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Abstract
High-intensity training (HIT) is known to have deteriorating effects on performance which manifest in various physiological 
changes such as lowered force production and oxidative capacity. However, the effect of HIT in climbing on finger flexor 
performance has not been investigated yet. Twenty-one climbers partook in an intervention study with three assessment time 
points: pre-HIT, post-HIT, and 24-h post-HIT. The HIT involved four five-minute exhaustive climbing tasks. Eight climb-
ers were assigned to a control group. Assessments consisted of three finger flexor tests: maximum voluntary contraction 
(MVC), sustained contraction (SCT), and intermittent contraction tests (ICT). During the SCT muscle oxygenation  (SmO2) 
metrics were collected via NIRS sensors on the forearm. The HIT had significant deteriorating effects on all force production 
metrics (MVC − 18%, SCT − 55%, ICT − 59%). Post-24 h showed significant recovery, which was less pronounced for the 
endurance tests (MVC − 3%, SCT − 16%, ICT − 22%).  SmO2 metrics provided similar results for the SCT with medium to 
large effect sizes. Minimally attainable  SmO2 and resting  SmO2 both showed moderate negative correlations with pre-HIT 
force production respectively; r = − 0.41, P = 0.102; r = − 0.361, P = 0.154. A strong association was found between a loss 
of force production and change in minimally attainable  SmO2 (r = − 0.734, P = 0.016). This study presents novel findings 
on the deteriorating effects of HIT on finger flexor performance and their oxidative capacity. Specifically, the divergent 
results between strength and endurance tests should be of interest to coaches and athletes when assessing athlete readiness.
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Introduction

Sport climbing is characterized by a highly localized mus-
cular demand for high-intensity work with short intermittent 
recovery periods [29]. Therefore, a better understanding of 
the effect of climbing-specific high-intensity training (HIT) 
on physiology and performance is relevant for coaches and 
athletes to plan training and prepare for competitions.

Numerous studies have looked at classical performance 
diagnostic metrics to assess the physiological determinants 
of climbing performance [12, 15, 28]. It was found that 

commonly used fitness tests such as treadmill endurance 
testing, handgrip dynamometry, jump, sit and reach or flex-
ibility tests are not sensitive enough to assess performance 
changes in climbers [12, 38]. It was also stated that inten-
sity indicators such as systemic oxygen consumption  (VO2), 
blood lactate level, or heart rate during climbing are not 
suitable to assess acute physiological response at a local 
level [36].

Localized physiological responses have recently been 
investigated through a near-infrared spectroscopy (NIRS) 
approach [20]. NIRS provides insight into blood volume and 
oxygenation metrics, including changes in deoxyhemoglobin 
and deoxymyoglobin (deoxy[heme]) and oxyhemoglobin 
and oxymyoglobin (oxy[heme]), and total hemoglobin and 
total myoglobin (total[heme]) under the sensor. From this 
information, NIRS can estimate muscle oxygen saturation 
in-vivo  (SmO2) [13] and appears to be a highly suitable tool 
to investigate the local forearm oxygenation of sport climb-
ers. For instance, Fryer and colleagues [17] demonstrated 
that the faster half-time of tissue oxygen resaturation, as a 
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surrogate for better oxidative capacity, was associated with 
higher climbing ability. Furthermore, a larger range and 
faster rate of oxygen desaturation were shown to occur in 
elite-level climbers compared to intermediate climbers [16]. 
 SmO2 recovery dynamics have been used to identify climb-
ing performance, as shown by Philippe and colleagues [33], 
where climbers displayed faster re-oxygenation of the finger 
flexor muscles when compared to non-climbers.

While acute changes in forearm flexor  SmO2 are linked to 
climbing performance, none of the aforementioned studies 
have looked at the acute effect of training on  SmO2. Eccen-
tric contractions have been found to slow  SmO2 dynamics 
and reduce deoxy[heme] response [2, 8]. Specific tasks like 
trail running also show alterations in  SmO2 dynamics with 
a flattening of the response, which the authors of the investi-
gation identified as an impairment of the muscles' oxidative 
capacity [19].

Finger flexor strength and endurance measurements have 
been shown to be a valid and reliable tool to assess sport 
climbing performance [30]; however, the acute effect of 
training on force decline has not been documented. While 
performance decrease following high-intensity training is 
well documented as a consistent and observable effect in a 
variety of exercises [6, 9, 32], the direct mechanism for this 
acute loss of performance is still unclear [21]. The extent to 
which performance is depressed depends on factors such as 
the athlete's training status and intensity and volume of the 
training [39]. Under experimental conditions, performance 
has been shown to remain depressed, even for periods of 
hours or even days following intensive exercise [7]. Finger 

hang tests alone explained over 70% of the redpoint (RP) 
performance in a study by Balas and colleagues [5] and 
therefore can be considered a relevant performance indica-
tor to evaluate improvement in climbing performance, spe-
cifically RP grade. In order to provide practical insight to 
monitor the effect of forearm flexors HIT in climbers and 
track their recovery, we hypothesized that training-induced 
changes in localized muscular performance would persist for 
up to 24 h and be reflected in  SmO2 dynamics.

Methods

Study Design

The experimental and control group (with and without 
HIT, respectively) completed a series of repeated strength 
and endurance assessments. The first assessment was 
completed 10 min before the HIT (pre-HIT), the second 
10 min after the HIT (post-HIT), and the final assess-
ment took place 24 h after the HIT (post24-HIT) (Fig. 1). 
The goal of the assessment time course was to evaluate 
the immediate effect of HIT on climbing strength and 
endurance and compare this to a practical recovery time-
frame effect. During each assessment, a series of estab-
lished climbing-specific finger strength and endurance 
tests were conducted, and measurements of applied force 
and  SmO2 were recorded. Finger strength and endurance 
were assessed via maximal voluntary contraction (MVC), 
exhaustive sustained contraction (SCT), and intermittent 

Fig. 1  Repeated measures design; test [test results]
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contraction (ICT) tests. A series of questionnaires accom-
panied the assessments and HIT to further assess climb-
ing ability and physical and mental condition during exer-
cise. During the HIT, participants were asked to provide 
feedback on the level of physical stress elicited to ensure 
the effectiveness of the HIT. The study took place at a 
local sport climbing gym (O'Bloc, Bern CH).

Participants

Twenty-one participants, 12 males (mean ± SD: age 
30.3 ± 6.6 y; height 172.3 ± 5.5 cm; weight 66.8 ± 5.6 kg.) 
and 9 females (age 21.8 ± 5.6 y; height 162.3 ± 4.0 cm; 
weight 53.5 ± 6.7 kg) volunteered for the study. All partici-
pants climb regularly, were in good health, non-smokers, 
and unmedicated. Their self-reported, best in the previ-
ous three months, climbing ability was 23.5 ± 3.5 (range 
19–29, Advanced to Higher Elite categories) on the Inter-
national Rock Climbing Association Scale (IRCRA). 
Eight participants were assigned to the control group. The 
experimental and control group was selected based on par-
ticipant availability, in accordance with training and com-
petition timetables. The remaining thirteen participants 
were designated to the experimental group. The control 
group only took part in the pre-HIT and post-HIT assess-
ments to assess the effect of the intervention. Differences 
in climbing ability and anthropometric measures between 
control and experimental group were considered negligi-
ble; climbing level experimental vs. control [23.3 ± 3.5 
vs. 23.7 ± 3.5, t(15) = 0.232, P = 0.819], and height and 
weight [166.8 ± 6.3 cm vs. 166.3 ± 8.4 cm, 61.9 ± 8.5 kg 
vs. 55.4 ± 9.8 kg, t(15) = 0.141, P = 0.890]. One subject in 
the experimental group could not complete the study (per-
sonal reasons), and technical difficulties resulted in two 
further participants (one control and one experimental) 
being removed from the NIRS analysis. One subject was 
removed as an outlier based on the results of a mental 
and physical readiness questionnaire; the participant’s 
response represented an over-exerted state prior to the 
experiment. This resulted in the analysis of ten experi-
mental participants and seven control. The participants 
were informed of the study design and the physical tasks 
ahead of time and written informed consent was obtained 
in advance. All participants were asked to refrain from 
smoking, alcohol, and caffeine consumption for at least 6 h 
prior to and throughout the experiment. Apart from these 
restrictions, participants were asked to maintain their indi-
vidual diet routine. The study was carried out in accord-
ance with the 1964 Declaration of Helsinki. The protocol 
was approved by the ethics committee of the local Faculty 
of Human Sciences, University of Bern.

Physical and Mental State

In order to assess the current physical and mental state of 
each subject and to determine the effectiveness of HIT, par-
ticipants completed two valid and reliable questionnaires by 
Kellmann and Kölling [24]. The two questionnaires assess, 
1. elicited stress and 2. recovery, both on a scale from 1 
to 6; with 1 being a minimum state of stress and 6 being a 
maximum state of stress; and 1 being a minimum state of 
recovery, and 6 being a maximum state of recovery; respec-
tively. A modified Borg questionnaire was used to evaluate 
the rate of perceived exertion during HIT on a scale from 1 
to 10 [40]. Additionally, climbing ability was assessed using 
a self-reported questionnaire, which has been shown to be 
a valid and accurate reflection of climbing ability using the 
Ewbank grade classification for lead on-sight ascents [11]. 
The self-reported questionnaire for climbing ability asked 
about redpoint climbing ability, specifically the best climb in 
the previous three months. Redpoint is defined as completing 
a given climbing route in one attempt.

Warm‑up

A standardized warm-up was conducted by all participants 
prior to the pre-HIT assessment. The warm-up started with 
five sets of rope skipping for 45 s with 15 s rest in between. 
This was followed by 5 min of self-paced climbing on a 
boulder wall. Finally, to warm-up for the specific tasks and 
to familiarize the participants with the assessment setup, 
six 7 s long, intermittent, isometric contractions, with 3 s 
rest each, were conducted at 30% body weight on the force 
measurement system.

Finger Flexor Strength and Endurance

The assessment of finger flexor strength and endurance fol-
lowed an established, climbing-specific protocol, which has 
been found to strongly predict climbing performance and 
provide sufficient reliability [30]. All assessments were con-
ducted using the self-reported dominant hand. Participants 
were instructed to use the half-crimp finger position with-
out the thumb (Fig. 2). Participants were asked to position 
themselves vertically under the force measurement system 
(Fig. 2). The body and arm position had to remain in a ver-
tical position under the measuring system. All participants 
were equipped with a 10 kg weight vest to allow force appli-
cations above bodyweight. Loud verbal encouragement was 
provided to ensure maximum effort.

A custom-made, climbing-specific force measurement 
system of the Sensory-Motor Systems Lab, ETH Zurich, 
was used (Fig.  2). The system consisted of a 23  mm 
deep wooden rung with a 12 mm radius as the handhold 
(specification previously applied by Baláš et al. [4]) The 
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rung was attached to two force sensors (CZL635, Phidget 
Inc., Canada, measurement range 0–50  kg each). The 
sensor signal was amplified, sampled at 122 Hz with an 
analog–digital converter, and send via USB (all provided 
by 1046_0, Phidget Inc., Canada) to a PC running Win-
dows 10 (Microsoft Inc., USA). The total measured force 
was then recorded and displayed on a computer moni-
tor using custom-made real-time visualization software 
(Python 3.6 with PyQt5). The system was calibrated using 
a 10 kg weight prior to the study and has high accuracy 
(root mean square error including hysteresis < 0.08 kg) and 
linearity (coefficient of determination R2 > 0.999).

For the MVC test, participants were asked to pull with 
a continuous build-up of force within 2 s, avoiding jerking 
motions to the maximum force possible and maintain that 
force for 3 s [30]. The MVC test was repeated for a second 
time after a 2 min rest.

The SCT was conducted 10 min after the end of the sec-
ond MVC test. As with the MVC test, participants were 
asked to apply force on the wooden rung in a controlled, 
non-jerking fashion. Participants were asked to apply 60% 
of their MVC to the wooden rung for as long as possible 
using the same half crimp grip. The measurement system 
provided the subject with visual feedback about the current 

Fig. 2  Study setup and equip-
ment. a Rung and hold used for 
the tests; b Testing setup with 
(i) rung and force sensors, (ii) 
visual feedback display, and (iii) 
data collection PC and failure 
feedback; c The climbing wall 
with the three differently angled 
sections
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force being applied to arrive at and maintain 60% of MVC, 
which was defined as the target zone. The visual feedback 
was displayed on a PC monitor placed in front of the partici-
pants, with a live display of applied and desired force output 
(Fig. 2). If the force remained at less than 90% of the desired 
force for longer than 1 s, the test supervisor was informed, 
who then decided whether or not to stop the SCT.

After 10 min of passive rest, the ICT was conducted. The 
ICT is an interval test consisting of a continuous series of 
7 s isometric contractions at 60% of MVC followed by a 3 s 
rest, thereby mimicking the typical demands of a series of 
difficult climbing moves. During the 3 s rest, the partici-
pants’ hand remained on the wooden rung, but no pressure 
was applied. The visual feedback system was the same as 
for the SCT, and failure was defined by the same criteria as 
for the SCT.

Near‑Infrared Spectroscopy Setup

NIRS sensors were placed over the finger flexor digitorum 
profundus (FDP), which was determined by palpation on the 
anterior side of the forearm, one-third between the medial 
epicondyle of the humerus and the styloid process of the 
ulna. The FDP is part of the forearm flexor group, which 
has the primary function of finger flexion and is of central 
importance in sport climbing and the conducted perfor-
mance assessment [10, 18]. The sensors were fixed in place 
using medical adhesive tape (Hypafix; BSN Medical, DE) 
and covered with the compatible commercially available 
light shield to eliminate possible ambient light intrusion. A 
commercially available continuous-wave NIRS device was 
used (Moxy Monitor; Fortiori Designs LLC, MN, USA) to 
measure  SmO2. The device uses four waves lengths (680, 
720, 760 and 800 nm) to assess absorbency via modified 
Beer-Lambert resulting in a relative concentration of  SmO2 
as percent in the following equation: oxy[heme]/(oxy[hem
e] + (deoxy[heme]) =  SmO2 [13]. The device detectors are 
spaced at 12.5 mm and 25 mm from the emitter. The sam-
pling rate was set at 2 Hz, which samples the four wave-
lengths over 20 cycles for an averaged output every 0.5 s 
and gathered using the SWINCO NIRS software (Swinco 
AG, CH). With the emitter-detector spacing of 25 mm, a 
penetration depth of 12.5 mm can be expected. The adipose 
tissue thickness of the participants at the measurement site 
was negligible. NIRS data was only evaluated for the SCT.

Climbing Specific High‑Intensity Training

The HIT was designed to elicit a high degree of local muscu-
lar fatigue. The HIT consisted of four series of 5 min climb-
ing and 5 min rest. The climbing took place on a boulder 
wall consisting of three overhanging sections with different 
inclination (42°, 30°, and 11°) and equipped with a large 

variety of commercially available climbing holds (Fig. 2). 
The climbing route was defined on-the-fly by an expert 
trainer who indicated to the subject which holds to use next. 
The expert trainer chose the route to ensure that the indi-
vidual participants were able to continue climbing, but a 
high degree of intensity was maintained. If a participant fell 
from the wall, the participant immediately returned to the 
wall and continued climbing. Participants started on the 42° 
section of the wall and a climbing route was chosen such that 
the participant could climb in this section for the first 5 min 
interval. However, if due to fatigue, this became too difficult, 
the participant moved to the 30° section, and so forth.

Statistical Analysis

MVC was determined as the maximum force sample, 
reached through a consistent rate of force development, and 
was normalized by body weight. Abnormal spikes resulting 
from jerking motions were considered invalid. The higher 
value of the two MVC tests was recorded. NIRS data was 
not evaluated for the MVC tests.

For the SCT and ICT, impulse normalized by body 
weight was calculated from the time of contraction in the 
target zone and applied force. Impulse per body weight was 
used as the correct physical metric of the area under the 
curve (AUC) rather than endurance time in seconds. This 
should not confuse the reader; simply stated the larger the 
impulse the longer the endurance time as the force was con-
trolled for and kept constant. NIRS data analysis was based 
on the principles proposed by Fryer et al. [17] and the pro-
tocols suggested by Ryan et al. [34]. The resting  SmO2 value 
 (SmO2rest) was determined from a standing position with 
the shoulder flexed overhead. Once the NIRS signal stabi-
lized the 20 data points (10 s) prior to the start of the SCT 
test were averaged to determine  SmO2rest. The minimally 
attainable  SmO2 value  (SmO2min) was determined as the 
average of the minimally attained  SmO2 plateau at the end 
of each SCT over 20 data points (10 s). The  SmO2 half-time 
recovery  (SmO2HTR) was calculated as the time in seconds 
it took for  SmO2 to recover after the end of the test with the 
assistance of a curvilinear interpolation. NIRS data was not 
evaluated for the ICT because of the slow sampling rate of 
the NIRS device relative to the frequent alternation between 
activity and rest.

A repeated-measures ANOVA was used for the experi-
mental group to assess differences between each of the 
three metrics (MVC, SCT, and ICT) of the three assess-
ments (pre-HIT, post-HIT, and post24-HIT), respectively. 
For significant pairwise comparisons, Bonferroni correction 
was applied. The alpha level was set at P < 0.05. Partial eta 
squared (ƞp

2) and Cohen's d were calculated as a measure of 
effect size for ANOVA and pairwise comparisons, respec-
tively. Due to the small sample size, in order to not over 
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emphasize effect size, Cohen’s d was interpreted according 
to Hopkins as cited by Knudson [26]. Values of 0.01, 0.05, 
and > 0.14 for ƞp

2 and 0.2, 0.6, and > 1.2 for Cohen’s d are 
considered small, medium, and large effects, respectively. 
Additionally, Pearson correlation analysis was conducted to 
assess the relationship between firstly,  SmO2 metrics, and 
force results, and then secondly the relationship between 
force results and questionnaire-derived climbing grades. Val-
ues of 0.1, 0.3 and > 0.5 for r are considered small, medium, 
and large effects, respectively.

Results

For every subject, all performance (impulse and MVC) met-
rics decreased after the HIT, with partial recovery after 24 h. 
All  SmO2 metrics increased after the HIT, with recovery after 
24 h. In this way, the performance and  SmO2 metrics mirror 
each other. A series of correlations between change in perfor-
mance and change in  SmO2 can be observed (Figs. 3 and 4).

Physical and Mental State

HIT scores for perceived exertion, for each of the four inter-
vals, were 7.5 ± 1.8, 8.2 ± 1.4, and 8.8 ± 1.4 for the fore-
arm flexors specifically and 8.6 ± 1.6; 5.5 ± 2.5, 6.1 ± 2.1, 
6.8 ± 2.0, and 6.9 ± 2.3 for the body as a whole. Pre-HIT 
scores for the state of recovery for forearm flexors and the 
body as a whole, respectively, were 4.7 ± 0.8, and 4.2 ± 0.9 
for the experimental group and 4.3 ± 0.7, and 4.1 ± 0.4 for 
the control group. For the same timepoint, the scores for the 
state of stress for forearm flexors and the body as a whole, 
respectively, were 2.2 ± 0.8, and 2.2 ± 0.4 for the experimen-
tal group and 2.4 ± 0.8 and 2.3 ± 0.5 for the control group.

MVC Test

Every subject in the experimental group had a reduction 
in MVC post-HIT and a near recovery post24-HIT; there 
was a significant effect of order (three time points, repeated-
measures ANOVA, P < 0.001, ƞp

2 = 0.87, Fig. 3). In post hoc 
analysis, their MVC decreased significantly by 18% between 
pre-HIT (M = 8.59, SD = 1.04) and post-HIT (M = 7.02, 
SD = 0.55), P < 0.001, d = 3.23; and non-significantly by 
3% between pre-HIT and post24 HIT (M = 8.35, SD = 0.85), 
P = 0.412, d = 0.49. In the control group, the MVC decreased 
by 4% between the pre-HIT (M = 8.65, SD = 1.23) and post-
HIT (M = 8.31, SD = 1.50), P = 0.089, d = 0.77.

Sustained Contraction Test

As with the MVC, every subject in the experimental 
group had a reduction in SCT impulse post-HIT and a 

Fig. 3  Repeated measures ANOVA for the experimental group 
(Ne = 10). a Maximum voluntary contraction test (MVC), b Sustained 
contraction test (SCT), and c Intermittent contraction test (ICT); for 
all three testing time periods; pre-HIT 10 min before the HIT inter-
vention, post-HIT 10  min after the HIT intervention, and post24-
HIT 24 h after the HIT intervention. Gray bars represent experimen-
tal group means. Black vertical line 95% Confidence Interval (CI) 
accordingly. Horizontal black lines represent each subject's change 
in respective data for the experimental group. The horizontal dashed 
line represents the mean for the control group (Nc = 7). The dashed 
vertical line represents 95% CI. *Indicates significance at P < 0.05; 
†medium (d ≥ 0.6) to large (d ≥ 1.2) effect size
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near recovery post24-HIT; there was a significant differ-
ence between the three assessment time periods (repeated 
measures ANOVA, P < 0.001, ƞp

2 = 0.82, Fig. 3). In post 
hoc analysis, their SCT impulse decreased significantly by 
55% between pre-HIT (M = 467.08, SD = 127.80) and post-
HIT (M = 211.00, SD = 56.92), P < 0.001, d = 2.76; and 
non-significantly by 16% between pre-HIT and post-24 
HIT (M = 392.75, SD = 84.51), P = 0.062, d = 0.80. In the 
control group, the SCT impulse decreased by 9% between 
the pre-HIT (M = 445.55, SD = 153.45) and post-HIT 
(M = 403.79, SD = 159.95), P = 0.087, d = 0.77. As with 
the MVC test, all participants, without exception, showed 
that impulse decreased in the post-HIT and recovered in 

the post24-HIT. However, the extent of the recovery, when 
compared to baseline, was far less pronounced.

Intermittent Contraction Test

Again, every subject in the experimental group had a 
reduction in ICT impulse post-HIT and a recovery post24-
HIT; there was a significant difference between the three 
assessment time periods (repeated measures ANOVA, 
P < 0.001, ƞp

2 = 0.80, Fig. 3). In post hoc analysis, their 
ICT impulse decreased significantly by 59% between pre-
HIT (M = 821.67, SD = 234.65) and post-HIT (M = 336.25, 
SD = 69.09), P < 0.001, d = 2.67; and significantly by 22% 

Fig. 4  Repeated measures ANOVA for the experimental group 
(Ne = 10). a Minimally attained muscle oxygenation  (SmO2min), b 
resting muscle oxygenation  (SmO2rest), and c half time recovery of 
 SmO2  (SmO2HTR), all for the Sustained contraction test (SCT); for 
all three testing time periods; pre-HIT 10 min before the HIT inter-
vention, post-HIT 10 min after the HIT intervention, and post24-HIT 
24  h after the HIT intervention. Gray bars represent experimental 
group means. Black vertical line 95% CI accordingly. Horizontal 
black lines represent each subject change in respective data for the 
experimental group. The horizontal dashed line represents the mean 

for the control group (Nc = 7). The dashed vertical line represents 95% 
CI. Pearson product-moment correlation for; pre-HIT  SmO2min and 
impulse; pre-HIT  SmO2rest and impulse; pre-HIT  SmO2HTR and 
impulse; the difference between pre-HIT and post-HIT  SmO2min and 
impulse; difference between pre-HIT and post-HIT  SmO2rest and 
impulse; the difference between pre-HIT and post-HIT  SmO2HTR 
and impulse. Circles (○) represent the experimental group, diamonds 
(▲) control group. *indicates significance at P < 0.05; †medium 
(d ≥ 0.6; r ≥ 0.3) to large (d ≥ 1.2; r ≥ 0.5) effect size
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between pre-HIT and pos24 HIT (M = 639.97, SD = 163.84), 
P = 0.016, d = 1.00. In the control group, the ICT impulse 
decreased by 1% between the pre-HIT (M = 1008.40, 
SD = 516.09) and post-HIT (M = 1003.20, SD = 444.72), 
P = 0.947, d = 0.03. Compared to MVC or the SCT, the ICT 
had the smallest post24-HIT recovery.

Climbing Ability

The SCT was the best indicator for redpoint grade as pro-
vided by the questionnaire (Table 1). ICT was also sig-
nificantly related to redpoint grade (Table 1). MVC, while 
not significant (P = 0.86), provided a medium effect size 
(Table 1). For the NIRS parameter, only  SmO2min provided 
a medium effect size but was not sufficiently large to yield a 
significant result (Table 1).  SmO2rest and  SmO2HTR both 
provide little explanation for the resulting redpoint grade 
(Table 1).

Near‑Infrared Spectroscopy

SmO2min

Eight of 10 participants showed an increase in  SmO2min 
post-HIT and a return to pre-HIT values in the post24-
HIT; there was no significant effect, but a large effect size 
(three time points, repeated-measures ANOVA, P = 0.137, 
ƞp

2 = 0.20, Fig. 4). In post hoc analysis,  SmO2min increase 
showed a non-significant small effect size between pre-HIT 
(M = 19.56, SD = 5.77) and post-HIT (M = 24.81, SD = 7.88), 

P = 0.303, d = 0.55; and no change between pre-HIT and 
post24 HIT (M = 19.00, SD = 8.40), P = 0.999, d = 0.06. 
In the control group, a small change in  SmO2min for the 
pre-HIT (M = 19.05, SD = 5.23) and post-HIT (M = 17.83, 
SD = 4.10) was documented, in the opposite direction of 
the experimental group, P = 0.415, d = 0.33. For  SmO2min 
Pearson correlation analysis between pre-HIT  SmO2min and 
impulse resulted in medium effect size, r = − 0.41, P = 0.102, 
but not significant (Fig. 4). The change in  SmO2min between 
pre-HIT and post-HIT when set in relation to the change in 
impulse for the same timeframe yielded significant results, 
r = − 0.73, P = 0.016 (Fig. 4).

SmO2rest

Nine of ten participants showed an increase in  SmO2rest 
post-HIT and a return to pre-HIT values in the post24-
HIT; there was a significant difference between the three 
assessment time periods (three time points, repeated-
measures ANOVA, P = 0.002, ƞp

2 = 0.50, Fig. 4). In post 
hoc analysis,  SmO2rest increased significantly between 
pre-HIT (M = 54.68, SD = 6.62) and post-HIT (M = 63.58, 
SD = 7.22), P = 0.004, d = 1.21; and no change between 
pre-HIT and post24-HIT (M = 55.60, SD = 4.44), P = 0.999, 
d = 0.13. In the control group, a non-significant change in 
 SmO2rest for the pre-HIT (M = 54.48, SD = 4.14) and post-
HIT (M = 50.72, SD = 4.11) was documented, in the oppo-
site direction of the experimental group, P = 0.104, d = 0.72. 
For  SmO2rest Pearson correlation analysis between pre-HIT 
 SmO2rest and impulse yielded moderate results, r = − 0.36, 
P = 0.154 (Fig. 4). The change in  SmO2rest between pre-HIT 
and post-HIT when set in relation to the change in impulse 
for the same timeframe yielded no significant results, 
r = − 0.01, P = 0.098 (Fig. 4).

SmO2HTR

Eight of 10 participants showed an increase in  SmO2HTR 
post-HIT and a return to pre-HIT values in the post24-
HIT; there was no significant effect, but a large effect size 
(three time points, repeated-measures ANOVA, P < 0.229, 
ƞp

2 = 0.17, Fig. 4). In post hoc analysis,  SmO2HTR increase 
showed a non-significant small effect size between pre-
HIT (M = 12.19, SD = 2.40) and post-HIT (M = 14.71, 
SD = 6.73), P = 0.686, d = 0.42; and no change between 
pre-HIT and pos24 HIT (M = 11.19, SD = 2.56), P = 0.999, 
d = 0.17. Change in the control group, while much smaller 
in the mean difference, yielded a greater effect size because 
of a much smaller variation (control pre-HIT: M = 12.51, 
SD = 3.05; control post-HIT: M = 11.34, SD = 3.76), 
P = 0.140, d = 0.64. However, in the case of the control 
group  SmO2HTR decreased. The Pearson correlation 

Table 1  Pairwise Pearson product-moment correlation table

MVC Maximum voluntary contraction, SCT Sustained contrac-
tion test, ICT Intermittent contraction test, SmO2min minimally 
attained muscle oxygenation, SmO2rest resting muscle oxygenation, 
SmO2HTR half time recovery of  SmO2

*indicates significance at P < 0.05
† indicates medium (r ≥ 0.3) to large (r ≥ 0.5) effect size

Pearson’s r P Lower 95% CI Upper 95% CI

Redpoint Grade
 MVC 0.429† 0.86 − 0.065 0.754
 Impulse SCT 0.685*† 0.002 0.304 0.877
 Impulse ICT 0.492*† 0.045 − 0.015 0.787
  SmO2min − 0.428† 0.086 − 0.754 0.066
  SmO2rest − 0.278 0.28 − 0.669 0.234
  SmO2HTR − 0.010 0.972 − 0.488 0.503

MVC
 Impulse SCT 0.418† 0.095 − 0.079 0.748
 Impulse ICT 0.285 0.267 − 0.226 0.856

Impulse SCT
 Impulse ICT 0.638*† 0.006 0.226 0.856
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analysis between pre-HIT  SmO2HTR and impulse yielded 
a small relationship, r = 0.11, P = 0.675 (Fig. 4). The change 
in  SmO2HTR between pre-HIT and post-HIT, when set in 
relation to the change in impulse for the same timeframe pro-
vided, while not significant, a small effect size, r = − 0.27, 
P = 0.479 (Fig. 4).

Power

Because of the small sample size used in the study, and the 
loss of participants for the reasons explained earlier, a post 
hoc power analysis was conducted in order to determine 
achieved power; in order to put the results in proper perspec-
tive. Across impulse data, if considering the minimum effect 
size of d = 1.67 and a sample of 10 participants, sufficient 
power can be assumed. However, when looking across the 
 SmO2 data effect sizes are smaller at minimum d = 0.42 for 
the experimental sample of 10 participants. This results in 
a power being achieved of 0.34. This highlights a lack of 
power for the interpretation of at least some of the  SmO2 
data. Due to the highly skilled nature of the participants, a 
small sample size was expected and is nonetheless consid-
ered warranted for the study.

Discussion

The main findings of the study were the significant change 
in both MVC and impulse during a climbing endurance 
task following HIT. The novel findings are the dissociation 
between recovery of MVC after a 24 h time period and both 
SCT and ICT in the same time period, with a significant por-
tion of variance being observed explained through a change 
in  SmO2min.

The strength and endurance assessments identified an 
acute specific performance deterioration after HIT. When 
comparing the experimental group with the control group, 
this effect is clear, with the experimental group reducing 
performance in the MVC, SCT, and ICT by 18%, 55%, and 
59%, respectively; while the control group saw performance 
reductions of just 4%, 9%, and 1%. The fact that both endur-
ance tests show large reductions in performance, even after 
24 h of rest, while the MVC test did not, further highlights 
the importance of performance and recovery tracking as dif-
ferent training modes can result in different performance 
effects. These results are consistent with findings in other 
sports that show a larger effect of HIT on endurance per-
formance when compared to strength performance (e.g., De 
Souza et al. [37]). The same is true for simply changing the 
length of intervals, with longer intervals showing extended 
delay in peripheral fatigue when compared to shorter inter-
vals [14]. While the exact mechanisms are unclear, this 

effect has been attributed to low-frequency fatigue, caused 
by a decreased  Ca2+ release from the sarcoplasmic reticu-
lum [23]. This study is the first to show the effect of HIT on 
climbing finger strength and endurance.

In order to address the black box of physiological mecha-
nisms behind the change in force seen as a result of the HIT 
intervention, NIRS was used to assess the SCT. Numerous 
studies have linked changes in NIRS derived  SmO2 signals 
to changes in oxidative capacity and high energy phosphate 
availability and recovery [27, 35]. While the  SmO2 data 
alone is not as conclusive as the force data, a clear trend, 
with adequate effect sizes, is visible. Both of the  SmO2 
derived indicators of oxidative capacity show the same mean 
response with an increase in  SmO2min and  SmO2HTR after 
the HIT. These  SmO2 metrics have been tightly linked to 
performance [16, 17, 31] and changes in these metrics with 
changes in performance [22]. It must be stated, however, that 
these responses alone lack statistical strength; despite the 
numerous referenced findings, this study cannot definitively 
conclude that either of the aforementioned indicators of oxi-
dative capacity, as they stand alone, reflect performance in 
the form of SCT. On the other hand, the change in  SmO2rest 
reported matches findings that intensive muscle contractions 
result in an acute increase in  SmO2rest [1, 2].

What we see is that the  SmO2 metrics alone do not 
strongly reflect performance. While  SmO2min had a medium 
effect size in this study, it is not to be viewed with high 
confidence due to high variability, something previously 
reported in climbing NIRS data [3]. This despite the fact 
that it has been shown that  VO2max and maximal oxygen 
desaturation are correlated [31]; this relationship between 
desaturation and performance appears to be less profound 
in climbing specific tasks, as in the current study. Alterna-
tively, Fryer and colleagues [16] demonstrated differences in 
total  SmO2 desaturation in climbers of four different ability 
levels. Perhaps, a more heterogeneous subject pool with a 
greater range in climbing performance than in the current 
study would mark a greater relationship between  SmO2 met-
rics and climbing ability, as reported by Fryer et al. [16]. 
What appears to be of greater value is the relative change 
in individual  SmO2 metrics in relation to change in perfor-
mance, specifically the increase in  SmO2min, which was 
highly significant in correlation to the loss in performance. 
This increased explanatory power to address change in 
performance is true for all three  SmO2 metrics;  SmO2min, 
 SmO2rest, and  SmO2HTR.

Study limitations in regard to the NIRS data collected 
need to be addressed. Only results of the SCT were evalu-
ated. This was because of the low sampling rate of the device 
used, which would make the analysis of the ICT nonsensi-
cal. The fact that the ICT has been correlated to the actual 
climbing ability to a higher degree than a simple SCT [33], 
assessing this test with NIRS data could shed more light on 
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the effect of climbing training. It should be noted that in this 
study SCT showed a stronger correlation to climbing abil-
ity than ICT, even though both were significant.  SmO2HTR 
data was collected using a different method compared to 
Fryer and colleagues [17], who identified the relationship 
between oxidative capacity and climbing performance. 
Rather than using an arterial occlusion method, we choose 
to use an athlete and training-friendly option of an extended 
isometric contraction in the form of the SCT. While using 
an isometric contraction to assess  SmO2HTR recovery has 
been shown as effective in other studies [25], this should 
nonetheless be noted because, unlike Fryer and colleagues 
[17], we did not find a relationship between  SmO2HTR and 
redpoint grade. Using an isometric hold rather than an arte-
rial occlusion would increase in-field usability as it could 
be assessed during a relevant climbing test, rather than a 
standalone test requiring a high-quality pressure cuff, but 
reliability and validity are questionable. The large increase 
in muscle oxygen consumption as a result of the isometric 
contraction, rather than just stopping oxygen supply through 
a cuff occlusion is likely the reason for the discrepancy seen.

Conclusions

This study presents novel findings on the deteriorating 
effects of HIT on finger flexor performance. Particularly 
endurance-related measures are affected to a greater extent 
than MVC. This effect is not only observable immediately 
after HIT, but SCT and ICT performance remain depressed 
even 24 h after the HIT. This performance loss is reflected by 
dynamics in  SmO2, and, specifically,  SmO2min appears suit-
able to assess performance loss and recovery. What appears 
to be highly relevant is the tracking of  SmO2 metrics, as 
the change in  SmO2 metrics resulting from training is more 
suited to assess a potential state of athlete readiness. In this 
way, a finger hang test alone in addition to  SmO2 dynam-
ics could be used to assess recovery time frames following 
intensive training: which in many cases may be greater than 
24 h.
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