studies included within the current review
are not clear whether participants reinjured the same specific
anatomical site that was injured previously, or whether injury
risk is more generally heightened in individuals who have
obtained previous injuries. These details should be the subject of
future investigations. Nonetheless, it would be advised that
climbers who have previously acquired an overuse injury should
be aware of the increased risk of reinjury and follow the advice
of their healthcare practitioner, and potentially implement a
secondary injury prevention program with appropriate load
management. Return to sport guidelines in climbing post-injury
have yet to be deciphered, but there is some data available which
could help inform decision-making (63, 64).

4.3. Limitations

It is important to acknowledge that this study has several
limitations. Firstly, the primary limitation is that this systematic
review can only make conclusions based upon the available data,
and their chosen methodological approach. For example, all
studies included in this review only examined the independent
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effects of chronological age, climbing experience, training volume
and intensity, yet an overuse injury is likely the interactive effect
of these factors. For example, the overall training load is a
combination of volume and intensity, and an abrupt increase in
training load is likely tolerable with a relatively low risk in well
trained individuals, but a higher risk for overuse injury in
untrained inexperienced climbers. Any conclusions on these
interactive nuances cannot be made with the current level of
evidence. Secondly, this systematic review focused on adult
climbers and only studies researching this population were
included. However, some studies also included participants
younger than 18 years old, so this demographic was not entirely
excluded from the analysis. Nevertheless, the mean age of all
participants included was around 31 years old, so the large
majority of climbers studied were very likely adults. Additionally,
the aim of this review was to study overuse injuries only, as
opposed to traumatic injuries. Several studies reported data on all
types of climbing injuries, without specifically mentioning
distribution of overuse or traumatic injuries within their
research. Therefore, it is likely that some of the risk factors
included in the analysis are related to traumatic injuries, which
does limit the interpretation of the findings to some degree. Best
efforts were made to isolate overuse injuries wherever possible.
Future studies should attempt to categorize injuries more
transparently so that better conclusions can be drawn. Finally,
highly
heterogenous, in terms of type of climbers, age, injuries, and the

the participants included in this review were
risk factors studied. This results in a large variation in the nature
of our findings and makes it difficult to apply the information to
specific groups. However, this methodology was chosen to obtain
a broad range of data on climbing athletes, so as to synthesize

the currently available data in a single review.

4.4. Conclusions

Within this systematic review, several risk factors and injury
prevention strategies were identified for climbing athletes, some of
which are modifiable. Modifiable risk factors are likely to be most
relevant for coaches and clinicians working with climbers, as they
can be changed and may prove as useful targets for injury
prevention strategies. There is evidence that increased climbing
intensity and bouldering are associated with a higher risk of
overuse injury, and training for climbers should be planned and
monitored in accordance with these findings. Climbing volume
appears to be less relevant as a risk factor in general but might be
a risk factor in specifically younger populations, and it would still
seem pertinent to monitor training volume in addition to training
intensity until future research can clarify this relationship. It is
generally recommended that future prospective trials are required
to validate the impact that training programming can truly have
on injury risk reduction in climbers. Additionally, strength and
conditioning training appears to be a successful strategy for
mitigating injury risk in the shoulders and elbows. However, future
intervention trials are necessitated to verify these results and to
study prevention in other anatomical areas e.g., the fingers. BMI
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and body weight appear to have no relationship with overuse
injury risk; therefore, aggressive weight loss programs are not
useful in the pursuit of injury reduction. The nonmodifiable risk
factors of age/years of experience and sex seem to have a
conflicting relationship with overuse injury risk, therefore further
research is required to clarify differences in climbing injury
between younger and older climbing athletes, as well as males and
females. A previous climbing injury appears to be a strong
predictor of future injury. Climbing athletes who have suffered a
prior  overuse recommended  to

injury are complete a

comprehensive  rehabilitation program with a healthcare
professional. This could potentially address associated deficits that
might lead to future cases of injury. Finally, the risk factors and
injury prevention strategies identified within the current literature
are overwhelmingly related to physical therapeutics, training, load
management, age, and sex. There is a paucity of information on
psychosocial factors, sleep, and nutrition, although it is well
documented that these aspects are likely to be associated with
(65-67).

encouraged to investigate these variables in the context of overuse

overuse injuries Future climbing researchers are
injury prevention in climbers, to shed more light on these issues

and hopefully improve the health of climbing athletes.
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Objective: The popularity of sport climbing has been growing since its inclusion
in the Olympic Games program, which led to more people practicing it on
recreational, amateur, and professional levels. Strenuous climbing training
sessions and competitions might lead to frequent and serious musculoskeletal
injuries and complaints among competitive climbers. This study aimed to
investigate the prevalence of low back pain (LBP) and to explore the influence
of various risk factors on LBP in adolescent climbers.

Methods: The sample included 180 competitive climbers (46.6% males) aged
13-19 years competing in under-16 (48.3%) or under-20 categories. Data
collection was carried out using the Nordic Musculoskeletal Questionnaire
(NMQ) and the Graded Chronic Pain Scale (GCPS).

Results: A total of 74.4% of the entire sample of participants (male = 75%; female
= 74%) reported lower back complaints throughout the past twelve months, and
only 15.5% during the last seven days. A major part of complaints was classified
as low intensity-low disability (Grade |, 62.8%; male =72.6%; female = 54.2%).
Under-20 competitors reported a small but significantly higher percentage of
almost all NMQ measures compared to under-16 athletes.

Conclusions: This study found a relatively high prevalence of LBP, although
complaints were of limited severity and did not affect climbers’ regular training
practice. Moreover, climbers did not differ in LBP prevalence according to sex,
while climbers from the older age group reported higher complaints and
seeking medical attention than younger climbers. Future studies should
prospectively monitor the influence of climbing on LBP in youth climbers.

KEYWORDS

chronic injuries, injury surveillance, sport climbing, youth athletes, well-being

Introduction

Climbing is a fast-growing sport. According to the International Federation of Sport
Climbing (IFSC), 35 million climbers were estimated worldwide in 2015, while in 2018,
the number rose to 44.5 million (IFSC 2018). Numerous studies have reported a variety
of injuries as a result of climbing activities (1, 2). Climbing places extreme loads mostly
on the upper extremities, followed by the lower extremities and the rest of the body,
which means that no anatomic location is spared from climbing-related injury (2). The
most prevalent injuries occur to the upper extremities, with fingers, elbows, and
shoulders representing 80% of chronic injuries in climbing (1). Specifically, a study on
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667 active climbers noted that two of three climbers had chronic
injury, and the most prevalent injury sites were fingers (41.3%),
shoulder (19.4%), and elbow (17.7%) (3). Moreover, the most
common acute injuries are a result of a fall involved lower
extremity (4).

Interestingly, gender differences concerning the injury site and
injury prevalence have been reported, with the most frequent
injury sites for females being fingers, shoulder, and wrist, and for
males fingers, elbow, and shoulder (3). Moreover, one study on
1962 climbers from different countries aged 32.82+9.4 vyears
reported that females had a higher incidence of injuries compared
to males, which was explained by the anatomical differences
between sexes, e.g., male athletes reported twice the incidence of
hand ligament injuries (5). Also, level of climbing experience and
the overall training frequency have been reported as general
predictors of injury in sports (ie, a higher years of training
experience and training hours led to a higher incidence of injuries),
and similar was reported in climbers (6). The age at which
climbers begin to compete has decreased during the last 10 years,
meaning that adolescents are engaged in structured training
programs which place enormous stress on the skeleton that is still
immature (7, 8). Also, adolescents are more prone to injury due to
adolescent growth spurts, differences in maturity status, and non-
linearity of growth (7). Interestingly, older age (more than 15 years
of age) and previous injuries were reported as one of the main risk
factors in climbing, which means that adolescents should be
monitored over time to try to prevent more serious injuries (9).

Most climbing-related injuries are from chronic overuse
(19%-33%), acute atraumatic (28%), and 10%-39% are acute
traumatic as a result of falls (5, 10). Thus, previous studies focused
mainly on acute and chronic injuries, while musculoskeletal
are poorly studied Musculoskeletal
complaints are important because they are often underdiagnosed

complaints in climbers.
but can cause significant pain and reduced function (11). Low back
pain (LBP) is one of the most common complaints worldwide
(12). Indeed, it is estimated that more than 80% of the population
would report LBP at some point during a lifetime (13). This
represents a frequent disability condition leading to being unable to
work and representing a social and economic burden (14). One of
the most advocated preventions of LBP is physical activity (15).
However, it has been proven that LBP and physical activity have a
U-shaped relationship, meaning that too little or too much activity
could be harmful to the health condition of the spine (14). Thus,
as athletes are partaking in strenuous and vigorous-intensity
physical activity, they are considered extremely susceptible to
developing chronic LBP (16). Indeed, 10%-15% of all sports-related
complaints are low back injuries and complaints (17). Moreover,
adolescents have a greater risk of developing spinal problems as
their musculoskeletal system is not mature and they are still
undergoing excessive height growth (18). It has been reported
that LBP is a common problem among children and adolescents
(70%-80% lifetime prevalence before 20 years of age), and one of
the risk factors for LBP in this age group is sports participation
(19, 20). LBP among youth athletes should be taken seriously as it
is usually associated to structural injuries such as spondylolysis and
injuries to the posterior parts of the spine (21). Thus, LBP should
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be monitored and treated especially among young athletes who are
still in the developmental life phase.

The impact of competitive climbing on LBP is debated; there
are studies showing potential benefits but repetitive falls,
unphysiological postures and very high lumbar muscles activation
could represent potential risk factors. Namely, since climbing
includes repetitive falls (i.e., falls on the mat during bouldering or
in the rope during sport climbing), the stress which those falls put
on the spine could be seen as potentially harmful (8). Moreover,
other potential mechanisms are the prolonged high activation of
paraspinal muscles and quadratus lumborum, and unphysiological
postures that could lead to disc rotation and compression (22, 23).
Indeed, there is a well-known postural dysfunction called “climbers
back” which describes a postural adaptation of increased thoracic
kyphosis which places the climber’s body under unequally
distributed forces on the musculoskeletal system (22). On the other
side, a study on 30 patients aged 27.90 +6.08 years reported that
climbing had a positive effect on LBP (24). However, this study
involved a group of non-climbing people with LBP and a group of
lower than amateur level participants. Previous research reported
that only 5.3% of climbers had trunk pain which included LBP,
making it less common than in the general (non-climbing)
population (25, 26). However, as the climbing style changes due to
the increased difficulty of the courses and a greater demand for
spectacularism, the way of steep and three-dimensional wall
architecture and dynamic moves (e.g, jumps that involve
coordinated moves of feet and arms), injury patterns are changing
correspondingly (8). Specifically, among 633 injuries within years
2017/18, there was a decrease in upper extremity injuries and
increase of lower extremity injuries compared to studies observing
periods of 1998-2001 and 2009-2012 (8).

Even though the most common injury sites in climbing are at
the upper extremities, investigating other body parts in more detail
is need, especially among younger populations, who are still in
their growth and development phase (27). Thus, the main aim of
this investigation was to determine the prevalence and severity
(i.e., intensity and disability) of LBP in adolescent climbers. As
sex, age, climbing volume, and years of experience are considered
factors that influence higher susceptibility to injuries (6), the aim
was also to investigate the influence of these factors on LBP in
adolescent climbers.

Materials and methods
Study design

This study had a retrospective cross-sectional design, data were
collected in sport clubs at the end of the competition season
through online questionnaires. Participants completed the
individually. The

rationale and informed consent formed the first pages of the

questionnaires independently and study
package. Recruitment was carried out sending e-mail to sport
clubs associated to the FASI (Italian Federation of Sport
Climbing). Athletes were subsequently contacted via social

networks or by telephone.
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Study population

Participants were members of climbing sport clubs from 15 regions
in Italy. A total of 180 adolescent competitive climbers (84 males and
96 females), aged 13-19 years, participated in the study. They were
divided into two age categories, U-16 and U-20, according to the
International Federation of Sport Climbing (IFSC) rules 2023 Ver.
no. 1.1 (IFSC rules 2023, https://cdn.ifsc-climbing.org/images/
Website/2023_TFSC_Rules_112.pdf, Accessed on 10.7.2023.).

Assessment tools

The questionnaire included three parts: (1) Demographic
characteristics, training and competing background (questions
related to the number of seasonal/daily competitions and training
sessions); (2) the Nordic Musculoskeletal Questionnaire (NMQ),
Italian version (28, 29) and (3) The Graded Chronic Pain Scale
(GCPS), Italian version (30, 31).

The NMQ explores
complaints, restrictions while performing normal activities and the

the prevalence of musculoskeletal

need for medical attention during the last twelve months and the
last seven days, respectively. In addition, this questionnaire contains
an illustration of a body map showing the location of the pain area.
The GCPS is composed of questions related to pain intensity and
disability, to assess the severity of LBP during the last 6 months prior
to completing the questionnaire. It is compiled of seven questions as
answers were provided on a scale from 0 (e.g, “no pain” or “no
interference/change”) to 10 (e.g, “pain as bad it could be” or
“unable to carry on any activity/extreme change”). Pain intensity
and disability scores were calculated, and 5 grades of severity were
assigned. Grade 0 (pain-free); Grade I (low disability-low intensity);
Grade II (low disability-high intensity); Grade III (high disability-
moderately limiting); Grade IV (high disability-severely limiting).

Statistical analysis

Demographic characteristics and training/competition related
parameters were presented as number of cases and percentages.
The GCPS scores were expressed as mean+ SD. The measures
were presented for the total sample and for the subgroups divided
by sex and age category (U16 and U20). To assess the potential sex
and age category differences as percentages, the Pearson’s Chi
Square tests were used. An independent sample t-test was used to
assess the sex and age category differences. For the relationships

10.3389/fspor.2023.1328811

TABLE 1 Participants’ characteristics.

Variable Total Male Female

(n=180) (n=84) (n=96)
Age 15.79 £2.08 16.35 £ 1.90 1531 +2.11
Height (cm) 164.56 £9.82 170.14 £9.01 159.68 +7.69
Weight (kg) 53.22+9.95 58.15+9.77 48.91+7.93
Body mass index (kg/m?) 19.49 +2.06 19.95+1.95 19.08 +2.07
Years of practice 5.64 +3.07 5.62+3.16 5.66 +3.01
Seasonal competitions 7.94+491 7.69 +4.81 8.16 +5.00
Weekly hours of training 8.20+£3.98 8.95+4.23 7.54+3.63
Number of training sessions 3.22+0.96 3.37+£0.98 3.09£0.93
per week

between the GCPS scores, Spearman’s correlational analysis was
conducted. Statistical Package for the Social Sciences—IBM SPSS
Statistics for Windows, V.28.0 (IBM) was used for all the analysis
performed with the statistical significance level set at p < 0.05.

Results

Participants’ characteristics including demographic and
anthropometric characteristics and sports variables are summarized
by sex in Table 1.

The NMQ-related results are showed in Table 2. A total of
74.4% of the entire sample of participants reported lower back
complaints throughout the past twelve months and only 15.5%
during the last seven days. Furthermore, 22.2% of the participants
reported that they have been restricted in normal everyday
activities within the last 12 months, and 19.4% noted that their
lower back complaints needed medical attention throughout the
past twelve months. No significant differences were observed
between males and females in terms of each NMQ measure.

Climbers competing in Ul6 category reported significantly
higher prevalence of lower back complaints during the last 12
months compared to U20 age group (83.9% and 65.6%,
respectively, p =0.008). However, competitors U20 demonstrated
higher percentage of lower back complaints within the last seven
days in relation to Ul6 age category climbers (21.5% and 9.2%,
respectively, p=0.038). Additionally, athletes competing in the
older age category demonstrated greater incidence of restrictions
in normal activities throughout the last twelve months than their
younger counterparts (25.8% and 12.6%, p=0.041). Similarly,
U20 climbers reported higher need for medical attention during
the last 12 months than athletes competing in Ul6 category
(30.1% and 13.8%, p =0.014).

TABLE 2 Overview of the nordic musculoskeletal questionnaire (NMQ)-based results and differences between sexes and age groups.

NMQ measure Overall Male Female | X2 (df). p u1e u20

n=180 n=2384 n=96 n=287 n=93
Lower back complaints during the last 12 months 134 (74.4%) 63 (75%) 71 (74%) n.s. 73 (83.9%) 61 (65.6%) 6.99 (1). 0.008
Lower back complaints during the last 7 days 28 (15.5%) 14 (16.7%) 14 (14.6%) n.s. 8 (92%) 20 (21.5%) 4.29 (1). 0.038
Restricted in normal activities during the last 12 months 40 (22.2%) 16 (19%) 24 (25%) n.s. 11 (12.6%) 24 (25.8%) 4.17 (1). 0.041
Required medical attention during the last 12 months 35 (19.4%) 16 (19%) 19 (19.8%) n.s. 12 (13.8%) 28 (30.1%) 6.01 (1). 0.014

All NMQ-related measures are expressed as absolute numbers and the percentage proportion on the overall group/subgroups (number of affected climbers/number of
climbers per group x 100). Levels of significance for sex are based on Pearson chi-square tests. n.s.: not significant at p < 0.05; U-16: under 16 years; U-20: under 20 years.
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TABLE 3 Overview of the graded chronic pain scale (GCPS) scores and differences between sexes and categories.

GCPS score

19.6 £18.5
75+13.4

17.5+15.3
6.4+14.0

Pain intensity

Disability score

GCPS classification

Grade 0 pain free

Grade I Low intensity-low disability

48 (26.7%)
113 (62.8%)

19 (22.6%)
61 (72.6%)

Grade II High intensity-low disability 13 (6.1%) 1 (1.2%)
Grade III High disability-moderately limiting 2 (2.8%) 1(1.2%)
Grade IV High disability-severely limiting 1 (0.6%) 1(1.2%)

X2 (df). p
21.9+209 n.s. 18.0£18.3 21.6£18.7 n.s.
84+12.9 n.s. 6.3+10.7 8.6 +15.5 n.s.
29 (30.2%) n.s. 29 (33.3%) 19 (20.4%) n.s.
52 (54.2%) ns. 52 (59.8%) 64 (68.8%) n.s.
12 (10.4%) 9.31 (1). 0.002 5 (5.75%) 8 (8.6%) n.s.
1 (4.2%) n.s. 1 (1.15%) 1 (1.1%) n.s.
0 (0%) — 0 (0%) 1 (1.1%) —

GCPS scores are expressed as mean + SD. GCPS classifications are expressed as absolute numbers and the percentage proportion of the overall group/subgroups (number
of affected climbers/number of climbers per groupx100). Levels of significance for sex and category differences are based on Mann-Whitney tests and Pearson chi-square

tests, respectively.
n.s.: not significant at p <0.05; U-16: under 16 years; U-20: under 20 years.

The results related to GCPS are showed in Table 3. There were
no significant differences between the two age category groups
(U16 and U20) in terms of GCPS scores and grades. However,
female athletes reported higher Grade II (high intensity-low
disability) percentage compared to males (10.4% and 1.2%,
respectively, p = 0.002).

No significant correlation was observed between GCPS and
sport practice-related questions (years of practice, seasonal
competitions, weekly hours of training, training sessions per
week), neither in the case of stratification of training attributes
nor in stratification by gender.

Discussion

This study aimed to determine the prevalence and severity of
LBP with respect to sex and age category. We found a relatively
high prevalence of LBP in young climbers, mainly classified as
low-intensity or pain-free. Climbers did not differ in LBP
prevalence according to sex. Concerning age groups, younger
climbers reported significantly higher prevalence of lower back
complaints during the last 12 months, while older climbers
demonstrated higher percentage of lower back complaints within
the last seven days, greater incidence of restrictions in normal
activities throughout the last twelve months, and higher need for
medical attention during the last 12 months. The relationship
between lower back complaints severity and training attributes
was not significant for the total sample nor sex- or age-stratified.

The prevalence of low back pain in
adolescent climbers

We observed a relatively high prevalence of LBP during the last
12 months in Italian young climbers. However, concerning the
GCPS classification, most of the LBP was classified as pain-free
and low intensity, and low disability, which means that LBP was
not that severe and intense to affect climbers’ regular competing
and training sessions.

We observed low LBP severity, suggesting low adverse back
loading, which is in agreement with the relatively low percentage
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of spine injuries reported in the literature. Specifically, several
studies investigated climbing-related chronic injuries by observing
the whole body, which includes low back and LBP complaints.
Specifically, a study on 667 climbers aged 26-40 years recorded
that 385 climbers had chronic injuries, from which only 11
climbers (2.9%) had LBP (3). Similarly, a study on 836 climbers
aged 34.1 +11.1 years noted that only 11 cases (1.2%) of LBP have
been reported, out of 911 total injuries (32). In a relatively recent
comprehensive review of climbing injuries, it was reported that
injuries of the spine account for 1.9%-7.1% of all climbing injuries
(2). The study which focused on investigating LBP in climbers
aged 29+7 years found that 26% of included climbers reported
mild LBP (33). It must be emphasized that the previously
mentioned study used the Oswestry Low Back Pain Disability
reliability)
categorizing LBP intensity into mild, moderate, and severe, which
means that the reported LBP led to light or no restrictions at all (34).

Noteworthy, the prevalence and severity of LBP in other sports is

Index (which demonstrated good validity and

significantly higher than in climbers. Precisely, in a study on 1,114
elite German athletes aged 20.9 + 4.8 years, the lifetime prevalence
of LBP was 89%, prevalence during the last 12 months was 81%,
and prevalence during the last 3 months was 68% (16). It has to
be noted that the prevalence of LBP differed according to sports
disciplines, with athletes involved in waterpolo (100%), fencing
(100%), rowing (96.4%), gymnastics (93.8%), and dance (95.5%)
having the highest rates of LBP (16, 17). Also, a study on athletes
involved in repetitive overhead activities (ie., volleyball, handball,
tennis) reported that the lifetime prevalence of LBP was 85%, and
the prevalence during one year was 75% (35). On the other side,
the prevalence of LBP during one year was reported to be lower
(50%-65%) in different sports among elite athletes, for instance in
cross-country skiers and rowers (36, 37).

Considering youth athletes, LBP is also a common complaint as
10%-15% of youth athletes report LBP, but this percentage varies
according to sports (e.g., 27% of college football, and 86% of
rhythmic gymnasts) (21). Adolescent athletes involved in sports
that have repetitive extension, flexion, and rotation of the spine
(e.g., gymnastics, soccer, dance) are the most susceptible to
injuries in the lower back (17). Furthermore, a study on
adolescent alpine skiers aged 15-18 years, that used a similar
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methodology as our study, reported that 80.3% of skiers suffered
LBP during the last 12 months, and 50.7% during the last 7 days,
which is a higher prevalence than in our study (38). Moreover,
LBP among young alpine skiers was in 21.8% of cases classified
as high intensity/low disability, which is of significantly higher
prevalence than in our study (6%). Also, the characteristic pain
intensity was higher in alpine skiers compared to climbers
(37.53+18.00 and 19.60+18.50, respectively),
disability score (13.27 +14.59 and 7.50 + 13.40) (36).
Therefore, we could speculate that young climbers display lower

so was the

LBP complaints compared to athletes participating in other sports, as
climbing might facilitate the improvement in motor control and
coordination (39), and the strength development without a
functional overload. Due to these factors, climbing might be
beneficial for preventing and treating LBP. Previous studies focused
on investigating the positive effects of climbing (ie., therapeutic
climbing) on LBP, but mostly in non-athletic population (39).
Indeed, the impact of climbing on patients with LBP has been
evaluated on patients divided into climbing groups, who practiced
climbing exercises for 8 weeks, and the control group, who did not
practice climbing (24). Patients in the climbing group displayed a
reduction in the size of disc protrusion and a reduction in overall
back pain compared to the control group (24). Authors of that
study theorized that climbing offers closed-chain muscle exercise
which improves muscle control and posture, resulting in less pain
(24). However, studies that investigated the effects of therapeutic
climbing on back pain included a non-climbing population and
activity was at low intensity. Thus, prospective studies on
competitive climbers are needed to prove the hypothesis of the
beneficial effects of climbing on LBP.

Sex differences in the prevalence of low
back pain and the relationship between
lower back complaints severity and training
attributes

The results of our study did not show sex differences in the
prevalence of LBP. Also, there were no sex-specific associations
between LBP and training attributes. Previous studies reported
controversial results regarding the relationship between LBP and
sex in athletes (16). Some studies reported that females are more
likely to report LBP (40, 41), while other studies found higher
rates of LBP for males (42, 43). Sex differences in LBP and other
musculoskeletal injuries in athletes are influenced by numerous
factors. Specifically, males might be exposed to higher loads in
some sports disciplines because they have higher training volume
and higher loads during strength training, or they might have
different rules (e.g., game duration) (16). Also, females have a
menstrual cycle that sometimes prevents them from partaking in
training sessions and reduces overall training volume (44).
Additionally, a study on adolescents aged 11-19 years with
chronic pain conditions noted differences in pain tolerance
between sexes (i.e., females reported lower pain threshold than
males) and pain-coping strategies (i.e., females used more social
support while males engaged in behavioural distraction) (45).
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Overall, our results showed no sex differences in LBP severity
and no associations with training attributes which could be
explained by the specificity of sport. A recent study on a similar
cohort of young climbers investigated gender differences in
generic- (countermovement and squat jump, grip strength) and
specific-fitness test (power slap test and Draga foot lift) of youth
climbers and found no differences in climbing-specific-fitness
profiles comparing males and females, while there were sex
differences in the generic-fitness profile (46). Authors suggested
that climbing requires specific abilities similar in males and
females, which could be the reason why we did not detect
differences in LBP between sexes (46). This theory could be
further confirmed by a review study that investigated injury risk
factors in climbers which reported that six studies found no
differences in injury risk between males and females, accounting
for whole-body injuries (6). Thus, we could hypothesize that, due
to the specificity of climbing and similar loads, males and
females do not differ in the prevalence and intensity of LBP.

Age differences in the prevalence of low
back pain and the relationship between
lower back complaints severity and training
attributes

Our results showed age differences in NMQ low back
complaints among youth competitive climbers, with older
climbers reporting a higher incidence of LBP during the last 7
days and a greater occurrence of seeking medical attention than
younger climbers. Similar to the results of our study, a study on
Canadian youth climbers aged 11-19 vyears reported that
adolescent climbers (15-19 years) have 11.3 times greater risk of
injuries compared to younger climbers aged 11-14 years (9).
Moreover, a study on a large sample of young athletes involved
in combat sports, game sports, explosive strength sports, and
endurance sports found that younger athletes (11-13 years) had
2%-4% of LBP while the prevalence increased to 12%-20% in
older athletes (14-17 years) (47). Thus, from the results of the
NMQ, it could be concluded that older climbers are more
predisposed to experience LBP. What is somewhat surprising and
confusing is the result that younger climbers reported a higher
incidence of LBP during the last 12 months. We could speculate
that younger climbers were less accurate in reporting results
regarding the 12-month recall period.

Our results noted that climbers did not differ in LBP severity
according to age groups and there were no LBP associations with
training attributes. These results could be explained in light of
similar performance levels in different age groups (48). In our
study, younger (Ul6) climbers had only one year of training
experience less than older (U20) climbers (5.05 years and 6.19
years of climbing practice, respectively). Thus, the small
difference in the years involved in climbing practice and
exposure to training-induced musculoskeletal stress could be the
reason for not recording differences in LBP severity between
younger and older adolescents.
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Limitations and strengths

The main limitation of the study is its cross-sectional design,
unable to determine causality. Moreover, the limitation is that
injuries were self-reported and retrospective, which could
potentially lead to recall bias. We were also unable to categorize
the incidence of LBP according to a specific climbing discipline,
this is due to the fact that climbers in our study competed
in all the three disciplines, as required by the rules of the
climbing federation for the Ul6 and U20 age categories. An
additional limitation is that it was not possible to determine the
climbing level expressed through the highest climbed grade
(both sport climbing routes and boulders). This is due to youth
climbers not frequently (or at all) climbing outdoors where
there are graded climbing routes or boulders, as they most
commonly practice indoors.

The main strength of the study is related to the novelty of the
information collected. To date, we still know little about the
prevalence of LBP in young climbers; investigating musculoskeletal
complaints in adolescent athletes could lead to detecting injury
risks, so that appropriate preventive actions and effective treatment
programs can be planned.

Practical implications

Young climbers in this study reported lower LBP complaints
compared to young athletes participating in other sports, this
could be due to a combination of specific factors, such as motor
control and coordination and muscle strength improvement. It
might therefore appear that climbing might be beneficial for
preventing and treating LBP. Whether this can be true for
recreational climbing, on the other hand it is important to
consider that the style of climbing competitions has been
changed profoundly in recent years into more dynamic and
physically demanding. This trend might lead into increased
prevalence and severity of musculoskeletal conditions, and within
these of LBP, in athletes. Therefore, the results of this study can
be used to disseminate the message that it is important to adopt
preventive strategies for LBP, which should be regularly
implemented into training routine. Also, prospective evaluation
of LBP should be applied in future research and coaching
practice with the aim of monitoring LBP and preventing more
serious complaints and injuries.

Conclusion

The results of this study showed that there was a relatively high
prevalence of LBP in young climbers, but it was mainly classified as
low-intensity or pain-free. Furthermore, climbers did not differ in
LBP prevalence according to sex and a significant but small
difference in age groups was recorded. According to the results,
it could be theorized that climbing, including competitive
climbing, may not be particularly harmful to the lower back.
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However, the results should be interpreted with caution and no
strict conclusions can be drawn due to the cross-sectional nature
of the study. Also, considering that the climbing style is changing
rapidly to more dynamic movement patterns, especially among
competitive climbers, LBP could be expected to become more
common than before. Thus, future studies should prospectively
monitor the influence of climbing on LBP in youth climbers.
This way, coaches would be able to identify risk factors for LBP
occurrence and prevent this common health problem.
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Introduction: Sport climbing has gained increased scientific attention, including
studies investigating the dietary habits and nutritional requirements of climbers;
however, significant gaps in the literature remain. An assessment of nutritional
knowledge, weight loss for competition, and supplement use has not been
previously reported in senior competition climbing athletes.

Methods: Fifty climbers (26 male, 24 female; BMI 21.6 +1.9; 23.7+5.2 years)
participated in the study. Participants answered a 72-item questionnaire,
comprised of demographic data and three main sections to assess general and
sports nutrition knowledge, weight loss strategies, and supplement use.

Results: The mean nutrition knowledge score was ‘average’, with considerable
individual variation (53.5+ 11.1 %). There were no significant sex differences in the
general (GNK) or sport (SNK) nutrition knowledge scores, or effect of age. Significantly
higher knowledge was demonstrated by national vs. international athletes for
the GNK scores (11.09+1.58 vs. 9.58 +1.75; p = 0.028). Participants scored well
in questions concerning protein, carbohydrates, alcohol, and supplements, and
conversely, performed poorly in hydration and micronutrient related questions. Less
than one-fifth of respondents had access to a dietitian. Forty-six percent of males
and 387% of female climbers reported intentional weight loss for competition on at
least one occasion. Of those, ~76% reported utilizing concerning practices, including
methods that conform with disordered eating and/or eating disorders, dehydration,
vomiting, and misuse of laxatives. Approximately 65% of athletes reported using
at least one nutritional supplement in the previous 6 months, with 44% reporting
multiple supplement use. There was no significant difference in supplement use
between sexes or competition level.

Discussion: Due to the established importance of nutritional intake on athlete
health and performance, educational support should be employed to improve
knowledge in climbers and address shortcomings. Moreover, intentional weight
loss for climbing competition is common, with most athletes achieving ~3-8%
body weight loss over >2 weeks. It is crucial that professionals working with
competitive climbers are vigilant in identifying athletes at risk of concerning
weight management and establish referral pathways to the appropriate specialist
services. High quality intervention trials to assess the efficacy of ergogenic aids
in climbing remains inadequate.
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1 Introduction

Climbing as a competitive sport resembling the modern format
started in 1985 in Bardonecchia, Italy, and the first competition event
on an artificial climbing wall was held the following year (1).
Encompassing climbing disciplines of lead, bouldering, and speed,
sport climbing has grown to immense popularity since, with over 25
million climbers in around 150 countries worldwide (1). Sport
climbing made its debut at the Olympic Games at Tokyo 2020
following previously successful inclusion at the youth games and has
been selected to be one of the four new sports of Paris 2024, alongside
breaking, surfing, and skateboarding (1).

The most recognized climbing competitions are governed by the
International Federation of Sport Climbing (IFSC) and divided into 3
sub-disciplines of indoor climbing; speed, bouldering, and lead. The
2020 Olympic Games event was the first to require senior athletes to
compete in all three sub-disciplines, with one overall winner chosen
from each sex, however, this has been modified for the Paris 2024
programme, where speed climbing has been allocated an individual
medal and will take place as a separate event (1).

Lead climbing takes place on artificial walls which must permit a
route of at least 15 m in length and 3 m in width. Climbers must carry
their rope as they ascend, clipping into carabiners placed at fixed
protection points in the route. Scoring is determined by the furthest
hold used in a controlled manner, effectively representing how high
up the route the athlete gets before they fail. Attempts in which
multiple athletes complete the route or reach the same hold are
differentiated using the time taken to complete their attempt. In IFSC
competitions, qualification requires athletes to climb on two
non-identical routes separated by at least 50 min rest. In scenarios
where more than one round takes place in a day, these must
be separated by at least 2h. Lead climbing attempts are notably longer
than in other disciplines, lasting from 2 to 7min with a larger
proportion (~38%) spent in static positions (2). To date, few studies
have investigated the energy cost and profile of lead climbing, however,
the contributions of the aerobic, anaerobic lactic, and anaerobic alactic
systems during difficult climbing have been reported as 41.9, 22.3, and
35.8%, respectively (3).

Bouldering is performed without the use of ropes on lower walls
with crash mats used for protection. Routes must be designed so that
the lower body of the climber should not exceed 3 m above the
protection. Athletes are allowed multiple attempts at a route or
“problem” within a 5-min period. IFSC competitions require athletes
to attempt 5 routes in the qualification round, followed by 4 routes in
the semi-final and final rounds. Scoring is determined by the number
of problems an athlete completes in each round, alongside the number
of attempts made. Athletes typically attempt a problem 3 times, with
attempts lasting ~30-40s, and ~ 115 of recovery in between attempt
(4). Ascents generally feature low static periods (~25%) and an
exercise-to-recovery ratio in the forearm flexors of ~13:1 (4). This
could be due to the steeper routes typically used in bouldering
combined with the precarious nature of the hand and foot holds which
enhance the difficulty of routes, allowing fewer opportunities find
stable positions to reduce force through the upper limbs. As the
energy release from PCr hydrolysis is significantly reduced after ~10's
of high-intensity exercise (5), it could be assumed that bouldering
athletes will rely on larger contributions of the lactate energy systems
for the provision of energy; indeed, La Torre et al. (6) reported mean
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blood lactate levels
6.2-6.9mmol-L~".

Speed climbing requires a pair of athletes to race side-by-side to

following national competitions of

the top of two identical routes set on a 15 m artificial wall. Competitors
will make one attempt in each lane separated by a minimum of 5 min,
with the winner decided by the lowest aggregate time over the two
runs. Since 2007, the IFSC have used a standardized wall and hold
configuration for all competitions and world record attempts. IFSC
certified speed climbing walls are slightly overhanging (not more than
5 degrees) and feature a route with a difficulty which would
be achievable by most recreational climbers. The timing of attempts
begins after a countdown of beeps, and the clock is stopped by the
athlete striking a mechanical-electrical pad at the top of the route.
Athletes are protected from falls using a rope attached at the top of the
wall to an auto-belay system. Speed climbing events feature an all-out
sprint of powerful and dynamic moves, with elite efforts typically
lasting 5-6 s in duration, emplacing the anaerobic demand (7).

Based on the significant discrepancies in the physiological
demands of each discipline, it is reasonable to assume a variance in the
nutritional requirements and practices of the athletes who specialize
in each event (8, 9). In line with growing public interest and
participation, sport climbing has gained increased scientific attention,
including studies investigating the dietary habits and nutritional
requirements of climbers (8, 10-12). Nevertheless, significant gaps in
the literature remain, and little is known regarding the existing
nutritional knowledge, strategies of weight loss, or supplement use in
competition climbers, warranting further research.

The positive influence of an individualized dietary intake on
sports performance and recovery is well established and evidenced by
the publication of internationally recognized expert consensus
statements outlining guidelines for the optimal intake and timing of
food, fluid, and supplements (13-15). Despite this, research shows that
many athletes, including climbers, have sub-optimal dietary intakes
(8, 10, 16); time constraints, financial considerations, limited cooking
skills, and access to cooking facilities have been proposed as potential
barriers to achieving optimal dietary intakes in athletes (17).
Furthermore, cultural background, taste preferences, appetite, attitude
toward nutrition, nutrition knowledge, and access to professional
support have been highlighted in a review of factors influencing
athletes’ food choices (18).

A 2011 systematic review of the nutrition knowledge of
recreational and elite athletes, reported a positive correlation between
general and sport specific nutrition knowledge, and good quality
dietary intake (19). Although this relationship appears to be weak to
moderate (16, 19), nutrition knowledge is regarded as one of the few
modifiable determinants of dietary behaviors (20). Thus, educational
interventions centered on addressing gaps in athlete knowledge and
adherence to expert guidelines remains a common approach in the
support of sports dietitians (18).

Weight loss methods have been anecdotally practiced by climbers
for decades, with athletes generally believing that by reducing their
body mass they can improve their strength to weight ratio, reduce load
on the extremities, and subsequently improve performance. However,
there is a lack of published research to support this notion, with most
studies finding little impact of body weight on performance among
high-level athletes (21, 22). Although research regarding weight loss
practices of climbers is scarce, early indications suggest that climbers
face similar challenges to athletes in other weight-sensitive sports,
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which include increased risk of iron deficiency, chronic energy
deficiency, and disordered eating (10, 23).

Dietary supplements are used at all levels of sports performance
and a prevalence of 40-100% has been reported in athletes depending
on the sport, level of competition, method of data collection, and
definition of supplements used (24). Gibson-Smith et al. (10)
investigated the prevalence of supplement use in climbers, finding that
45% of athletes took supplements, with protein powder, vitamin
tablets, and fish oil capsules being the most prevalent, similar to the
findings of Sas-Nowosielski and Judyta (25). Peoples et al. (26) found
that protein, caffeine, and energy bars were the most commonly used
supplements among climbers, with elite climbers being more likely
than their intermediate counterparts to wuse protein and
caffeine supplements.

There have been numerous supplement intervention trials in
climbers over the last decade to quantify the effect of caffeine, creatine,
beta-alanine, and other supplements on climbing performance.
However, there is a lack of consistency in methods of measuring
climbing “performance’, with the vast majority of studies relying on
methods with unproven reliability or lacking ecological validity. More
specifically, methods of forearm muscle oxygenation (27), campus
board exercises (28), arm-crank Wingate tests (29), pull-up repetitions
and/or velocity (30), hand grip strength (31), and time to climb
boulders and sport routes (32) have all been used in supplement
intervention trials, providing little comparative data or indication of
which methods are reflective of real-world climbing performance, and
which supplements provide the most meaningful change.

An assessment of nutritional knowledge or strategies of weight
loss has not been previously reported in climbing athletes.
Furthermore, only one previous study has assessed prevalence or
sources of influence of supplement use in recreational climbers (33),
and none have examined competition climbers specifically. Therefore,
the aim of this study was to firstly, assess the current nutrition
knowledge of competition climbers and identify gaps which may
inform education programs to support health and performance;
secondly, develop a greater understanding of the magnitude, sources
of influence, and strategies of weight loss in competition climbers; and
lastly, to identify the prevalence, rationale, and sources of influence of
supplement use in competition athletes.

2 Methods
2.1 Participants

Participants were primarily recruited from the semi-finals stage of
two international climbing competitions (CWIF 2019/20, Sheftield,
United Kingdom), the 2019 British Bouldering Championship
(Sheffield, United Kingdom), and the British Universities & Colleges
Sport (BUCS) finals (Sheffield, United Kingdom). An electronic
version of the questionnaire was also created and advertised on social
media and online climbing forums. Fifty climbers (24 females, 26
males) volunteered to participate. Participants were required to meet
the following inclusion criteria: age > 18 years, competing at university/
collegiate, national, or international level within the previous
12 months, and actively training for competition. Ethical approval was
received from Sheffield Hallam University Research Ethics Committee
in January 2019 (ER10121205). Following written study briefings,
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participants provided written or digital informed consent to
participate, and for the data collected to be used freely for publication.

2.2 Questionnaire

Participants answered a 72-item questionnaire, in paper or
electronic format. The electronic format was designed and hosted using
a bespoke online survey platform developed by the Sports Industry
Research Centre (SIRC) at Sheffield Hallam university. The questionnaire
was comprised of three main sections to assess sport nutrition
knowledge, weight loss strategies, and supplement use. The questions for
each section were derived from three pre-validated questionnaires used
in previous studies investigating the respective themes of each main
section (34-36). Participant demographic data (e.g., sex, nationality,
competition level, primary discipline) were also gathered. The
questionnaire took approximately 20-40 min to complete and outlined
within the participant information sheet. Questions not relevant to an
individual participant could be omitted (e.g., if a participant did not
partake in intentional weight loss and/or consume dietary supplements).

2.2.1 General and sports nutrition knowledge

The Abridged Nutrition for Sport Knowledge Questionnaire
(A-NSKQ) is a brief and reliable tool designed and validated by
Trakman et al. (36, 37) to assess general nutrition knowledge (GNK)
and sports nutrition knowledge (SNK). The A-NSKQ has 37 items
(GNK=17; SNK=20) and covers the same key topics assessed in the
89-item NSKQ (weight management, macronutrients, micronutrients,
supplementation, sport nutrition, and alcohol). However, typical
completion time of the A-NSKQ is around half the time required to
complete the NSKQ (12 vs. 25 min) with comparable reliability and
validity (36), and therefore, deemed more appropriate for use when
administered concurrently with additional tools.

2.2.2 Weight loss strategies

A questionnaire used to assess weight loss strategies and
concerning dietary habits in mixed martial arts [(34); originally
developed and validated by (38)] was modified appropriately for use
with climbing athletes. Modifications included adapting terminology
to suit the sport of climbing (e.g., disciplines of climbing rather than
combat sports) or with the use of generalized language (e.g., weight
loss directly before a “competition’, rather than “weigh-in”). This
section of the questionnaire contained 11 questions including typical
pre-competition or competition season weight loss, influences of
weight management, and weight loss behaviors.

2.2.3 Nutritional supplement habits

The final section of the questionnaire contained 14 questions to
assess nutritional supplement use including reasons for use/nonuse,
side effects, sources of influence, and attitudes toward supplementation.
These questions were derived from a previous study investigating
supplement habits in an athletic population (35).

2.3 Statistical analysis

Statistical analysis was performed using SPSS software (version
24, IBM, United States). Data was checked for homogeneity of
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TABLE 1 Anthropometric data.

10.3389/fnut.2023.1277623

Male (n =26) Female (n = 24)
Mean + SD Range Mean + SD Range
Age (years) 243+6.0 18.0-37.0 231443 18.0-33.0
Mass (kg) 66.9+7.4 54.0-79.0 60.4+7.2 45.0-78.0
Height (cm) 175.7+8.0 160.0-188.0 167.6+4.9 160.0-178.0
BMI 21.6+13 18.9-24.4 21.5+2.4 16.9-27.4

BMI: body mass index.

variance using Levene’s test, and normality using Shapiro-WilKs. The
differences in variables between groups (e.g., competition level) were
analyzed using an independent-samples one-way ANOVA test. Where
non-parametric data was identified, the independent-samples Mann-
Whitney U test was used. Statistical significance for all tests was set at
p<0.05. A Spearmans correlation coefficient determined the
relationship between data sets (e.g., age and GNK). Correlation values
(R) were set as <0.2: weak correlation, 0.5: medium correlation,
and > 0.8: strong correlation (39). Supplement use prevalence data
were evaluated by sex and competition level using chi-square analyses.
Data are presented as means * standard deviation (SD), unless
otherwise stated.

3 Results
3.1 Participant demographics

Participant anthropometric data and demographics are shown in
Tables 1, 2. Fifty competition climbers (n=26 male, n=24 female)
aged 18-37 (mean age 23.7+ 5.2 years) participated in the study. The
athletes reported a mean competition frequency of 7.6+ 1.9 in the
previous 12months. Average BMI was 21.6+1.9; a BMI of <18.5,
defined as potentially “underweight” (40) was reported in
two participants.

3.2 General and sports nutrition knowledge

The mean scores and range on the A-NSKQ are reported in
Table 3.

3.2.1 Individual items and gaps in knowledge
The authors determined a correct response rate of >75% or <25%
to be notable for individual items.

3.2.1.1 Macronutrient knowledge

Items with a notably high correct response rate included, “protein
needs can be met by a vegetarian diet without the use of supplements”
(82%), “consuming carbohydrate during exercise will assist in
maintaining blood glucose levels” (76%), “fat is involved in immunity”
(75%), and “a banana is high in carbohydrate” (82%). Conversely, only
19% correctly identified cottage cheese as a “low-fat” food option.

3.2.1.2 Micronutrient knowledge

In regard to micronutrient knowledge, 75% of respondents were
able to correctly identify the statement “vitamins provide the body
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TABLE 2 Participant demographics.

n % of sample

Age started competitions

5-9 8 16
10-14 22 44
15-19 9 18
20-24 7 14
>25 4 8
Discipline

Lead 8 16
Bouldering 34 68
Combined 8 16

Competition level

University/Collegiate 12 24
National 12 24
International 26 52
Nationality

United Kingdom 27 54
Other European 12 24
North America 9 18
Other 2 4

TABLE 3 Mean scores on the A-NSKQ.

Mean score (%) Range (%)

Total 53.5+11.1 25.0-75.0
GNK 62.5+12.3 37.5-87.5
SNK 46.7+13.8 15.0-75.0

Mean + standard deviation, GNK, general nutrition knowledge; SNK, Sports nutrition
knowledge.

with energy” as false. However, very few athletes correctly answered a
question relating to the role of vitamin B in the delivery of oxygen to
muscles (7%) or understood an athlete’s needs for magnesium and
calcium (8%).

3.2.1.3 Hydration

Athlete knowledge on hydration for sports performance was poor;
just 22% of the athletes identified the correct hydration strategy during
exercise, with only 10% of athletes correctly identifying the reason
they should drink during exercise (i.e., to maintain plasma volume).
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TABLE 4 History and magnitude of weight loss.

10.3389/fnut.2023.1277623

Male n Female n

Have you ever lost weight for competition (% yes) 46 12 38 9
At what age did you begin to lose weight for competition? (mean +SD) 22.4+5.7 19.9+4.8

Do you attempt to lose weight on the day before or the day of competition? (~% yes) 8 1 12 1

How many times have you lost weight for competition? (~%) 1-2 58 7 12 1

3-5 25 3 75 7

6-10 0 0 12 1

>10 17 2 0 0

How much weight would you typically lose? (%) <2kg 0 0 62 6

2-5kg 92 11 38 3

6-10kg 8 1 0 0

How much time do you lose the weight over? (%) <48h 0 0 12 1

1-2 weeks 17 2 12 1

2-4weeks 25 3 45 4

>1month 58 7 34 3

3.2.1.4 Alcohol

The highest correct response rate was seen within the alcohol
category. Almost all athletes (96%) correctly identified that “alcohol
contains calories that can lead to weight gain” and that “alcohol can
reduce recovery from injury” (90%).

3.2.1.5 Supplements

Most athletes knew that “supplement labels may contain false or
misleading information” (84%), or that taking testosterone is banned
in sport (88%).

3.2.2 Individual characteristics and knowledge

3.2.2.1 Sex differences

There were no significant differences between males and females
for the GNK (10.10+1.80 vs. 9.70+2.00, p=0.34) or SNK scores
(9.40+3.20 vs. 9.30£2.30, p=0.79).

3.2.2.2 3.3.2.2 Competition level

ANOVA analysis demonstrated a significant difference in
knowledge scores between competition levels (p = <0.05). Bonferroni
post-hoc analysis revealed higher nutrition knowledge scores in
national vs. international athletes, reaching significance for the
GNK scores (11.09+1.58 vs. 9.58+1.75, p= 0.03), and almost
reaching significance for the SNK scores (11.0 +2.14 vs. 8.65+2.83,
p=0.053).

3.2.2.3 Access to dietician/nutritionist

Less than one-fifth of respondents (18.4%, n=9) had access to a
dietitian. There was no significant difference in the combined scores
(GNK + SNK) between groups with or without access to a dietician
(20.00£4.77 vs. 19.08 £3.90, p= 0.54).

3.2.2.4 Age correlation

There was no significant correlation between participant age and
GNK, SNK, or combined scores (R=0.22, p=0.12; R=0.24, p=0.09;
R=0.21, p=0.15).
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3.3 Weight loss practices

3.3.1 History and magnitude of weight loss
The history and magnitude of weight loss is reported in
Table 4.

3.3.2 Ranking of influence on weight loss
practices

Figure 1 shows the ranking of influence on weight loss practices.
The top 3 sources of influence were successful athletes, other
competitors, and internet articles, with dietician/nutritionist and
coach, ranking 5th and 6th, respectively.

3.3.3 Ranking of prevalence of weight loss
practices
Figure 2 shows the ranking of prevalence of weight loss practices.

3.3.4 Prevalence of concerning weight loss
practices

Table 5 provides a summary of responses reporting concerning
weight loss practices. 76% (16 of 21) of participants who reported
intentionally losing weight for competition are practicing
concerning weight loss methods, including skipping meals, using a
sauna, training in warm clothes, taking laxatives, restricting fluids,
or vomiting. The prevalence of concerning weight loss practices
appears to be similar between males and females (~75% vs. 78%).

3.4 Supplement use

3.4.1 Prevalence of supplement use

The frequency distribution for the type of nutritional supplements
used is shown in Figure 3.

Approximately 65% (n=34) of athletes reported using at least one
nutritional supplement in the previous 6 months, with 44% (n=22)
reporting multiple supplement use. Of those, ~46% of nutritional
supplements (NS) were used daily (at least 4-5 times per week), ~29%
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TABLE 5 Prevalence of concerning weight loss practices.

The three most common outlets athletes obtained supplements were the
internet (36%), health food/sports shops (21%), and pharmacies (19%).

f Fourteen percent of all athletes (n=7) reported having
Female Total experienced a negative effect from using nutritional supplements, such
Skipping meals 9 7 16 as gastrointestinal/digestive problems (protein, BCAA, iron, biotin)
and weight gain (creatine). The top 3 reasons reported for non-use of
Using a sauna 3 1 4 ..
supplements (participants could select more than one answer) were,
Training in warm clothes 4 0 4 “I do not need them” (n=9), “I do not know enough about them”
Taking laxatives 3 0 3 (n=14), and “they are too expensive” (n=38).
Restricting fluids 2 0 2 . .
» 3.4.2 Comparisons by sex and competition level
Vomiting 1 0 1

There was no significant difference in supplement use between
sexes or competition level (p = >0.05). Figure 4 indicates the use of NS
within the competition levels in this sample.

were used before, during, or after training, ~ 20% used occasionally,
and only ~5% were competition specific.

The three most popular supplements used exclusively for health
included vitamin D (n=6), multivitamins (n=6), and fish oil (n=3).
The three most popular supplements used exclusively for performance
included creatine (n="7), CHO drinks (n=4), and beta-alanine (n=4).
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3.4.3 Ranking of influence on supplement use
Figure 5 shows the ranking of influence on supplement use.
Athletes ranked their coach, successful athletes, and internet articles

as their top three sources of influence. Dietitian/nutritionist ranked in
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Nutritional supplement use within the competition levels in this sample.

4th position, however, only ~18% of athletes reported access to a 4 Discussion
nutritionist/dietitian. Interestingly, national athletes had greater access
to nutritionists/dietitians (25%, n=3) compared with international
(16%, n=4) or collegiate level (17%, n=2). Although, international
athletes had greater access to anti-doping information (88%, n=22)
compared with national (8%, n=1) or collegiate level (8%, n=1).
3.4.4 Influence of nutrition knowledge 4.1 Nutrition knowledge
There was no significant difference in sports nutrition knowledge
(SNK) (9.76+2.87 vs. 8.4+2.29, p=0.11) or general nutrition
knowledge (10.21+1.78 vs. 9.26+2.05, p=0.23) between supplement

4.1.1 Knowledge scores

This is the first study to perform the assessment and evaluation of
sports nutrition knowledge, weight loss strategies, and supplement use
in competition climbers at collegiate, national, and international level.

Based on a mean total score of 53.5%, the overall nutrition

users and non-users.
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Ranking of influence on supplement use.

National
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classified using the scoring system set by Trakman et al. (41).
Although no previous data exist in climbing populations, this
score is similar, albeit slightly higher than those reported in other
sporting populations using the same assessment tool (A-SNKQ),
which includes Gaelic games players [46+11.8%, (42)], and a
mixed group of Australian football and netball players [47 + 12%,
(36)]. In line with these studies (36, 42), climbing athletes also
performed better on the GNK than SNK questions. It is worth
noting that there was considerable variation seen in individual
scores, particularly in the SNK section with a range of 15-75%,
highlighting the need for an individualized approach to athlete
support and education.

4.1.2 Individual characteristics and knowledge

4.1.2.1 Sex

Statistical analysis in this sample revealed no significant sex
differences for GNK or SNK scores. Previous research assessing sex
differences in nutrition knowledge show equivocal results, with some
studies suggesting superior knowledge in female athletes (43, 44),
whereas other studies, in agreement with the present, show no
differences (45, 46).

4.1.2.2 Ability

Although several studies show either no difference in athlete
ability level and nutrition knowledge (47, 48), or that higher
ability athletes possess greater nutrition knowledge (49, 50), in
the present study, post-hoc analysis revealed significantly higher
GNK scores in national vs. international level climbers and
almost reached significance for the SNK scores. It’s plausible that
as lower-level athletes are anticipated to train and travel less than
their internationally competitive counterparts, they may be able
to commit more time to educational reading or continuation of
higher education, however, this was not objectively assessed and
should be considered in future research.

Frontiers in Nutrition

4.1.2.3 Age

There was no significant correlation between participant age and
GNK, SNK, or combined scores. Previous data in athletes supports
this finding (44); however, at least one previous study reported a
positive influence of age on GNK scores (36) and the larger age span
of the participants in the latter (>36 years), may have helped to reveal
a trend in that cohort.

4.1.2.4 Access to dietician

Only ~18% of athletes reported access to a nutritionist/dietitian,
with no significant impact of access observed within the combined
GNK and SNK scores. This could be interpreted several ways;
dietitians may not be effective in communicating nutrition
information to these subjects, the subjects may not have utilized
dietitian services even though they had access, or the nutrition
knowledge survey was not a good proxy for nutrition knowledge that
the climbers may have gained from a dietitian’s services. Regardless,
since the athletes overall seemed to have average to poor nutrition
knowledge, it seems prudent to facilitate access to a dietitian.

4.1.3 Responses to individual items and gaps in
knowledge

4.1.3.1 Alcohol

The highest correct response rate was seen within the alcohol
category. Not surprisingly, in a population concerned with weight and
body composition, almost all climbers recognized alcoholic drinks as
a source of “excess” calories that can lead to weight gain. Many also
understood the negative implications of alcohol consumption on
recovery, which can include reduced muscle protein synthesis and
poor sleep quality (51).

4.1.3.2 Macronutrients

Eighty-two percent of climbers in this sample correctly identified
that protein needs can be met by a vegetarian diet without the use of
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supplements. Although this was not assessed in the present study,
previous research suggests a relatively high prevalence of vegan or
vegetarian athletes within the climbing community (10). Vegan and
vegetarian athletes are able to meet all nutrition needs with appropriate
planning to achieve good performance outcomes, with no observable
effect of protein source (plant-based whole foods + soy protein isolate
supplementation vs. mixed whole foods + whey protein
supplementation) in supporting muscle strength and mass accrual in
response to resistance training, when adequate amounts of protein (>
1.6 g/kg/day) are consumed (52).

The majority of climbers in this sample also correctly identified
that “Consuming carbohydrate during exercise will assist in
maintaining blood glucose levels” Despite this, current research
exploring carbohydrate intake indicates that it is sub-par among
adolescent climbers, with 86% of climbing athletes eating below their
target carbohydrate intake (8). Similarly, Gibson-Smith (10) reported
that adult (>18years) experienced and elite climbers consumed a daily
average intake of 3.7 g/kg of carbohydrate, which is likely inadequate
considering the high training volume reported in this study.

4.1.3.3 Micronutrients

Very few athletes correctly answered a question relating to the role
of vitamin B in the delivery of oxygen to muscles and were able to
correctly identified magnesium and calcium needs, which may have
implications for calcium deficiency in higher risk populations, such as
vegans (53). Furthermore, there is a positive association between
magnesium status and muscle performance, including grip strength,
lower-leg power, knee extension torque, ankle extension strength,
maximal isometric trunk flexion, rotation, and jumping performance
(54); therefore, ensuring magnesium needs are known and met should
be a priority for all climbing athletes. Poor micronutrient knowledge
has been reported in other athlete groups (36, 55), suggesting this
sample of climbers is similar to other athletic populations in terms of
their micronutrient nutrition knowledge.

4.1.3.4 Hydration

Athlete knowledge on hydration for sports performance was poor;
just 22% of the athletes identified the correct hydration strategy during
exercise (i.e., “drink to a plan, based on body weight changes during
training sessions performed in a similar climate”), with only 10% of
athletes correctly identifying the reason they should drink during
exercise (to maintain plasma volume), presenting similar findings to
those seen in Australian football and netball athletes (36).

Hydration education could be a method of enhancing climbing
performance and preventing adverse events (such as dehydration),
which can become apparent with fluid loss as little as 2% of bodyweight
during aerobic activity, with impaired repeated anaerobic bouts
occurring at ~3% dehydration (56). Interestingly, a recent survey carried
in out in climbers (26) reported hydration as one of the “most important”
topics, which suggests climbers may feel it is important for performance
but unsure how to execute an evidence based hydration strategy.

4.2 Weight loss practices
Forty-six percent of males and 38% of female climbers reported

intentional weight loss for competition on at least one occasion. Of
those who reported weight loss, 75% of females reported doing this
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3-5 times, while 17% of males had lost weight more than 10 times.
This suggests that losing weight for competitions is not an uncommon
practice. Most athletes lost between two to five kilograms over more
than two weeks, which based on the mean data obtained, equates to
a~3-8% body weight loss.

Approximately 10% of participants reported losing weight <48h
prior to competition. This is a concerning number, considering that
acute weight loss may hinder climbing performance, especially if it is
due to dehydration and/or glycogen depletion (56, 57). The weight loss
that occurs in about two to four weeks before competition may include
some lean muscle, some adipose tissue, and possibly fluctuations in
water and glycogen stores. It is reasonable to assume that if lean mass,
water, and glycogen are lost, this may hinder climbing performance.
In addition, if climbers are in a repeated state of calorie deficit and low
energy availability, it puts them at risk for Relative Energy Deficiency
in Sport, comprehensively described by the IOC consensus
statement (58).

Alarmingly, ~76% (16 of 21) of participants who reported
intentionally losing weight for competition are practicing concerning
weight loss methods. Skipping meals was the most common form of
concerning weight loss practices (~76%), which is similar to what is
seen in combat sport athletes (34). Sports professionals working with
climbers may need to discuss with the athlete if it is reasonable, safe,
and effective to attempt weight loss. Exploring other areas for potential
performance gains within training practices, such as strength,
flexibility, endurance, climbing technique, sports psychology, fueling
and hydration before, during, and after performing, and route reading
strategies, may be more efficacious and prudent than weight loss prior
to competition.

Notably, the source of influence around weight-loss were from
successful athletes, other competitors, and training partners. These
sources, unless adequately qualified, are not considered appropriate to
safely navigate a climber through a weight loss phase. This is similar
to female physique athletes, where in a recent study 89% of athletes
relied on a coach for dieting advice, and 73% relied on another athlete
(59). It is interesting to note that many accomplished climbers have
spoken out regarding their own anecdotal experiences with disordered
eating, which is now supported by the scientific literature. For
example, (23) reported 43% of elite female climbers scored as “high
risk” for disordered eating, with more recent research suggesting the
odds ratio for having an injury may be doubled for those with an
eating disorder (60). Aspiring athletes emulating elite climbers may
find that they are inadvertently emulating an eating disorder, or
disordered eating practices. Some climbers reported losing weight
using more extreme concerning practices, such as laxative use,
restricting fluids, and vomiting, all of which may lead to performance
detriment and carry a high risk for short- and long-term adverse
health effects relating to dehydration, malnutrition, and injury.

In addition, the belief that low body weight in climbers already at
an appropriate weight will lead to better climbing performance is not
supported in the literature. A growing number of studies have failed
to observe a correlation between weight, BMI, or body fat levels, and
climbing ability (8, 10, 61-64). Conversely, in at least one study in
female climbers (65), significantly lower body fat percentage values
were reported in the elite group, compared to the lower-advanced
ability group (23.3% vs. 29.2%, respectively, d =0.94). However, the
authors noted that these values were substantially higher than those
reported in elite female competition athletes almost two decades ago
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[(66); semi-finalists 10.7+1.7% and finalists 9.6+1.9%,] despite
performing at the same level. This may reflect a shift in the
physiological requirements as the sport has evolved, due to the
inclusion of more dynamic and strength reliant moves in the setting
of competition routes and therefore, demands a greater focus on
absolute power development rather than strength-to-weight
ratio alone.

This suggests that the widespread notion that weight loss will lead
to better climbing performance may need to be re-examined. There are
currently no trials examining whether a climber intentionally losing
weight results in performance changes, either through acute
manipulation of body weight (i.e., fluid loss, low residue diet) or body
weight loss from fat or lean muscle stores. It is important to note that
the anthropometric profile of climbers at all levels within the current
literature is relatively homogeneous; therefore, our current
understanding of the influence of body composition on climbing
performance is limited and likely does not apply to individuals who
have body fat levels that exceed the parameters of “athletic” norms (67).

4.3 Supplement use

Athletes ranked their coach, successful athletes, and internet
articles as their top three sources of influence on supplement use. As
supplement knowledge appears not to be derived from professional
sources, there is higher potential for knowledge to be inaccurate and
possibly lead to accidental doping (68). Access to and utilizing
dietitians and sports nutrition professionals may be useful for
competition athletes to ensure they are taking supplements
appropriately, with efficacious dosing and timing strategies, as well as
taking clean supplements that comply with WADA and their climbing
governing body’s rules. Obtaining supplement knowledge from other
sources may be detrimental or influenced by a conflict of interest,
particularly when coaches or athletes are involved with sponsorships.
Financial gain and sponsorship has been reported as one of the
reasons to take supplements among athletes (15).

In previous research among experienced, non-competitive
climbers, Gibson-Smith et al. (10) reported that 45% of participants
used one or more supplements, with a higher prevalence of use in
intermediate/advanced level climbers (57.9%) compared to elite/
higher-elite level (38.1%). The most common supplements reported
in this 2020 study were protein powder, vitamin D, multivitamins, and
fish oil; closely aligning with the most popular supplements used by
the present cohort. In the present study, prevalence of supplement use
was higher than previously reported (65% vs. 45%) and may be due to
the increased demands of training and competition, and the increasing
normalization of supplement use in elite sport, where the prevalence
is reported to be 81-100% (69).

The three most popular supplements used for performance
(creatine, CHO drinks, and beta-alanine) have moderate to strong
supporting evidence as ergogenic aids (15) and despite a lack of
supplement intervention trials in climbers, are reasonable choices for
this sport due to their ability to augment anaerobic capacity, which has
been suggested as a determinant of climbing performance (8, 11). No
significant differences in supplement use between sexes or competition
levels suggest that supplement use is not reserved for only certain tiers
of competitive level, but rather many athletes across the board are
using them.
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Eighty-eight percent of international athletes had access to anti-
doping information, which is a reasonable indication that they are
aware of the risks of doping. However, access was limited in national
and collegiate level climbers and may reflect the scarcity of athlete
testing in lower levels of competition. Nevertheless, better access to
anti-doping information may be indicated for these athletes. The
omission of supplement ingredients, contamination with banned
substances, and inaccuracies in supplement content has been well
documented, and poses a significant risk for inadvertent doping in
athletes (68). Reassuringly, most athletes knew that “supplement
labels may contain false or misleading information” (84%).

5 Limitations

These self-reported data on anthropometrics, weight loss
strategies, and supplements rely on the accuracy of the athletes’
memory, accuracy and clarity of the survey questions, and willingness
of the athlete to disclose honest information. As with all self-reported
data, there may be inaccurate responses and unreliability, both
intentional and unintentional (70). The sensitive nature of some
questions (i.e., extreme weight loss methods, admitting to supplement
use) may also have inhibited some participants from responding, or
answering truthfully (71). Furthermore, despite the development of
specific tools, the current status of nutrition knowledge in athletes
remains difficult to ascertain (20).

The weight loss survey did not ask for weight loss data other than
between <48h before competition through to >1 month. If an athlete
is losing a significant amount of weight over the course of 6-12 months,
implementing a well-designed periodized nutrition plan (72), and
incorporating strategies to promote the preservation of lean mass, this
will likely lead to different performance outcomes than an athlete that
loses the same amount of weight over the course of 1month.
Furthermore, the weight loss survey did not ask if the participant had
ever had an eating disorder. Although the inclusion criteria did include
those “in good health with no chronic illness that may influence eating
patterns)” which should exclude those with an active, diagnosed eating
disorder, but possibly includes those with disordered eating (no formal
diagnosis) or a history of eating disorders/disordered eating. Future
studies should consider a more explicit description to avoid doubt.

Finally, while the sample obtained allows an insight into the areas
examined, the findings should be considered preliminary and not yet
generalized to all climbing athletes until further studies and a larger
sample of climbers is captured.

6 Conclusions and recommendations

These findings suggest that the nutritional knowledge of senior
competition climbers is “average”; however, significant gaps in
knowledge exist, which include topics such as hydration and
micronutrients. Due to the established importance of athlete health
and performance, educational programs and/or access to educational
resources, should seek to address this. While there appears to be no
significant effect of sex or age on knowledge scores, large individual
variation is demonstrated, further emphasizing the need for
individualized educational and practical nutrition support when
working with climbing athletes.
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Moreover, this study demonstrated that intentional weight loss for
climbing competition is common, with most athletes achieving
a~3-8% body weight loss. Alarmingly, a large proportion of athletes
who lose weight intentionally for competition report utilizing
concerning practices that could increase the risk of both acute and
chronic health issues. Furthermore, the most common sources of
influence around weight-loss were from inappropriate athlete peers,
reflecting the lack of access to professional dietitians. It is crucial that
coaches and other professionals working with competitive climbers
are vigilant in identifying athletes at risk concerning weight
management and establish referral pathways to the appropriate
specialist services. Nevertheless, this warrants further investigation.

There is currently no data on body weight manipulation in
climbers, and no observable relationship in the current literature
between body composition and climbing performance. Thus, athletic
individuals should explore other elements, such as physical and
physiological capacity (e.g., strength, endurance, flexibility),
psychological and psychomotor capability (e.g., route reading, sports
psychology, technique), and nutritional intake and timing, to promote
long term performance development.

Finally, this data suggests that supplement use is higher in
competitive vs. non-competitive athletes assessed in previous research;
however, the prevalence of use remains below other elite sports. High
quality intervention trials to assess the efficacy of ergogenic aids in
climbing remains inadequate, although the current choices of athletes
can be justified by their established relevant metabolic effects. Future
supplement intervention studies should ensure testing protocols are
assessed for reliability and reflect valid determinants of climbing
performance. A very large proportion of non-users reported “lack of
knowledge” around supplements as a reason, further highlighting the
lack of access to credible and reliable sources of information.
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Recovery markers in elite
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This study aimed to investigate recovery markers among elite climbers following
the National Boulder Championship. We assessed maximum isometric hand grip
strength (HS), forearm swelling (circumference), delayed soreness in forearm
muscles, tiredness, and exercise readiness at several time points: pre-
competition, immediately post-competition (within 4 min after their last
effort), and 12, 24, 48, and 60 h post-competition. Maximum isometric hand
grip strength decreased by 6.38 +1.32% (p =0.006) post-12 h, returning to
pre-competition values post-24 h (all p>0.05). Forearm circumference (FC)
increased 178+ 177% (p<0.001) post-competition, returning to pre-
competition values post-12h (all p>0.05). Forearm pain (FP) increased
post-competition (p=0.002) and post-12h (p<0.001), returning to
pre-competition values post-24h (all p>0.05). Tiredness increased post-
competition (p<0.001), post-12h (p<0.001), and post-24h (p<0.001),
returning to pre-competition values post-48h (all p>0.05). Climbing
readiness was reduced post-competition (p<0.001), post-12h (p<0.001),
post-24 h (p<0.001), and post-48h (p=0.005), only returning to pre-
competition values post-60 h (p=0.189). Visual analysis of individual data
pointed out a relatively small variability in the HS and FC markers, while FP,
tiredness, and readiness exhibited larger individual variations. These findings
indicate that different recovery patterns exist for the analyzed markers,
suggesting that athletes may require up to 60 h after a competition to fully
recover and regain their ability to face new competitive challenges.

KEYWORDS

sport climbing, rock climbing, exercise recovery, muscle damage, exercise readiness

1 Introduction

Sport climbing made its debut as an Olympic discipline at the 2020/21 Tokyo
Olympic Games (1). Similar to other sports that require a combination of strength
and power, the physical demands of training and competitive climbing elicit a range
of physiological and metabolic responses in the body, with the magnitude influenced
by factors such as the activity’s duration, intensity, and frequency (2-5). In the acute
phase, overexertion can lead to reduced muscle function, structural damage, and
inflammation, often accompanied by subsequent pain, fatigue, and a diminished state
of readiness for further exercise. These issues can directly impact an athlete’s
performance during both competitions and training sessions (6-10).
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Sport climbing is categorized into three distinct disciplines: speed,
lead, and boulder. The boulder discipline, in particular, involves a
series of ascent attempts interspersed by brief periods of rest.
Climbers attack routes that are typically around 4 meters in height,
often set on more challenging surfaces. This discipline demands a
succession of high-intensity bursts of effort to overcome obstacles
and reach the top of each route (11). These characteristics require
high-intensity, powerful movements, frequent changes in direction,
and extensive use of the stretching and shortening cycle. These
efforts are often associated with the risk of muscle damage and
subsequent declines in performance (12-15).

The potential of climbing to elicit acute performance-reducing
psychophysiological responses is enhanced by current models of
competition. Sport climbing competitors must perform in
qualifying, semi-finals, and finals (depending on the number of
participants) on consecutive days and sometimes more than once
a day (16). This demanding schedule can become even more
exhausting in the context of the current world cup circuit, which
back-to-back
weekends (17). Such intensive schedules, with minimal time

often features competitions on consecutive
allocated for recovery, can place substantial strain on athletes and
should be the focus of attention for coaches and organizations.

Evaluating an athlete’s recovery status involves the assessment of
both physiological and psychological factors (18). Therefore, it is
crucial to employ methods that can comprehensively investigate
both dimensions (18). Various studies have focused on strategies
aimed at enhancing and accelerating recovery, and these have gained
widespread utilization within sports (7, 8, 12, 15, 19). These
strategies can be broadly categorized into regeneration strategies,
which apply to physiological aspects, and psychological recovery
strategies. In the context of this study, the term “recovery”
encompasses both physiological and psychological dimensions (18).

An athlete’s performance can be significantly impacted by
their state of recovery, which involves a combination of
physiological factors, including muscle damage, inflammation,
redox state, reduction in energy reserves, and nutritional and
hydration status (6, 20, 21). Psychological aspects, such as an
increased subjective perception of effort, pain, and tiredness, also
play a crucial role (6, 20, 21). For climbing athletes, recovery
during and after competitions is a pivotal determinant of
sustained performance. Therefore, comprehending the dynamics
of recovery following competitive events is essential for designing
effective recovery strategies to optimize athlete performance in
competitions while also mitigating the risk of overreaching,
overtraining, and more serious injuries (6, 7, 12, 19). Thus, our
study aims to investigate the temporal changes in both
physiological and subjective markers of recovery among elite
climbers within the 60h following the National Boulder
Championship. Notably, to the best of our knowledge, multi-day
temporal changes in recovery markers among climbers following
real or simulated competitions have never been investigated.
Thus, being aware of the high level of training of the competitors
and possible repeated bout effect occurrence decreasing time to
recovery (7, 12, 18), we hypothesized that recovery markers
would deteriorate until post-24 h, with progressive recovery up
to post-60 h.
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2 Materials and methods

This study was approved by the Ethics Committee of the University
of Campinas (CAAE: 52244421.4.0000.5404) and conducted in
accordance with the Declaration of Helsinki. The participants
provided their written informed consent to participate in this study.

2.1 Subjects

The sample consisted of nine climbers from the Brazilian Sport
Climbing Team, comprising four men and five women. In this elite
group, six of these athletes had also had experience in an international
competition. All athletes competed in the Nationals and participated
in the week-long evaluation of the Brazilian Sport Climbing Team
that took place the week following the championship. The data
collections reported in this study were performed during these two
events. Sample characteristics are described below (Tables 1, 2).

2.2 Study design

All athletes went through two phases of the National Boulder
Championship: Qualifiers, climbing five boulders, in which each

TABLE 1 Athletes’ characterization.

e SD Minmun Maumun
13 3 10 19

Climbing experience (years)

Age (years) 28 5 18 34
Body mass (kg) 58.5 8.6 45 724
Height (cm) 169.4 6.8 157.5 178.1
Arm span (cm) 174.2 9.9 160.5 191.5
Ape index 1.03 0.02 1 1.08
Lean body mass (kg) 50.3 9.1 39.8 64.4
Body fat (%) 13.7 59 6.7 22
Circumferences

Relaxed arm (cm) 28.4 2.9 24 324
Contracted arm (cm) 31.0 35 26.2 36.5
Relaxed forearm (cm) 26.5 2.8 23 30.8
Forearm contracted (cm) 273 2.7 24 31.1
Relaxed arm-forearm index 1.9 0.9 1 3.8
Contracted arm-forearm index 3.7 1.1 22 54
Skinfolds

Subscapular ”f (mm) 9 2 6 13
Triceps”" (mm) 10 5 5 20
Biceps (mm) 4 2 2 9
Chest” (mm) 6 3 3 11
Middle Axillary ”* (mm) 7 2 5 11
Tliac crest’’ (mm) 11 4 7 15
Supraspinale (mm) 8 3 5 12
Abdominal” (mm) 11 4 6 17
Front thigh7f (mm) 15 9 7 31
Medial calf (mm) 7 5 4 19
Sum (7 folds) (mm) 68 25 43 106
Sum (10 folds) (mm) 87 32 57 137.5

SD, standard deviation; 7f, skinfolds used in the sum of 7 folds; arm—forearm index
values calculated by the difference between the arm and forearm measurements.
Ape index values calculated by dividing the span by the height. The values for body
fat percentage and lean body mass were obtained from the bioimpedance results.
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TABLE 2 Athletes’ maximum isometric hand grip strength.

e iU Varimu

Hand grip strength—dominant 86 | 11.5

hand (kgf)

Hand grip strength—dominant 0.8 0.1 0.63 1.03
hand (kgfkg™")

Hand grip strength—non-dominant | 48.1 | 11.2 37.7 74
hand (kgf)

Hand grip strength—non-dominant 0.8 0.1 0.65 1.04

hand (kgf.kg_l)

athlete had 5 min to climb alternated with 5 min of rest; and Finals,
approximately 10 h after the Qualifiers, with four boulders, 4 min
to climb, and about 20 min of rest. Recovery curve analysis was
assessed by dominant maximum isometric hand grip strength
(HS), forearm circumference (FC), forearm pain (FP), tiredness,
and readiness. These measures were performed in six moments:
pre-competition, soon after (post-competition: within 4 min after
the last effort), and 12, 24, 48, and 60 h post-competition. On
the day of the competition, no intervention/recommendation
regarding the practice of physical exercises, nutrient intake, or
water was made. For all moments after the competition, the
athletes were instructed not to practice exercises for the upper
limbs. If they practiced exercises for the lower limbs, it was
suggested to do so at low intensity and duration. In addition,
they were instructed not to ingest stimulant drinks within 60 h
after the competition. Finally, at 60 h post-competition, sample
characterization evaluations were carried out. Athletes answered a
brief questionnaire about practice time and international
competitive experience (World Cup and/or Sport Climbing

World Cup) and performed body composition assessments.

2.3 Anthropometric and body composition
assessment

Total body mass (BM) (kg) was measured using a digital scale
and height (cm) using a stadiometer. Arm and forearm
circumference, relaxed and contracted, were measured using a
Trunk and limb

skinfolds were measured using a Lange model caliper with 1 mm

Cescorf anthropometric measuring tape.

precision [Cambridge Scientific Instruments (USA)] according to
the procedures described by the International Society for the
(2011). The body
composition assessment [body fat percentage data (%) and lean

Advancement of Kinanthropometry

mass (kg)] was performed in the morning 60 h post-competition.
Athletes fasted and their bladders before the
measurement was taken using eight contact electrodes for

emptied

electrical bioimpedance (Tanita InnerScan 50v, Tokyo, Japan).

2.4 Maximum isometric hand grip strength
The test of maximum isometric muscle strength of the fingers/

hand, called maximum isometric hand grip strength (HS), was
collected using a Jamar-type dynamometer (Grip Saehan,
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Hydraulic Hand Dynamometer, SH5001), with support
adjustments at the base of the thumb and middle phalanx of the
fingers customized for each athlete. At the beginning of each
strength test, the participants performed the preparation of the
musculotendinous structures by warm-up (22). The warm-up
consisted of 10 submaximal and increasing contractions based on
the personal and subjective assessment of their strength capacity,
namely, 2x 20%, 2x 40%, 2x 60%, 2x 80%, and 2x 90% (except
the one measured right after the competition, in which the
athletes were already warmed up). Similar warm-up protocols
have already been used by our group (23, 24). Then, 3 min after
the warm-up, the participants performed three attempts to obtain
maximum isometric hand grip strength, with a 2-minute interval
between attempts. At the time of the test, the participants stood
up, with the dominant hand holding the dynamometer and the
arm extended at the side of the body. The participants were
asked to squeeze the dynamometer as hard and as fast as
possible, with a total duration of 3 s (controlled by the evaluators
through a stopwatch). The tests were conducted by an
experienced technical member, and strong verbal encouragement
was given throughout the test. The average of the three trials was
used for the final analysis. For the recovery temporal change
analysis, just the dominant hand was assessed, while for sample
characterization, both hands were assessed. Maximum isometric
hand grip strength values were presented in absolute units (kgf)
and relative to body mass, calculated by dividing the absolute
hand grip strength by the athlete’s body mass (kgf-kg™).

2.5 Forearm circumference

The circumference of the forearm was measured to indirectly
First, the
circumference of the relaxed forearm was marked with a

evaluate muscle edema. point of the largest
permanent ink pen. Circumference measurement was performed
three consecutive times, and the highest value was used for the

final analysis (25).

2.6 Delayed-onset muscle soreness

Forearm pain (FP) was evaluated at rest with the use of a visual
analog scale (VAS) (26-28). Subjects were instructed to open and
close their hand twice and based on the sensation of pain and to
mark with a pen on a continuous line (100 mm considered
100%) their perception of pain on a scale from 0 “none” to 10 “a
lot of pain!”.

2.7 Tiredness and readiness

The tiredness and readiness variables were assessed through
self-response to the questions: “How tired are you right now?”
and “How ready are you to climb a difficult boulder right
now?” Measurements were performed using VAS (26, 27), as

performed for FP.
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2.8 Statistical analyzes

For the analysis of the recovery curve (measurements over
time: pre-competition, post-competition, and 12, 24, 48, and
60 h), one-way analysis of variance (ANOVA) for repeated
measures was performed. When appropriate, Dunnett’s post hoc
analysis was used to verify which measurement times after the
competition were different from the pre-competition time. Data
are reported as mean and standard deviation. The software used
for the analysis was STATISTICA 6.0 (StatSoft, Inc., Tulsa, OK,
USA). The significance level adopted was p < 0.05.

3 Results

Figures 1A,B shows the mean and individual values of HS over
the six evaluation times. ANOVA showed the main effect of time
(p=0.034). Thus, Dunnett’s post hoc analysis was performed,
indicating a reduction of 6.38 £1.32% (p=0.006) in HS at post-
12h compared to pre-competition. Meanwhile, the other time
changes in HS post-competition (—2.52 +7.53%; p = 0.452), post-
24h (-2.93+5.32%; p=0.213), post-48h (—0.43+8.17%; p=
0.804), and post-60h (—1.50+598%; p=0.477) were not
different from pre-competition. The visual analysis in Figure 1B
shows a small variability of individual HS data behavior
throughout the 60 h of recovery. Figures 1C,D shows the mean
and individual values of the FC over the six evaluation times.

10.3389/fspor.2024.1251047

ANOVA showed the main effect of time (p=0.001). Thus,
Dunnett’s post hoc analysis was performed, indicating an increase
of .78 £1.77% (p <0.001) in FC post-competition compared to
pre-competition. The other time changes in FC post-12 h (0.07 +
0.12%; p=0.780), post-24h (0.18 £0.66%; p =0.682), post-48 h
(0.12£0.89%; p=0.740), and post-60 h (0.37 £ 1.01%; p = 0.469)
were not different from pre-competition. The visual analysis in
Figure 1D shows a small variability of the individual FC data
behavior throughout the 60 h of recovery.

For FP (Figure 2A), ANOVA showed the main effect of time (p <
0.001). Therefore, Dunnett’s post hoc analysis was performed,
demonstrating an increase in pain post-competition (p = 0.002) and
post-12 h (p <0.001) compared to pre-competition. The other time
changes in FP post-24 h (p = 0.224), post-48 h (p = 0.730), and post-
60 h (p=0.767) were not different compared to pre-competition.
The visual analysis in Figure 2B shows a moderate variability of
individual FP data behavior throughout the 60 h of recovery.

Tiredness and readiness for high-intensity bouldering are
shown in Figures 2C-F. For tiredness, ANOVA showed the main
effect of time (p<0.001), and Dunnett’s post hoc analysis
indicated that post-competition (p <0.001), post-12 h (p <0.001),
and post-24h (p<0.001) were different compared to pre-
competition, while post-48h (p=0.129) and post-60h (p=
0.112) were not different. The climbing readiness ANOVA
showed the main effect of time (p <0.001), and Dunnett’s post
hoc analysis indicated that post-competition (p <0.001), post-
12h (p<0.001), post-24 h (p<0.001), and post-48 h (p=0.005)

>

Handgrip Strength (kgf)

Pre Post 12h 24h 48h

(cm)

Forearm Circumference o

Pre Post 12h 24h 48h 60h

FIGURE 1

60h

Change through time of physiological markers from pre-competition over 60 h post-competition. (A) Maximum isometric hand grip strength mean
group values and standard deviation; (B) maximum isometric hand grip strength individual values; (C) forearm circumference mean group values and
standard deviation; (D) forearm circumference individual values. *, different compared to pre-competition (Dunnett's post hoc; p < 0.05).
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FIGURE 2
Change through time of subjective perceived markers from pre-competition over the 60 h post-competition. (A) Forearm pain mean group values and
standard deviation; (B) forearm pain individual values; (C) tiredness mean group values and standard deviation; (D) tiredness individual values; (E)
readiness mean group values and standard deviation; (F) readiness individual values. *, different compared to pre-competition (Dunnett's post hoc;
p<0.05).

were different from pre-competition, with only the time post-60 h
(p=0.189) showing no difference compared to the pre-
competition. Finally, the visual analysis in Figures 2D,F shows a
large variability of individual tiredness and readiness data
behavior throughout the 60 h of recovery.

4 Discussion

To the best of our knowledge, this study is the first to
investigate recovery markers in elite climbers following a
competition. The results reveal that, following a national-level
bouldering competition, athletes exhibited a recovery in HS and
FP levels within 24 h after the competitive stimulus. In contrast,
sensations of tiredness and readiness returned to pre-competition
levels at 48 h and 60 h, respectively. These findings, to some
extent, deviate from our initial hypothesis. While recovery
markers ultimately returned to values similar to the pre-
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competition state by the 60-h mark, the quickness of the
and FP
expectations. This rapid recovery emphasizes the high training
proficiency of the tested athletes and their familiarity with the
types of movements encountered in competition. Moreover, it is

physiological recovery contrasts with our initial

noteworthy that physiological markers and subjective perceptions
did not exhibit a uniform temporal pattern of recovery.

The boulder discipline necessitates brief and intense bursts of
effort with limited recovery time between each attempt (29, 30).
This highlights the importance of strength and the ability to
generate rapid force, particularly from the hands (hand grip), as
pivotal factors influencing a climber’s performance (31, 32).
These types of high-intensity intermittent stimuli, characterized
as voluntary and high-magnitude muscle actions, are capable of
leading to a reduction in functional muscle capacity, such as in
force production, due to fatigue arising from the physiological
response to maximal and submaximal voluntary contractions
(14, 18, 20) and/or exercise-induced muscle damage (EIMD)
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(7, 12, 13). EIMD leading to strength loss is attributed to so-called
half-sarcomere non-uniformity, which states that the weakest half-
sarcomeres accommodate the majority of finer length adjustment,
which becomes weaker as muscle lengthening progresses and
advances beyond the point of myofilament overlap, and
eventually, microtears develop (22, 33). Repeated stretching
increases damaged sarcomeres and exacerbates muscle fiber
injury, resulting in membrane breakdown and perforation of
channels (22, 33).
junctophilins, proteins that connect t-tubules to the sarcoplasmic

mechanically  activated Damage to
reticulum membrane and mediate communication between the
calcium release channel and the dihydropyridine receptor, may
also contribute to strength losses due to excitation-contraction
uncoupling (14, 22, 33). This series of events disrupts the
excitation—contraction coupling mechanism and the calcium
kinetics originating from the sarcoplasmic reticulum, resulting in
13, 33). Considering the
mechanisms elucidated above, our initial expectations were for a

a decrease in strength (7, 12,

substantial decline in HS, coupled with an increase in FC and
FP, persisting for a minimum of 24 h following the competition.

We observed a significant difference in HS 12h post-
competition, returning to the pre-competition value after 24 h.
This temporal data behavior shows a small individual variability
increasing the confidence that the athletes had their HS recovered
post-24 h. Notably, an experimental session comprising three
repetitions of maximal climbing efforts, with a 2-minute interval of
active recovery between each, demonstrated a reduction in HS (32).
Heyman et al. (9) also identified a similar decline in strength after
a series of repetitions until voluntary exhaustion in “top rope”
climbing. The delayed reduction in strength, occurring post-12 h
after the stimulus, may indicate that, in addition to competition-
induced fatigue, athletes may experience EIMD. This EIMD can
trigger an inflammatory response characterized by leukocyte
activation, muscle edema, degradation of muscle function, delayed-
onset muscle soreness, increased release of muscle proteins into the
interstitial space, elevated circulation, and an increase in muscle
temperature. The effects of EIMD and the associated muscle
soreness, including a decline in muscle strength, may persist for a
duration of 12-72 h post-exertion (7, 12, 13, 33).

Peake et al. (13) conducted a literature review, which revealed
that EIMD, leading to swelling and diminished strength, tends to
peak between 24 and 72 h following the stimulus. Paulsen et al.
(34) established a classification system considering low or
negligible muscle damage when the decline in force-generating
capacity is less than 20%. Consequently, the relatively minor
decrease observed in HS and FP values after 24 h, and FC after
12 h, may likely stem from mechanisms in addition to muscle
damage. For instance, the increase in FC after a series of
climbing bouts can be attributed to the repetitive isometric
contractions of the forearm, leading to a reduction in veins blood
flow and an increase in forearm swelling. This, in turn, results in
a decrease in strength output as swelling and discomfort intensify
when the same muscles are contracted and held repeatedly (35).

The values of FC, an indirect indicator of forearm volume and
muscle swelling (Figures 1C,D), indicate a significant increase after
the competition, returning to pre-competition values post-12 h.
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Once again, the temporal data behavior shows a small individual
variability, increasing the confidence that the athletes’ FC recovery
was homogeneous. It is known that strenuous exercise can induce
muscle swelling immediately after the stimulus (35), and the
persistence of this altered volume accompanied by an inflammatory
response is indicative of muscle damage (22, 29, 36-38). Previous
studies showed that VO, peak climbing exceeded the VO, peak
obtained on an arm ergometer by 102.2%-108.1%, the peak heart
rate achieved varied from 162 to 181 bpm, and lactate concentration
ranged between 2.4 and 3.9 mmol1™" after an effort time ranging
from 37.2 to 38.6s, depending on the technical difficulty of the
climbing bout (4). We believe that the changes in FC shown in our
study are related to the “muscle pump”, a temporary condition that
generates muscle swelling described in response to resistance
exercise (39). According to Schoenfeld and Contreras (39), high-
intensity muscle contractions cause an imbalance in blood supply
and drainage in the exercised region. That is due to compression of
the veins and preserved normal diameter of the arteries
(compression-resistant vascular structure), also leading to an
imbalance in the concentration of intramuscular and extramuscular
fluids, causing the greatest amount of fluid to be found in the
intramuscular space, leading to swelling. This phenomenon has
already been described within the practice of climbing (40, 41).

We found that forearm pain experienced a notable reduction
within the initial 24 h post-competition. While the individual
variability in FP was somewhat greater than that observed for
physiological markers, it remained moderate. Nonetheless, the
temporal behavior of FP exhibited a similar pattern across
individuals, although the
experienced varied among them, the majority demonstrated a

suggesting that degree of pain
significant reduction after the first 24 h. Given that delayed-onset
muscle soreness, resulting from muscle damage, typically reaches
its peak between 48 and 72 h following the stimulus (42) and that
FP did not follow the same temporal pattern as HS, it is plausible
that the forearm pain is more likely attributed to minor muscle
damages and the breakdown of non-contractile muscle structures
rather than substantial muscle damage. Previous studies have
highlighted that the fascia is more sensitive than muscle following
eccentric contractions (43), which could explain the association
between pain and reduced performance, as observed in this study
and others (40). A possible explanation for the reduction in force
production could be the mechanism of muscle fatigue (44). This
phenomenon can manifest at both peripheral and central levels
(45).
biochemistry and neuromuscular junctions, while central fatigue is

Peripheral fatigue involves intramuscular changes in
characterized by a decline in neural impulse transmission from the
central nervous system to the muscle (43, 45-47). In addition to
impairing the ability to generate force, fatigue can be accompanied
by sensations of tiredness and exhaustion (45), ultimately
constraining high-intensity performance (44, 45).

Repeated muscle contractions can result in the diminished
ability to generate or sustain muscle function, a phenomenon
commonly referred to as muscle fatigue (48). Fatigue is widely
recognized as a critical factor influencing athletic performance,
and it comprises a complex event, often characterized by a set of
conditions influence,

interacting with varying degrees of
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dependent on the nature of the physical exercise (20, 49). Extensive
research has been dedicated to unraveling the fatigue process and its
ramifications on performance in physical activities and sports.
Nevertheless, a consensus regarding the precise mechanism
underpinning this process remains elusive (41-43, 50). In addition
to physiological changes, it is vital to pay attention to an athlete’s
perception of tiredness as it serves as a valuable indicator of their
condition (21). Notably, subjective measures capable of gauging
tiredness and readiness are typically acquired through verbal
feedback and/or the application of specific scales (51, 52). Unlike
pain, which often has a precise location, sensations of tiredness,
fatigue, and readiness encompass a broader perception of the
athlete’s overall physical state and their perceived capacity to
perform. This subjective dimension adds a layer of subjectivity to
(50-52).
corroborates that subjective measures are effective in capturing

the assessment Nonetheless, existing literature
changes in an athlete’s well-being as they tend to exhibit greater
(52). Subjective
assessments of athlete recovery, in general, are characterized by
their sensitivity and practicality, making a pivotal

component of the recovery—fatigue monitoring process (51).

responsiveness than objective measurements
them

Unlike FP, the subjective variables, tiredness and readiness
(Figures 2C-F), exhibited distinct patterns in this context.
Tiredness demonstrated a return to baseline levels around 48 h
after the competition, while readiness only reached its initial levels
60 h post-competition. This suggests that athletes might not fully
recover from the competitive stimulus when strength and forearm
pain recover. These subjective attributes of tiredness and readiness
likely account not only for the temporal differences in recovery
but also for the considerable variability observed among
individualized
assessments and strategies in addressing these aspects. The results

individuals, emphasizing the importance of
obtained for tiredness and readiness led us to believe that they are
not entirely linked to local muscle fatigue, given that the forearm
has a small muscle mass in relation to the whole. Montull et al.
(49) presented a new subjective approach considering that sports
performance depends on the athlete’s experience and their
interactions with the environment. Furthermore, the authors
believed that the impairment of these variables may be related to
several psychological factors. The studied athletes required at least
60 h of recovery after a competitive stimulus to be fully capable of
performing at their maximum performance. The difference in the
temporal recovery behavior between physiological markers and
subjective markers suggests that for our study there is no strong
them, which

importance of a holistic understanding of the athlete and the

direct relationship between emphasizes the

sport, integrating physiological and psychological aspects,
considering that both physical and mental factors can influence
the athlete’s well-being and performance capacity.

This study is not without its limitations. While maximum
isometric handgrip strength is recognized as a crucial factor in
sport climbing performance, there are other variables, such as
rate of force development, finger resistance, and measures related
to pulling movements, that could significantly enhance the
understanding of the recovery profile of climbers. It is important
to note that the maximum

isometric handgrip strength
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measurements were made with a hand dynamometer, and an

even more specific strength measurement, such as an
instrumented climbing hold, could offer valuable insights.
Moreover, it would be intriguing to explore the recovery curve of
the non-dominant limb since the intensity imposed on each side
can vary non-uniformly based on the characteristics of the
climbing routes. In this regard, future research could explore
additional variables and even more

employ specialized

instruments than those used in this study. Furthermore,
investigating the temporal changes in recovery variables in other
climbing disciplines such as LEAD and SPEED, and following
multiple consecutive days of competition, would be of interest
and could provide further insights into the recovery requirements
in sport climbing.

This study is the first to show the temporal changes in
physiological and subjective perceived markers of recovery
among elite climbers following a competition. Considering the
demanding competition schedules that elite climbers typically
face, the findings from this study assume great significance. They
offer valuable insights into the evolving recovery patterns of
variables pertinent to the preparation and performance of
professional sport climbing competitions. This, in turn, can
contribute to the mitigation of injury risks arising from
physiological and/or psychological stress and potentially prompt
a reconsideration of the competition calendar. From a practical
standpoint, while physiological markers appear to recover after
24 hours post-competition, allowing athletes to restart physical-
oriented training during this period, the more extended temporal
patterns and the substantial individual variability observed in
subjective markers imply that athletes may require up to 60
hours of recovery to regain their sense of fitness and readiness
for competitive endeavors.
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