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The Adaptive Force (AF) reflects the neuromuscular capacity to adapt to external loads during holding muscle actions and is similar to motions in real life and sports. The maximal isometric AF (AFisomax) was considered to be the most relevant parameter and was assumed to have major importance regarding injury mechanisms and the development of musculoskeletal pain. The aim of this study was to investigate the behavior of different torque parameters over the course of 30 repeated maximal AF trials. In addition, maximal holding vs. maximal pushing isometric muscle actions were compared. A side consideration was the behavior of torques in the course of repeated AF actions when comparing strength and endurance athletes. The elbow flexors of n = 12 males (six strength/six endurance athletes, non-professionals) were measured 30 times (120 s rest) using a pneumatic device. Maximal voluntary isometric contraction (MVIC) was measured pre and post. MVIC, AFisomax, and AFmax (maximal torque of one AF measurement) were evaluated regarding different considerations and statistical tests. AFmax and AFisomax declined in the course of 30 trials [slope regression (mean ± standard deviation): AFmax = −0.323 ± 0.263; AFisomax = −0.45 ± 0.45]. The decline from start to end amounted to −12.8% ± 8.3% (p < 0.001) for AFmax and −25.41% ± 26.40% (p < 0.001) for AFisomax. AF parameters declined more in strength vs. endurance athletes. Thereby, strength athletes showed a rather stable decline for AFmax and a plateau formation for AFisomax after 15 trials. In contrast, endurance athletes reduced their AFmax, especially after the first five trials, and remained on a rather similar level for AFisomax. The maximum of AFisomax of all 30 trials amounted 67.67% ± 13.60% of MVIC (p < 0.001, n = 12), supporting the hypothesis of two types of isometric muscle action (holding vs. pushing). The findings provided the first data on the behavior of torque parameters after repeated isometric–eccentric actions and revealed further insights into neuromuscular control strategies. Additionally, they highlight the importance of investigating AF parameters in athletes based on the different behaviors compared to MVIC. This is assumed to be especially relevant regarding injury mechanisms.
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1 INTRODUCTION
In daily activities and sports, the neuromuscular system has to frequently react and adapt to external forces. However, the adaptation of the neuromuscular system to external loads is usually not investigated in sports or movement sciences. Strength is commonly measured by pushing against resistance without considering the adaptive component. The Adaptive Force (AF) describes the neuromuscular capacity to adapt to externally varying forces, especially in an isometric holding manner (Hoff et al., 2015; Schaefer et al., 2017; Schaefer and Bittmann, 2019; Bittmann et al., 2020; Dech et al., 2021; Schaefer et al., 2021a; Schaefer et al., 2021b; Schaefer et al., 2022b). During holding activities, the neuromuscular system needs to adapt to external forces, which was assumed to require higher control and regulation processes than during pushing actions (Schaefer and Bittmann, 2017; Schaefer et al., 2021a; Schaefer et al., 2021b; Schaefer and Bittmann, 2021; Schaefer et al., 2022b; Schaefer and Bittmann, 2023). It was suggested that two types of isometric muscle action exist: the holding and the pushing isometric muscle action (HIMA and PIMA, respectively) (Schaefer and Bittmann, 2017; Schaefer and Bittmann, 2021; Schaefer and Bittmann, 2023). This is based on different studies indicating that, inter alia, a constant force can be maintained significantly longer in an isometric position during PIMA than during HIMA (Hunter et al., 2002; Rudroff et al., 2007; Rudroff et al., 2011; Rudroff et al., 2013; Schaefer and Bittmann, 2017; Schaefer and Bittmann, 2021). The AF is based on HIMA, whereby the participant has the task of maintaining an isometric position despite an increasing external load. Thus, the muscle tension has to be adapted to the external load, whereby the muscle length should stay stable. If the maximal holding capacity (maximal isometric AF; AFisomax) is exceeded, the participant merges into eccentric muscle action, whereby the force usually rises further until the maximal AF (AFmax) is reached. Hence, the AF tests for the optimal adjustment of the neuromuscular system with regard to muscle tension and length in reaction to impacting loads. It was suggested that if muscle lengthening starts at a considerably low force level, joints might not be stabilized appropriately anymore. The strain on passive structures and on muscle origins and insertions consequently increases. This could result in a higher risk of injuries and complaints of the musculoskeletal system (Dech et al., 2021; Schaefer et al., 2021a; Schaefer et al., 2021b; Schaefer et al., 2022b). Therefore, the assessment of the maximal holding capacity is of major relevance in sports, movement and health sciences, and medicine.
Basic research on AF was executed using a technical measuring system based on pneumatics regarding its evaluation (quality criteria), providing first reference values (Schaefer et al., 2017; Dech et al., 2021) and concerning the effects of muscular pre-activation on the explosive AF (Schaefer and Bittmann, 2019). Dech et al. suggested differentiating the maximal holding capacity from commonly assessed maximal voluntary isometric contraction (MVIC) (Dech et al. (2021)). Both strength abilities were performed during isometric muscle action. However, during MVIC, the participant pushed against a resistance, whereas during maximal isometric holding actions (AFisomax), the participant reacted to the external load in a holding manner. AFisomax was found to be significantly lower compared to MVIC in healthy participants when measured using a pneumatic device (Dech et al., 2021). Regarding the AF assessment using an objectified manual muscle test (MMT), healthy participants showed a significantly reduced AFisomax in reaction to unpleasant imaginations (Schaefer et al., 2021b; Schaefer et al., 2022a) or odors (Schaefer et al., 2021a). The reduced holding capacity was interpreted as functional muscular instability. This instability was an instant effect in reaction to the negative stimuli and immediately switched back to stability by perceiving a positive stimulus (Schaefer et al., 2021a; Schaefer et al., 2021b; Schaefer et al., 2022a). Based on those findings, it was suggested that the holding capacity is particularly sensitive to disturbing or supporting inputs and might have potential for diagnostic approaches.
Little is known about the behavior of different torque parameters regarding repeated measurements. Ryan et al. investigated the effect of herbal supplements on the fatigability in five sets of 30 maximal isokinetic concentric contractions of leg extensors in three groups, including a placebo group (Ryan et al., 2021). The torque variables decreased in each group and plateaued at sets 4–5. Other researchers investigated the effect of repeated exercises on strength and other parameters over several days or weeks (Smith et al., 1994; Glowacki et al., 2004; Small et al., 2009; Gacesa et al., 2013), instead of effects on the same day as considered in the present study. Closely related to the AF or at least to HIMA is the so-called “eccentric quasi-isometric contraction” (EQI) (Oranchuk et al., 2019; 2021a; 2021b). This involves basically a submaximal HIMA with a constant force, which should be maintained for as long as possible in an isometric position until “fatigue causes muscle lengthening and then maximally resisting through a range of motion” (Oranchuk et al., 2019). During AF, in contrast, the external load increases further, whereby the participant has the task of maintaining the isometric position for as long as possible and merges into eccentric muscle action as soon as the maximal holding capacity is exceeded. To the knowledge of the authors, no repeated EQI measurements were investigated rather the effect of EQI resistance training. One of our own studies investigated the maximal AF measured using a pneumatic system over 50 repeated trials and found a stronger decline in five participants who indicated they performed power sports in contrast to five participants who stated they were active in endurance sports (Schaefer et al., 2017). This speaks for a stronger fatigability in power sport athletes. Other studies investigating different types of athletes focused mainly on force production or the mechanical properties of muscles (de Paula Simola et al., 2016). Mileva et al. investigated strength vs. endurance athletes regarding concentric peak force and MVIC after repeated sets (max. 15) of 15 repetitions of concentric knee extensions at 60% of their one-repetition maximum (Mileva et al., 2009). Strength athletes showed a stronger decline in force parameters than endurance athletes (Mileva et al., 2009).
Investigating the AF is of special relevance because it is more similar to motions in real life and sports than the usually assessed strengths. Hence, it is able to reflect the actual force capacity under those circumstances in a better way. Moreover, the assumed close connection between impaired holding capacity and injury mechanisms or the development of musculoskeletal complaints requires further research on AF.
The aim of this study was to investigate the behavior of different AF parameters (AFisomax and AFmax) over the course of 30 intermittently repeated trials. Since the AF has rarely been examined until now, little is known about the behavior regarding a high number of repetitions of such adaptive isometric–eccentric actions. The study should provide information on how many repetitions are possible without losing force. Insights and possible conclusions on physiological mechanisms should be obtained thereby, e.g., fatiguing effects. This has practical relevance for sports and for clinical practice, in which AF is assessed similarly by repeated MMTs. In addition, differences between maximal torque parameters, especially AFisomax (maximal HIMA) vs. MVIC (maximal PIMA), should be examined. Moreover, first insights should be gained concerning possible differences between non-professional endurance and strength athletes regarding the torques generated over the course of 30 repetitions. The following research questions arose:
1) How do the AF parameters behave during repeated trials?
2) How does the MVIC react to repeated AF trials?
3) Does MVIC (maximal PIMA) differ from AFisomax (maximal HIMA)?
4) Do the torque parameters differ in their behavior over the course of 30 repetitions when comparing endurance and strength athletes?
Different hypotheses have been raised: 1) AFmax and AFisomax decrease significantly in the course of 30 trials, whereby AFisomax shows a stronger decline than AFmax. The latter was assumed because of the high sensitivity of AFisomax. 2) MVIC is significantly lower after compared to before AF trials. 3) AFisomax is significantly lower than MVIC; thus, the previously suggested differentiation of two types of isometric muscle action will be verified. 4) All force parameters (AFisomax, AFmax, and MVIC) are significantly lower in endurance athletes than strength athletes. This seems to be evident and is based on the knowledge that endurance athletes show lower torques than strength athletes (Clarkson et al., 1980; Häkkinen and Keskinen, 1989). 5) MVIC, AFmax, and AFisomax decrease stronger in strength vs. endurance athletes, since endurance athletes are assumed to be less fatigable.
The present study will provide novel insights regarding the behavior of AF with repetition and the MVIC after those repeated maximal adaptive isometric–eccentric activations. It should support and expand the basic understanding of the specific muscular holding function. Moreover, it should provide the first data on the behavior of the mentioned force parameters with respect to different types of sports. The findings will be relevant for sports, movement, training, health sciences, and physiological and neurological aspects of muscle function.
2 MATERIALS AND METHODS
The measurements took place at one appointment at the Neuromechanics Laboratory of the University of Potsdam (Germany). Elbow flexors were chosen for 30 intermittent repetition trials of AF, since this muscle group is often evaluated by the MMT in clinical practice. Furthermore, elbow flexors are especially trained in strength athletes, and hypertrophy effects can be expected. In contrast, endurance athletes are usually not exercising elbow flexors with respect to maximal strength. Hence, assessing elbow flexors seems to be suitable for providing first differences between those types of sports.
2.1 Participants
For the main consideration regarding the behavior of torque parameters (MVIC, AFmax, and AFisomax) over the course of 30 trials, a repeated-measures design was present. To estimate the sample size a priori in G*Power (version 3.1.9.7, Düsseldorf, Germany), repeated measures ANOVA (RM ANOVA) within–between interaction with α = 0.05 and 1–β = 0.8 was chosen (correlation estimated as 0.9, non-sphericity correction: 1) the number of groups was 3 (torques), and the number of measurements was 2 (pre/post). To determine a substantial effect size of 0.8, a minimum of n = 6 participants was revealed. For interval consideration (30 trials were separated into six intervals), RM ANOVA within factors was chosen in G*Power with two groups (AFmax and AFisomax) and six measurements. A minimum sample size of n = 4 was revealed to detect a substantial effect size of 0.8. For slope comparison of AF parameters over the course of 30 trials, the dependent t-test (one-tailed, α = 0.05, 1–β = 0.8, and effect size = 0.8) was chosen in G*power and revealed a minimum sample size of n = 12. For comparative analyses between torque parameters, a paired t-test (one-tailed, α = 0.05 and 1–β = 0.8) was used. The calculation of effect size was based on the results from the study by Dech et al. regarding the mean and SD of differences in torques (AFisomax vs. MVIC), resulting in dz = 1.32 (Dech et al., 2021). A minimum of six participants was revealed to detect substantial differences between those parameters. Since the investigation of types of sports was only a side consideration, a priori analysis was not performed. With respect to those estimations, n = 12 participants were included in the present investigation.
In total, 12 healthy Caucasian males (age: 26.08 ± 3.42 yrs, height: 184.08 ± 4.08 cm, and body mass: 81.10 ± 9.17 kg) volunteered to participate in the study. Inclusion criteria were an involvement in sports at least three times per week, good overall health, and stable neuromuscular control of the assessed elbow flexors—examined by a preceding clinical muscle test in the sense of a break test (Conable and Rosner, 2011; Bittmann et al., 2020; Schaefer et al., 2022a) (explanations are given below). Exclusion criteria were complaints or disorders of the upper extremity, shoulder girdle, spine, or head within the last 6 months and any acute disease within the last 2 weeks (e.g., fever). All subjects were right-handed. The dominant arm was chosen for measurements in cases of stable neuromuscular control (n = 10 participants); otherwise, the non-dominant side was measured (n = 2).
According to the queried sports (see procedure), the sample was divided into two groups: strength athletes (n = 6; age: 24.83 ± 2.93 yrs; height: 185.67 ± 4.76 cm; body mass: 84.20 ± 6.68 kg; amount of resistance training: 274.00 ± 60.66 min/week, range: 200–360 min/week) and endurance athletes (n = 6; age: 27.33 ± 3.67 yrs; height: 182.50 ± 2.81 cm; body mass: 78.00 ± 10.83 kg; amount of endurance training: 370.00 ± 331.96 min/week, range: 180–1,040 min/week). Two participants from each group trained both endurance and strength. They were assigned to the groups according to the amount (min/week) of executed training. For both participants in the endurance group, the amount was four and seven times higher for endurance sports. For the two participants of the strength group, the amount was twice as high for resistance vs. endurance training.
The study was conducted according to the Declaration of Helsinki, and the permission of the local ethics committee of the University of Potsdam (Germany) was given (no. 39/2017; date: 30 November 2017). Each participant gave written informed consent.
2.2 Measurement system for recording the Adaptive Force
The pneumatically driven measurement system (Figure 1A) was used to detect the AF of elbow flexors and for MVIC tests. For the latter, the system was passive and fixed, but the strain gauge was the same. Specifications of the system components are given in Supplementary Table S1. The system consists of a compressor for the application of compressed air, a bellows cylinder, two levers (lever I in contact with the bellows cylinder and with lever II), an interface with the strain gauge at lever II, a control unit including a throttle and pressure sensor, an additional motor throttle to avoid an abrupt pressure increase at the beginning, two acceleration sensors (ACCs; one fixed at lever II and one at the participant’s forearm), an A/D converter, a measuring laptop including the software NI DIAdem 17.0 (National Instruments, Austin, TX, United States of America), a cushion for fixation of the thorax from anterior, and a chair for the participant. The measuring system was proven to be reliable and valid (unpublished). The evaluation of the partner system for measuring the AF of elbow extensors, which works with the identical chassis, bellows cylinder, compressor, and control device, revealed a high reliability (ICC = 0.896–0.966) with acceptable random errors (Dech et al., 2021).
[image: Figure 1]FIGURE 1 | Measurement system and position. (A) Measurement system consists of a bellows cylinder (1), lever I (2), lever II (3), interface with a strain gauge (4), a control device including a throttle and pressure sensor (5), an additional motor throttle (6), an A/D converter (7), a measuring laptop (8), a cushion for thorax fixation (9), and a seating chair for the participant (10). The acceleration sensors and the compressor are not depicted. (B) Starting position to record the AF of the elbow flexors and the MVIC.
The compressed air was led from the compressor to the bellows cylinder, which expanded. Due to the lever connection, lever II then moved away from the participant in the direction of elbow extension. Compressible air allowed the participant to maintain an isometric position until his maximal isometric AF was reached despite the impacting increasing load of the system. If the pressure exceeded the participant’s maximal holding capacity, he merged into eccentric muscle action. Thereby, he should still try to resist/decelerate the further increasing pressure as good as possible. A safety stop restricted a too-wide expansion of the bellows cylinder. The control unit regulated the velocity of pressure rise. The throttle to control the velocity of the pressure increase was adjusted individually for each participant (see below).
The strain gauge with the interface for contact with the participant’s forearm measured the force between the lever and the participant’s forearm. The two ACCs at lever II and the forearm recorded the angles. Force and ACC signals were transmitted through an A/D converter to the measuring laptop. The sampling rate was set at 1,000 Hz.
2.3 Setting
Figure 1B shows the position of the participant: he sat upright with both feet firmly on the ground, and the thorax fixation was placed on the measured side from the front beneath the clavicle to avoid a movement of the thorax during the measurement. The elbow joint was flexed 90° (controlled by a hydrogoniometer (MT.DOK; Desimed GmbH & Co. KG, Müllheim, Germany); range: 360° with 2° intervals), the shoulder was flexed ∼85° from the neutral zero position, and the forearm was in a vertical position. The rotation center of the participant’s elbow was placed in line with the pivot of the technical joint at the base of lever II. The interface was adjusted in height so that it contacted the forearm just beneath the radial styloid process. The center of the interface was used to determine the lever length. The second ACC was fixed beneath the ulnar styloid process with double-sided tape to measure the motion of the forearm.
2.4 Procedure
At the beginning of each measurement day, a calibration of the measuring system took place to standardize the system pressure. Every subject performed the measurement series during a single appointment. It was guided by two testers: the first one controlled the device/software (NI™ DIAdem (National Instruments, Austin, TX, United States), and the second one was responsible for placing the participant and readjusting the lever after each trial. All participants were informed by a written participant information brochure and by a verbal introduction to the measurement procedure and system. Afterward, they gave their written informed consent and answered a questionnaire regarding biometric data, sports activities (type, amount/week), previous injuries of the upper extremities, current condition and complaints, handedness, and physical activity within the last 24 h.
Subsequently, the neuromuscular control of the elbow flexors of each participant was checked individually by two experienced examiners using the clinical manual muscle test (Bittmann et al., 2020; Schaefer et al., 2021a; Schaefer et al., 2021b; Schaefer et al., 2022a; Schaefer and Bittmann, 2022). In case the participant was able to maintain the isometric position during the entire external force increase applied by the examiners manually, the neuromuscular control was rated as stable as one inclusion criterion (see above). If the muscle lengthened in the course of the force increase, the test was assessed as unstable. In two cases, the elbow flexors on the dominant side did not show proper stability; hence, the non-dominant side, which was rated as stable, was regarded for AF measurements.
Afterward, the device was adjusted according to the individual measurement position (i.e., height of chair, lever length, and thorax fixation). An overall warm-up was executed as follows: mobilization of upper extremities and low intensity muscle warm-up (curls) with two sets (resting period: 1 min) of 20 repetitions with dumbbells (5 or 6.25 kg). Afterward, the participant was positioned in the measuring system, and the ACC sensor was fixed to the forearm. The starting (∼90°) and end positions (contact at the security stop; total range from start to end: ∼20°) of the forearm and lever length were recorded for reference. A specific warm-up of the elbow flexors followed. For that, the pressure system was closed in the most extended, thus, end position of the bellows cylinder, so air was in the system but could not stream out. The participant performed concentric contractions of the elbow flexors by pushing the forearm against the interface up to a self-estimated half of the maximal force (2 × 10 repetitions, 1-min resting period). The resistance given by the air in the bellows cylinder increased thereby, since the bellows cylinder was compressed by the muscular activity of the participant. The system was completely passive in this process.
The measurement series started with three MVIC trials (MVICpre), where the lever was fixed and the participant had to push with maximal force against the interface. The system was passive; it just provided a stable abutment. The participant should increase the force smoothly, reach his maximum within 3 s, and maintain this for 1–2 s. An abrupt and powerful force increase was avoided. The resting period was 60 s. MVIC was used to adjust the throttle individually. This was set so that 70% of the MVIC was reached after 3 s under stable conditions. Subsequently, 30 AF measurements were performed consecutively using that throttle configuration. During the trials, the pneumatically driven lever pushed against the participant’s forearm in the direction of elbow extension. The participant’s task was to maintain the starting position in an isometric holding manner for as long as possible despite the increase in pressure in the system. Thus, he should adapt isometrically to the impacting increasing load. The pressure rose to an amount that overwhelmed each participant. Therefore, each participant was forced into eccentric muscle action of the elbow flexors as soon as the external pressure exceeded his maximal holding capacity (AFisomax). In this eccentric phase, the participant still had the task of resisting/decelerating the increasing load as good as possible. A trial was finished as soon as the lever reached the end position or if the participant stopped the resistance. The resting period between the trials was 120 s. After the 30 AF trials, two MVIC tests (MVICpost) were performed again to compare the MVIC before and after the AF trials. The whole appointment lasted for ∼2 h. The subjective general exhaustion was queried on a scale from 0 to 10 after each AF trial.
2.5 Data processing and statistical analyses
Data recording and processing were carried out using the software NI™ DIAdem (National Instruments, Austin, TX, United States). To prepare the data for evaluation, ACC signals were converted from volts to angles. All raw signals (force, pressure, ACC) were filtered with low pass Butterworth filter (filter order: 10, cutoff frequency for force and pressure: 3 Hz, for ACC: 1 Hz). Thereupon, the following force parameters were extracted. It is to be noted that the force was recorded in V and was transformed after extraction into torque (Nm) by using the formula M = F *r, where F is the force in N (converted by 1 V = 19.886 kg * 9.81 = 195.082 N) and r is the length of the individual rotational axis (lever) in m.
1) Maximal voluntary isometric contraction (MVIC)
The peak values of the MVIC trials were extracted. The highest values of the three MVIC trials before and of the two MVIC trials after the AF measurements were chosen as maxMVICpre (Nm) and maxMVICpost (Nm), respectively, and were used for further consideration.
2) Parameters of Adaptive Force
Exemplary force and angle signals of the arm and lever for one AF measurement are shown in Figure 2, illustrating the main aspects of the evaluation of AF parameters.
2.1) Maximal Adaptive Force (AFmax)
[image: Figure 2]FIGURE 2 | Exemplary force (N) and angle signals (in degree, converted from ACC of the forearm (arm, blue) and lever (turquoise) (bottom) and the second derivation of angle signals (curvature; below)) of one AF measurement (second trial) of a strength athlete. AFisomax and AFmax are highlighted. AFisomax is the force value at the minimal curvature after the last maximum in angle signal (here, forearm) with dy < 2°, where the lever angle does not show a pushing action of the participant. After AFisomax, both angle signals decrease with some phases of minor concentric or short isometric actions.
The peak value of each AF trial is referred to as AFmax (Nm).
2.2) Maximal isometric Adaptive Force (AFisomax)
AFisomax (Nm) defines the force value at the moment of first yielding of the forearm (breaking point). To determine this, a standardized algorithm was used according to Dech et al. (2021). The main criterion for AFisomax was that a holding isometric action was present from the beginning of the measurement. Thus, the necessary defined conditions were yielding of the forearm ≤2° (isometric action is still acceptable) and a push back of lever I ≤ 0.3° (pushing isometric action or concentric muscular action were excluded thereby, which was not the case in the present study). The limit values have been set in previous investigations (Dech et al., 2021). To determine the exact breaking point, the angles of the arm and lever were used. The second derivation was calculated from these to find the point of greatest curvature. AFisomax was defined as the highest force value between the last maximum in angle signals (arm or lever) and the point of the subsequent greatest curvature before the forearm yielded more than 2° (arm angle). The deviation of the forearm (arm angle) at the beginning as shown in Figure 2 occurred regularly as soon as the force increased. It was presumably due to the cushion of the interface, the participant’s hand, elbow, or shoulder joint. Lever I did not show this behavior; on the contrary, its angle showed a yielding mostly always from the beginning. However, it was decisive that the forearm was in an isometric position. Due to the still-novel algorithm, the determined AFisomax values were also checked visually. In 359 of 360 trials, the detected AFisomax corresponds to the visual assessment of the breaking point.
Different ratios were calculated for further consideration to gather information on the relation of torque parameters: [image: image] (%), [image: image] (%), and [image: image] (%).
2.6 Statistical analyses
The statistical analyses were executed using SPSS Statistics 29 (IBM, Armonk, New York, United States) and Excel (Office 365, Microsoft, Redmond, Washington, United States). Different approaches were used according to the research questions mentioned in the introduction. Basically, all data were normally distributed as confirmed by the Shapiro–Wilk test. Parametric tests were chosen for statistical comparisons (see below). In this case, RM ANOVA was used, and sphericity was checked by Mauchly’s test. In case of significance, the Greenhouse–Geisser correction was applied (FG). Cohen’s effect size f was given for RM ANOVA, where Cohen’s f was calculated by [image: image] (Cohen, 1988). For t tests (paired or unpaired), Hedges’ effect size g was calculated by SPSS. The effect sizes were interpreted as small (0.2), moderate (0.5), large (0.80), or very large (1.3) (Cohen, 1992; Sullivan and Feinn, 2012). Significance level was α = 0.05.
1) Behavior of force parameters with respect to repeated AF measurements (n = 12):
The linear mixed model (method: restricted maximum likelihood; REML) was used to investigate the maximal torques regarding time (pre/post or start/end, respectively) and parameter (AFmax, AFisomax, and MVIC). ‘Time’ and ‘parameters’ were set as fixed factors. Since time*parameter was not found to be significant in terms of fixed factors, it was removed from the mixed model in order to reduce complexity. ‘Subject’ (ID) and ‘parameter’ were defined as random effects for the first estimation. Since ‘parameter’ turned out to be not significant in covariance estimation, consideration of the random factor was not necessary (Baltes-Götz, 2020). The Kenward–Roger approximation was used to estimate the degrees of freedom (df) since it provides a better estimation for small sample sizes (Baltes-Götz, 2020). This model revealed the best Bayesian information criterion (BIC) and was therefore used.
The ratio of AFisomax to AFmax was compared between start and end by the paired t-test. Relative declines of parameters from pre to post or start to end (%), respectively, were calculated and compared using the paired t-test for each parameter (one-tailed test for AFisomax vs. AFmax or MVIC, since AFisomax was assumed to decrease stronger; two-tailed test for AFmax vs. MVIC).
Slopes of regression lines of the single values of each parameter (AFmax and AFisomax) regarding the 30 AF measurements (M1–M30) were calculated to describe a possible decline during repetition trials. The paired t-test (one-tailed) was performed to investigate a possible difference between the slopes of AFisomax and AFmax.
Furthermore, the 30 AF trials were divided into six intervals (I1–I6), which consisted of the arithmetic mean of each five subsequent trials: I1 (M1–M5), I2 (M6–M10), I3 (M11–M15), I4 (M16–M20), I5 (M21–M25), and I6 (M26–M30). RM ANOVAs for every AF parameter considering the six intervals were performed. Pairwise comparisons were executed using the Bonferroni correction (adjusted p-value = padj).
2) Comparison of force parameters (n = 12)
The comparison of maxAFisomax and maxMVICpre is most important regarding the differentiation of HIMA and PIMA. maxAFisomax and maxAFmax refer to the highest value of all 30 trials regarding AFisomax and AFmax, respectively. The paired t-test was used to check for differences between the maximal torques.
3) Comparisons between sports groups (endurance vs. strength athletes)
This consideration has to be regarded as preliminary due to the small sample sizes of both groups. Differences regarding the overall maximal torques of MVIC, AFmax, and AFisomax between endurance and strength athletes were checked by unpaired t-tests (one-tailed) for each parameter separately.
The relative declines (%) of maxMVIC from pre to post and of AFmax and AFisomax from start to end were calculated and compared between both sports groups using unpaired t-tests (one-tailed).
The slope values of the linear regression line of AF parameters were used to test for differences between endurance and strength athletes by performing unpaired t tests (one-tailed). The comparisons of the slope of regression lines regarding the ratios were considered as well. This should provide information on the assumed different behaviors of athletes with respect to torque relations.
For the six intervals, a REML was executed for AFmax and AFisomax. Both parameters were considered separately since only the effect of sports types was of interest. ‘Interval’ was regarded as a covariate. Fixed factors were ‘sports’ (endurance and strength), ‘intervals’ (I1–I6), and sports*interval. ‘ID’ and ‘interval’ were set as random factors (unstructured).
Regarding the patterns of decline, the averaged torques of I1 (AFmax and AFisomax, respectively) were set at 100%, and the values of the subsequent intervals were related to the first value. Differences between strength and endurance athletes were checked by a mixed ANOVA (intervals*sports). In the case of significance, pairwise comparisons were performed.
3 RESULTS
The single values of each participant and trial for MVIC, AFmax, and AFisomax including arithmetic means, standard deviations, and coefficients of variation are given in Supplementary Tables S1–S4.
3.1 Behavior of torque parameters with respect to repeated AF measurements
3.1.1 Maximal torques with respect to repeated measurements
Considering all n = 12 participants, maxMVICpre amounted to 84.39 ± 16.68 Nm and maxMVICpost to 73.62 ± 14.10 Nm (Figure 3). The duration to reach MVIC was, on average, 3.36 ± 1.00 s.
[image: Figure 3]FIGURE 3 | Maximal torques at pre/post and start/end of 30 AF trials. Arithmetic means, standard deviations (error bars), and 95% confidence intervals (CIs) are depicted for maximal values of (A) MVIC before (pre) and after (post) AF trials (maxMVIC), (B) maximal Adaptive Force (AFmax), and (C) maximal isometric AF (AFisomax) at start and end. p-values and effect sizes of Hedges’ g are given for pairwise comparisons.
The maximal value of AFmax at start (within the first three trials) amounted to 68.72 ± 12.35 Nm and 59.73 ± 11.38 Nm at end (within the last three trials). The maximal value of AFisomax at start was 52.78 ± 15.45 Nm and 37.38 ± 16.35 Nm at end (Figure 3). The average duration to reach AFmax was 11.92 ± 2.12 s and 3.98 ± 0.90 s for AFisomax.
The linear mixed model estimated an ICC of ρ = 0.677. MVIC was significantly higher than AFisomax (t = 14.253, p < 0.001, 95% CI for the difference was 29.16–38.69), analog for AFmax vs. AFisomax (t = 8.042, p < 0.001, 95% CI = 14.375–23.908). The torques were significantly higher for pre vs. post (t = 6.030, p < 0.001, 95% CI = 7.83–15.61). The random subject variance was 142.8 (SD 11.95). Pairwise comparisons revealed significant differences between pre and post for all torque parameters (MVIC: p < 0.001 and g = 1.165; AFmax: p < 0.001 and g = 1.478; AFisomax: p < 0.001 and g = 1.165). Parameter*time turned out to be non-significant (p = 0.186 to p = 0.336).
[image: image] amounted to 77.39% ± 11.36% at start and 64.10% ± 19.21% at end of 30 trials, which differed significantly (t (11) = 2.527, p = 0.014, and g = 0.678).
Comparing the relative declines of MVIC pre/post, AFmax, and AFisomax start/end, they were similar for MVIC and AFmax with −12% and −13%, respectively, but clearly stronger for AFisomax with −29%. Pairwise t tests revealed significant differences between the relative declines of AFisomax vs. AFmax (p = 0.014 and g = 0.675) and of AFisomax vs. MVIC (p = 0.041 and g = 0.513); AFmax and MVIC were not significantly different (p = 0.877).
The increase of general exhaustion on the scale from 0 to 10 from the first (1.62 ± 0.96, n = 12) to the last AF trial (3.46 ± 2.03, n = 12) was 1.85 ± 2.08, whereby one strength athlete showed a clear rise from start (3) to end (9).
3.1.2 AF parameters in the course of 30 repetitions
The regression lines of the 30 AFmax and AFisomax values of each participant are illustrated in Figure 4. Averaged over the n = 12 participants, the slopes were 0.32 ± 0.26 for AFmax and 0.45 ± 0.45 for AFisomax, which did not differ significantly (t (11) = 0.910, p = 0.191).
[image: Figure 4]FIGURE 4 | Regression lines of Adaptive Force parameters. Displayed are the regression lines of the torques of maximal Adaptive Force (AFmax, (A)) and maximal isometric AF (AFisomax, (B)) of the 30 trials of each participant (endurance = end (blue), n = 6; strength = str (red, dashed), n = 6).
Table 1 and Figure 5 illustrate the results regarding the intervals. AFmax decreased rather continuously with averagely −2.8% ± 1.6% per interval (range: −5.4% to −1.6%). AFisomax showed a stepwise decline from I1 to I2 (−12.1%) and from I3 to I4 (–11.6%); from I2 to I3 and from I4 to I6, the decrease was considerably lower with an average of −2.2% ± 2.2% (range: −3.9% to +0.3%). RM ANOVA comparing the six intervals revealed a significant main effect for AFmax (FG (1.57, 17.27) = 12.276, p = 0.001, f = 1.056). Pairwise comparisons with the Bonferroni correction showed that I1 differed significantly from all other intervals (I1 vs. I2: padj = 0.044, g = 1.022; I1 vs. I3: padj = 0.004, g = 1.435; I1 vs. I4: padj = 0.001, g = 1.657; I1 vs. I5: padj = 0.001, g = 1.735; I1 vs. I6: padj = 0.017, g = 1.174). I2 and I3 showed no significant differences regarding the subsequent intervals with the applied Bonferroni correction. I4 and I5 differed significantly (padj = 0.027, g = 1.095). For AFisomax, a significant main effect was found as well (FG (2.41, 26.54) = 4.487, p = 0.016, f = 0.639). However, the Bonferroni-corrected pairwise comparisons showed no significant differences (padj = 0.069–1.000), presumably due to the high variation.
TABLE 1 | Torque values regarding intervals and percentage decline. Arithmetic means (M) and standard deviations (SD) of maximal voluntary isometric contraction (MVIC, Nm) before (pre) and after (post) AF trials, maximal isometric Adaptive Force (AFisomax, Nm), maximal AF (AFmax, Nm), and their ratios regarding the six intervals (I1–I6) considered for the whole sample (n = 12) and for each sports group separately (endurance, strength) are displayed. Furthermore, M ± SD of the percentage decline (%) from pre to post for maxMVIC and from start (max. of the first three trials) to end (max. of the last three trials) for AF parameters is given.
[image: Table 1][image: Figure 5]FIGURE 5 | AF torques in six intervals. Arithmetic means, standard deviations (error bars), and 95% CIs of AFmax (A) and AFisomax (B) regarding the six intervals (I1–I6) are illustrated for n = 12 participants. Intervals consist of the arithmetic mean of torques for five consecutive measurements each (I1 = mean of M1 to M5; … I6 = mean of M25 to M30). Adjusted p-values (Bonferroni correction) are given for significant pairwise comparisons.
3.2 Comparison of maximal torques
Although both, MVIC and AFisomax, were executed during isometric actions, maxAFisomax amounted to 56.86 ± 16.21 Nm and was significantly lower than maxMVICpre with 84.39 ± 16.68 Nm (t (11) = 7.105, p < 0.001, g = 1.907). Hence, maximal HIMA (AFisomax) was only 67.67% ± 13.60% of maximal PIMA (MVIC). Furthermore, a significantly lower maxAFisomax than maxAFmax = 70.36 ± 12.27 Nm appeared with a relation of 80.07% ± 12.54% (t (11) = 5.593, p < 0.001, g = 1.502). Moreover, maxAFmax amounted to 84.38% ± 10.84% of maxMVICpre, which was also significantly lower (t (11) = 4.777, p < 0.001, g = 1.282). Most important here is that maximal HIMA was found to be significantly lower than maximal PIMA, although both muscle actions were isometric with the same muscle length.
3.3 Comparison between sports groups
3.3.1 Maximal torques comparing endurance vs. strength athletes
MaxMVICpre amounted to 76.04 ± 10.30 Nm for endurance athletes and 92.74 ± 18.41 Nm for strength athletes; maxMVICpost was 63.94 ± 9.39 Nm for endurance athletes and 83.30 ± 11.14 Nm for strength athletes. Both parameters were significantly lower in endurance than strength athletes (maxMVICpre: t (10) = −1.938, p = 0.041, g = 1.033; maxMVICpost: t (10) = −3.254, p = 0.004, g = 1.734). The maximal torque of AFmax at start was significantly lower for endurance athletes compared with strength athletes (61.94 ± 5.61 Nm vs. 75.50 ± 13.93 Nm; t (6.58) = −2.211, p = 0.033, g = 1.178). At the end of the 30 AF trials, maxAFmax amounted to 55.03 ± 3.09 Nm for endurance athletes and 64.43 ± 14.90 Nm for strength athletes, which did not differ significantly (p = 0.093). The torques of AFisomax at start amounted to 46.32 ± 11.30 Nm vs. 59.23 ± 17.24 Nm for endurance athletes vs. strength athletes and 33.96 ± 12.81 Nm vs. 40.81 ± 19.90 Nm at end, respectively. However, AFisomax did not differ significantly between endurance and strength athletes, presumably due to the high variance. In summary, endurance athletes showed −15% to −23% lower torques than strength athletes.
3.3.2 Decline of torques comparing endurance vs. strength athletes
Strength vs. endurance athletes showed a lower decline in MVIC from pre to post (−8.94% ± 8.97% vs. −15.75% ± 8.15%). In contrast, strength vs. endurance athletes showed a stronger decline for AFmax and AFisomax from start to end, respectively (AFmax: −15.19% ± 6.09% vs. −10.49% ± 10.10%; AFisomax: −32.23% ± 19.68% vs. −25.24% ± 30.45%). With the given sample sizes, the differences turned out to be non-significant (p = 0.100–0.323).
Regarding the slopes of the regression lines over the course of 30 AF trials (Figure 4), five endurance athletes showed a slight decrease, and one athlete showed an increase for AFmax (−0.14 ± 0.19; range: −0.29 to +0.15). All six strength athletes showed a decline (−0.50 ± 0.20; range: −0.76 to −0.26). For AFisomax, an increase for two endurance athletes was found, while the other four decreased (−0.21 ± 0.29; range: −0.66 to +0.12). One strength athlete showed an increase, while the other five showed a decrease (−0.68 ± 0.48; range: −1.22 to +0.11). The declines were significantly steeper for strength vs. endurance athletes regarding all parameters (AFmax: t (10) = 3.264, p = 0.004, g = 1.739; AFisomax: t (10) = 2.098, p = 0.031, g = 1.118; [image: image]: t (10) = 3.707, p = 0.002, g = 1.975; [image: image]: t (10) = 2.597, p = 0.013, g = 1.384), except for [image: image], which slightly missed significance (p = 0.059).
Regarding the six intervals, it was evident that the patterns that were found considering the whole group were sharpened by considering the sports groups (Figure 6); strength athletes showed a rather constant decline in AFmax, whereas endurance athletes more or less stayed on a similar level. The linear mixed model revealed an ICC of ρ = 0.957. Sports, intervals, and sports*intervals were significant in fixed-factor estimation. Endurance athletes showed a significantly lower torque than strength athletes (t = −3.927, p = 0.003, 95% CI for the difference was from −31.960 to −8.821). Regarding sports*interval, averaged torque decrease was estimated with −2.534 for strength athletes (t = −6.447, p < 0.001, 95% CI = −3.410 to −1.568). Endurance athletes decreased significantly less than strength athletes with an estimated value of −0.682 (t = 3.332, p = 0.008, 95% CI = 0.613–3.090). The variance of torque revealed a significant result in estimates of covariance parameters (Wald Z = 2.139, p = 0.032). The variance of slope and covariance were not significant. Pairwise comparisons showed that each interval, except for the last one (I6), differed significantly between endurance and strength athletes (p = 0.003–0.032, g = 1.111–1.841). For AFisomax, endurance athletes showed a similar pattern as in AFmax by staying on a similar level regarding the six intervals. In contrast, strength athletes developed a plateau formation in the sense that after I1 and I3, AFisomax decreased erratically. The linear mixed model revealed an ICC of ρ = 0.836. Endurance athletes showed significantly lower torque than strength athletes (t = 2.444, p = 0.035, 95% CI = −41.530 to −1.921). Sports*intervals revealed an estimated averaged torque decrease of −3.453 for strength athletes (t = −4.431, p < 0.001, 95% CI = −5.190 to −1.717). Endurance athletes decreased significantly less than strength athletes with an estimated value of −0.970 (t = 2.484, p = 0.048, 95% CI = 0.028–4.939). Estimates of covariance parameters were non-significant (p = 0.058–0.868). Pairwise comparisons revealed that AFisomax differed significantly between both groups only for the first two intervals (I1: p = 0.025, g = 1.184; I2: p = 0.040, g = 1.034). I3 to I6 showed no significant differences between strength and endurance athletes.
[image: Figure 6]FIGURE 6 | AF torques in six intervals for strength vs. endurance athletes. Displayed are the arithmetic means, standard deviations (error bars), and 95% CIs of AFmax (A, B) and AFisomax (C, D) for endurance (left, blue, n = 6) and strength (right, red, n = 6) athletes regarding the six intervals of 30 trials (I1–I6).
It seems worth mentioning that strength athletes showed a higher ratio of [image: image] than endurance athletes in all intervals except for the last one (Figure 7). I6 was lower in strength athletes than in endurance athletes by −3.74 percent points (pp). For [image: image], the differences converged over the course of repeated trials. I1 showed the highest difference with +14.61 pp, which just missed significance between sports groups (p = 0.063). I2 and I3 still showed high differences. In the last three intervals, the differences nearly leveled off with a mean difference of only 1.70 ± 0.11 pp.
[image: Figure 7]FIGURE 7 | Differences between strength and endurance athletes for the ratios of AFmax to maxMVICpre and AFisomax to maxMVICpre regarding each interval (I1–I6) in percent points (pp). Positive values indicate higher ratios for strength athletes. No difference turned out to be significant.
Those findings were supported by considering the relation of each interval to the values of the first interval ([image: image] or [image: image], i = 1–6) (Figure 8). This showed a stronger decline in strength vs. endurance athletes toward the end of the 30 trials. AFmax was significant in a mixed ANOVA regarding intervals*sports (FG (1.980, 19.799) = 4.998, p = 0.018, f = 0.707). Pairwise comparisons revealed that the last ratio I6 to I1 was significantly lower for strength vs. endurance athletes (t (10) = 2.442, p = 0.017, g = 1.301). For AFisomax, a clear separation was visible from I4/I1 to I6/I1, where strength athletes showed lower values. However, the results do not differ significantly between endurance athletes and strength athletes (F (5, 50) = 0.423, p = 0.831), presumably due to the high variation.
[image: Figure 8]FIGURE 8 | Interval relations comparing strength and endurance athletes. For AFmax (A) and AFisomax (B), the value of I1 was set at 100%, and the subsequent interval values (I2–I6) were related to I1. M and SD (error bars) are shown for endurance (blue, n = 6) and strength (red, n = 6) athletes. Significant differences between strength and endurance athletes are indicated by *p = 0.017.
4 DISCUSSION
The main objective of this study was to investigate the behavior of AF parameters in elbow flexors during 30 intermittent repeated trials. As a side consideration, the investigation of maximal torque parameters, especially HIMA vs. PIMA, and a first comparison of strength vs. endurance athletes were conducted. Since AF is still unknown and rarely considered in science, a major part of the discussion should focus on the specialty of this force capacity.
4.1 Decline of torque parameters over the course of and after 30 repeated AF trials
According to the hypotheses, the different torque parameters showed a decline over the course of 30 trials with very large effect sizes (g > 1.16). MVIC pre/post and AFmax start/end showed a similar decline in torque of around −12% and −13%, respectively. AFisomax declined significantly stronger by around −25% from start to end, which was assumed. A decline in torque after eccentric actions can be the result of central/neurological fatigue (spinal or supraspinal) (Chapman et al., 2005; Prasartwuth et al., 2005; Dartnall et al., 2009; Place et al., 2009; Westerblad et al., 2010), intramuscular processes (Place et al., 2009; Westerblad et al., 2010), metabolic changes (Place et al., 2009; Westerblad et al., 2010), structural exhaustion (Chapman et al., 2005; Prasartwuth et al., 2005; Dartnall et al., 2009), muscle damage (Warren et al., 1999; Nosaka et al., 2001; 2002), mental fatigue, or the lack of motivation (Warren et al., 1999; Dech et al., 2021). Due to the long duration of measurements, the latter two may have occurred. The general exhaustion of participants increased over the course of 30 trials, which is interpreted as normal considering the high number of measurements. However, since the decline in MVIC was according to other investigations with a lower number of measurements (see below), possible effects of mental fatigue or lack of motivation are considered as minor. Furthermore, the different behaviors of the decline regarding MVIC and AF parameters speak against such effects.
The isometric–eccentric muscle action performed in the present investigation refers to muscle lengthening under strain. Thus, proprioceptive signals of Golgi tendon organs (GTOs) must have been present. Possible nociceptive signals from force-transmitting structures (muscle, insertion area, and tendon) could have occurred. Those might have resulted in neurogenic reflective inhibition and, therefore, a decline in force with repeated trials. The “body’s self-regulatory mechanisms of the GTOs in order to protect structures” are known as autogenic inhibition (Hindle et al., 2012). Due to the inhibitory signals of the GTO, the excitability of a contracting or stretched muscle is reduced (Sharman et al., 2006; Hindle et al., 2012). Furthermore, fascia is characterized by a “dense sensory innervation making it highly sensitive to stress and strain” (Satkunskiene et al., 2022). Hence, possible inhibitory effects of fascia (including intramuscular connective tissue) during muscle lengthening under strain might also have been present.
Regarding AFmax and MVIC, the reasons for the decline cannot be specified based on the performed investigation. Other parameters such as electromyography (EMG) (Prasartwuth et al., 2005; Dartnall et al., 2009; Place et al., 2009) (especially for investigating fatiguing effects) and blood levels of myofiber proteins or soreness—both parameters for eccentric-induced muscle damage (Warren et al., 1999; Prasartwuth et al., 2005)—could have given more insights. However, the latter two are discussed critically in relation to eccentric-induced muscle injuries, where MVIC torque is seen as the most suitable parameter (Warren et al., 1999). Nosaka et al. found a graduated decline in MVIC after eccentric exercise. Immediately after two maximal eccentric actions (15 s resting period), the MVIC was reduced by 20%, after six eccentric actions by 33%, and after 24 eccentric actions by 56% (Nosaka et al., 2001). Chapman et al. found a decline of ∼10%, however, in a clearly different procedure (eight eccentric actions; MVIC test prior to each eccentric trial; resting period of 60–120 s) (Chapman et al., 2005). Our procedure resembled that of Chapman et al. rather than that of Nosoka et al. because of the longer resting periods. However, we performed a considerably higher number of trials (30x AF vs. 8x eccentric). The decline in MVIC pre vs. post repetition trials by −12.35% ± 8.9% is in accordance with the findings of Chapman et al. Surprisingly, the decline did not turn out to be higher, which would have been conceivable given the higher number of trials. Motivational aspects as reasons for the decline are assumed to be unlikely, since AFmax and AFisomax behaved differently. In particular, the stronger decline in AFisomax than in AFmax or in MVIC could speak for eccentric-induced muscle damage or the mentioned neurogenic reflective inhibition, which might have had a stronger impairing effect on the more sensitive holding capacity. However, at least partly fatiguing effects are assumed as reasons for the decline, probably paired with eccentric-induced muscle damage, reflective inhibition, or structural exhaustion.
4.2 Behavior of torque parameters comparing endurance vs. strength athletes
It is commonly known that strength athletes achieve greater forces than endurance athletes. This was supported by the present findings of MVICpre and AFmax at start and for MVICpost, which were significantly lower in endurance vs. strength athletes. AFmax at end of 30 trials missed significance (p = 0.081). However, AFisomax did not differ significantly between sports groups neither at the start nor at the end, which was not expected. The reason for this might be the high variation of AFisomax or its particularities (see below).
Little seems to be known about the decline after repeated muscle actions or exercise when comparing both sports. The preliminary findings of the present study indicated a non-significant difference between sports groups regarding the amount of percentage decline in maximal torques from start to end. The non-significant results are probably due to the small sample size and considerably high standard deviations in the groups, especially for AFisomax. Nevertheless, it seems worth mentioning that strength vs. endurance athletes reduced their torques clearly stronger in regard of AFmax start/end (−19% ± 9% vs. −7% ± 8%) and AFisomax start/end (−32% ± 20% vs. −25% ± 30%). For MVIC, however, strength athletes showed a lower torque reduction than endurance athletes (−9% ± 10% vs. −12% ± 7%), which was not expected. The decrease over the course of 30 measurements (regression line and six intervals) was significantly steeper for strength vs. endurance athletes. Moreover, differences regarding the behavior of torque decline appeared between both sports groups. For endurance athletes, the main decline in AFmax occurred after the first interval. Thereafter, the torques remained on a similar level and even increased partly. In contrast, strength athletes showed a rather continuous decline from interval to interval. For AFmax, the first interval was significantly higher than the subsequent intervals. In particular, the pattern of decline in AFisomax was conspicuous in strength athletes, which showed clear decreases after I1 (−11%) and I3 (−15%) and a kind of plateau formation for I2 and I3 and I4–I6 (Figure 6). This is similar to previous findings (Ryan et al., 2021), where a decrease of torques was found, which plateaued in sets 4 and 5 (see Introduction). Endurance athletes showed no such plateau formation. Evidently, AF and MVIC reacted differently to repeated trials considering endurance and strength athletes. Moreover, it was not expected that a stronger reduction in MVIC would be found for endurance vs. strength athletes. This seems to be a contradiction to the stronger decline of AF parameters in strength athletes compared to endurance athletes.
It is known that fast twitch (FT) muscle fibers are less resistant against muscle fatigue than slow twitch (ST) muscle fibers (Zierath and Hawley, 2004; Westerblad et al., 2010; Lievens et al., 2020). If strength athletes had more FT fibers than endurance athletes with a higher number of ST muscle fibers, the stronger decline of AF parameters would have been explainable, but not the lower decrease of MVIC. In strength athletes, the accumulation of, e.g., lactate in the intracellular space, Ca2+ myosin ATPase, and Mg2+ actomyosin ATPase are presumably higher (Zierath and Hawley, 2004). However, acidosis was not considered to be the crucial factor for fatigue (Westerblad et al., 2002; 2010); rather, the phosphocreatine breakdown resulting in an increase of inorganic phosphate ions which, in turn, has “multiple negative effects on the contractile function of skeletal muscle” (Westerblad et al., 2010). Fatigue after intermittent muscle actions at high intensities (>30% MVC) is assumed to be explained largely by the failure in excitation–contraction coupling (Place et al., 2009). It should be noted that during AF, isometric and eccentric actions occur. It is known that the cross-bridge activity is reduced and central activities are higher during eccentric actions compared to concentric and isometric actions (Bigland and Lippold, 1954; Morgan, 1990; Fang et al., 2001; 2004; Christou et al., 2003; Baudry et al., 2007; Howatson et al., 2011; Duchateau and Enoka, 2016; Barrué-Belou et al., 2018; Valadão et al., 2018). Therefore, regarding AF trials, a neuromuscular fatigue might be assumable, which could have been more intense in strength athletes than in endurance athletes. For the findings regarding the MVIC, the post-activation potentiation (PAP) or the residual force enhancement (rFE) could be relevant. Considering PAP, it was suggested that despite fatigue, voluntary force production might be facilitated by the muscle’s contractile history (Cuenca-Fernández et al., 2017; Blazevich and Babault, 2019). PAP leads to an inhibition of fatigue and is known to enhance muscular activation. Up to 3–4 min post-activation, PAP is known to be strong. Since the MVIC measurements after AF trials were performed after a resting period of ∼2 min, a PAP effect might have been present. According to Boullosa et al., power athletes benefit more from brief maximal conditioning activities than endurance athletes (Boullosa et al., 2018). Hence, this could probably explain the lower decline in MVIC found in strength athletes than in endurance athletes.
rFE was observed because of the greater stiffness of titin when an active muscle is stretched (Herzog et al., 2016). The higher amount of myofilaments in strength athletes could lead to a higher residual stretch resistance compared to endurance athletes. This might explain the lower decline in strength athletes regarding MVIC. However, if a slight effect of PAP or rFE would still be present after 30 maximal holding/decelerating actions with a resting period of 120 s and whether it might have prevented a stronger decline in MVIC in strength athletes cannot be judged based on the current investigation. Furthermore, it should be noted that none of the studies mentioned previously investigated the behavior over the course of or after a series of specific AF actions. Thus, the comparability is limited and speculative. Another explanation could be that due to the higher torques in strength athletes, a reflective neurogenic inhibition might have had a stronger effect in strength vs. endurance athletes, which might be especially relevant for AF parameters.
Nevertheless, MVIC and AF showed different patterns for strength vs. endurance athletes, despite the preliminary character. This can be interpreted as a further reason why AF—especially AFisomax—has to be clearly distinguished from commonly assessed strengths. The findings suggest executing further research on the differences between strength and endurance athletes regarding AF. The maximal holding capacity should be considered with regard to exercise or sports performance in strength and endurance athletes, especially concerning risks of injury and the development of musculoskeletal complaints (see below).
4.3 Integration of AF parameters into the current concept of strength
AFmax, as assessed in the present study using the pneumatic measuring system, corresponds to the maximal value after the transition from isometric to eccentric muscle action. It was previously suggested that AFmax can be integrated into the conditional abilities of strength (Dech et al., 2021) as MVIC or the maximal eccentric strength measured by isokinetic systems in the sense that AFmax reflects maximal force capacities. In the presented study, the maximal torque of AFmax of elbow flexors amounted to ∼83% of MVIC. In Dech et al., AFmax of elbow extensors amounted to ∼93% of MVIC (Dech et al., 2021). The lower AFmax values might result from several factors. First, the AF trials started after at least three MVIC trials were performed. Hence, possible fatiguing effects might have occurred. This aspect is rather unlikely, since even more MVIC tests were performed by Dech et al., but the relation of AFmax to MVIC was higher than that in the current study. Moreover, the resting periods can be considered sufficiently long. It seems like the ratio of AFmax to MVIC remains similar, irrespective of whether it is gained at the start (∼83%) or end (∼81%) of the repeated trials. Second, the differences between MVIC and AFmax might have resulted from the different assessments. For AFmax, the external load was increased by the pneumatic system so that the individual’s isometric holding force was exceeded and the participant merged into eccentric actions over the course of one trial. Therefore, the duration until AFmax was reached was considerably longer (∼11.92 ± 2.12 s) compared to MVIC (∼3.36 ± 1.00 s). Additionally, a combination of isometric and eccentric muscle action was present. There are inconsistent findings on maximal forces/torques comparing isometrics and eccentrics. Some investigations reported higher forces during eccentric vs. isometric actions (Doss and Karpovich, 1965; Seliger et al., 1980; Griffin, 1987; Chapman et al., 2005), but some did not (Westing et al., 1988; 1990; Babault et al., 2001). Duchateau and Enoka postulated that the “rate of change in muscle length must be similar when comparing” shortening and lengthening actions, since the movement velocity influences the neuromuscular activation (Duchateau and Enoka, 2011; 2016). During MVIC, no movement occurred due to the stable abutment. During AFmax, the velocity depended on the individual braking speed. As a consequence, despite the identical starting position, the muscle lengths differed in reaching MVIC or AFmax, respectively. Therefore, the comparison is clearly based on different conditions regarding duration, muscle length, and contraction velocity, which might have influenced the maximal torques. However, Dech et al. found very high determination coefficients for MVIC and AFmax (r2 = 94.09%–96.04%), indicating their strong connection (Dech et al., 2021). The clearly lower determination coefficient regarding MVIC and AFisomax (r2 = 72.25%–94.09%) suggested that AFisomax cannot be sufficiently explained by MVIC (Dech et al., 2021).
4.4 Holding vs. pushing isometric muscle action: Neuromuscular considerations and particularities of the holding capacity
The highest value of maximal HIMA (AFisomax) amounted to 67.67% ± 13.60% of maximal PIMA (MVIC) (ratio of HIMA to PIMA). Hence, maximal HIMA was clearly and significantly lower than maximal PIMA with a very high effect size of g = 1.907. For both, muscle length and time to maximal torque were similar. The duration until the maximal value was reached lasted about 3.36 ± 1.00 s during PIMA (MVIC) and was slightly but not significantly longer for HIMA (AFisomax) with 3.98 ± 0.90 s. Therefore, PIMA and HIMA were based on similar conditions; the only difference in execution was that during MVIC, the participants pushed against a stable resistance, and during AFisomax, they had to react to the impacting increasing load in a holding manner. In the study by Dech et al., this relation was averagely 84% for elbow extensors. The even lower relation in the present study might be due to reasons such as different muscles (elbow extensors vs. flexors), different adjustments of the measuring system, or different participants. Another influencing factor might be the evaluation of AFisomax data, which is not trivial (see Limitations). Nevertheless, different maximal torques occurred either by pushing or by holding isometrically. This further supports a distinction between two types of isometric muscle action. Presumably, different neuronal control mechanisms are necessary for both types, as discussed in detail previously (Schaefer and Bittmann, 2017; Schaefer and Bittmann, 2021; Schaefer and Bittmann, 2023; Bittmann et al., 2020; Dech et al., 2021; Schaefer et al., 2021a; Schaefer et al., 2021b; Schaefer et al., 2022b). As mentioned above, the muscle action per se is isometric in both types. However, by executing MVIC, the participant is acting (pushing). An adjustment of muscle length is not required due to the stable abutment. The sensorimotor component of reacting to an impacting load is not required as for holding actions, especially if the external load is increasing as with AF. For AFisomax, the neuromuscular system has to adjust muscle force and length adequately to maintain the isometric position. Therefore, it can be assumed that the neuromuscular control processes are considerably more complex for HIMA than PIMA. A first case study regarding this topic evaluated the brain activity during both types of isometric action of elbow extensors in a setting in which two participants interacted with coupled forearms (one performed PIMA; the other, HIMA; and vice versa) (Schaefer and Bittmann, 2023). The brain activity of the left and central areas of the holding partner showed higher coherence with the muscular oscillations of the pushing partner than vice versa. It was assumed that HIMA requires a higher level of sensorimotor control than PIMA (Schaefer and Bittmann, 2023). Taken together, the following findings (in addition to others) of several studies support the suggestion of two different types of isometric muscle action: 1) HIMA seems to be more difficult to maintain than PIMA (Hunter et al., 2002; Rudroff et al., 2007; 2011; Schaefer and Bittmann, 2017; Schaefer and Bittmann, 2021); 2) maximal force values during HIMA (AFisomax) using the pneumatic measuring system are significantly lower than those during PIMA (MVIC) as shown in this study and in Dech et al. (2021); and 3) the inter-muscle–brain coherence differ significantly between HIMA and PIMA (Schaefer and Bittmann, 2023). We propose to clearly differentiate two types of isometric muscle action and start to implement those findings in sports and movement sciences and in sports medicine. Moreover, studies investigating the holding capacity during MMT showed that AFisomax seems to be vulnerable to impairing inputs already in healthy participants, as, e.g., regarding unpleasant imaginations/odors that are related to the negative emotion of disgust (Schaefer et al., 2021a; Schaefer et al., 2021b; Schaefer et al., 2022b). AFisomax was reduced instantaneously to ∼56% of AFmax. During positive inputs, AFisomax increased immediately to ∼99% of AFmax in the objectified MMT. This instant reaction indicates that the holding capacity can be affected via reflex pathways. Therefore, the reduction of AFisomax could be a parameter to assess the functionality of the neuromuscular system.
From a theoretical point of view, we assume that a reduced holding capacity results in an impaired stability of joints during holding or decelerating actions. This might favor injuries or the development of complaints of the musculoskeletal system. It is known that the majority of injuries in competitive sports arise without direct contact and occur during actions including running, twisting, turning, and landing (Read et al., 2016)—all of them involve decelerating and/or holding actions. Based on video analysis, anterior cruciate ligament (ACL) injuries in soccer players occurred in >85% of cases without direct contact to the knee (Waldén et al., 2015; Della Villa et al., 2020). Similarly, in basketball, 72% of ACL injuries did not involve any contact with another player (Krosshaug et al., 2007). These findings are supported by other investigations (Arendt and Dick, 1995; Boden et al., 2000; Johnston et al., 2018). Read et al. proposed that neuromuscular imbalances (strength, coordination/control between lower extremities, or the like) might be crucial risk factors for injuries (Myer et al., 2004; Read et al., 2016). Nevertheless, they stated that “the presence of these deficiencies does not indicate an explicit causative factor for injury per se” (Read et al., 2016). An impaired holding capacity might be the key to understanding and investigating injury mechanisms. Van Hooren and Bosch hypothesized that “instability of the fascicle to remain isometric” could lead to injury (Van Hooren and Bosch, 2018). Similarly, as with passive structures, muscle strain injuries also arise during loaded muscle lengthening (Garrett, 1990; 1996; Fridén and Lieber, 2001; Kieb et al., 2010). During concentric contractions, they do not occur. Notably, injuries—irrespective of whether passive or active structures are affected—occur if external loads have to be absorbed. The AF exactly captures this capability. It seems to be important to consider at what force the muscle starts to lengthen if an external load is impacting. The holding capacity (AFisomax) must be regarded in relation to the individual’s maximal strength (e.g., MVIC and AFmax). When a knee rotator releases at 30% of its actual strength, a knee injury can evidently occur if the athlete is turning with their foot fixed in the grass. If muscles are able to maintain an isometric position—and, therefore, stability of the related joints—up to a considerably high amount of the individual’s maximal strength despite an external load, injuries might be prevented. Since the holding capacity apparently seems to be very sensitive to inputs that enter the control circuitries of the neuromuscular system (as, e.g., emotions (Schaefer et al., 2021a; Schaefer et al., 2021b; Schaefer et al., 2022b) or nociceptions (Bittmann, 2021)), the maximal holding capacity is assumed to be a factor with respect to injury risks. Furthermore, it could be an explanation for the still-not-understood appearance of complaints without structural degeneration or even the development of structural degeneration. It is common knowledge that, e.g., low back pain does not correlate with degenerative changes of the spine (Jensen et al., 1994; Rahyussalim et al., 2020). Moreover, asymptomatic individuals show degenerative changes (Brinjikji et al., 2015). Hence, there must be other factors leading to such pain syndromes. We assume that those arise under load if the holding capacity is impaired due to factors such as mental stress, nociception, or the like. Also, in patients with post-infectious syndromes such as long COVID, the holding capacity was found to be significantly reduced, which could explain muscle weakness and musculoskeletal pain in those patients (Schaefer and Bittmann, 2022) (case report under review, conference abstract in Sweeney et al., 2022).
The higher decrease in AFisomax after repetition trials compared to AFmax indicates that in healthy participants the holding capacity is stronger reduced after repeated maximal isometric–eccentric muscle activations compared to other strengths. This might support the finding that injuries mostly occur at the end of the half of a match (Price et al., 2004; Read et al., 2016). Considering the higher decrease of AFisomax in the course of fatigue (probably due to the aforementioned factors such as eccentric muscle damage and neurogenic reflective inhibition) in combination with its high variability, single movements with extremely low holding strength can occur. Those circumstances could be seen as risk factors for injuries.
Summarizing these points, the holding capacity seems to occupy a special role in the functionality of the neuromuscular system. Because of its unique behavior, it should be considered regarding injuries and the development of musculoskeletal pain or symptoms such as muscle weakness. The commonly assessed MVIC might not uncover those impairments due to the assumed less complex neuromuscular control and regulation processes. Furthermore, the strength assessment in the sense of AF is closer to motions in real life and sports, since the individual is not forced into particular movements but has to react and adapt to the external load. This is also a benefit compared to the more commonly assessed strengths.
4.5 Limitations
The assessment of AF is not trivial. Pneumatics enables the requirements of maintaining an isometric position despite the pressure increase due to the compressibility of air. However, the dynamics of pressure increase change with the expansion of the bellows cylinder; the pressure increase slows down if the bellows cylinder expands. Hence, as the participant merged into eccentric action, the pressure rise would decelerate. That is why partly long durations occurred until AFmax was reached. Next generations of the system should first enable a smooth onset and then an exponential increase of pressure rise, passing into a rather linear increase as was proposed for the force increase during the MMT (Bittmann et al., 2020).
Furthermore, the evaluation of the breaking point (maximal holding capacity) is not trivial. AFisomax is not shown by a peak value in the curve but occurs during the force rise. The decisive factor is the moment at which the stable isometric position is left and muscle lengthening occurs. The freely movable limb, the known commonly appearing alterations during isometric muscle action, the probable smooth transitions from isometrics to eccentrics, and the individual differences in decelerating velocity (therefore, partly very flat declines in angles) lead to difficulties in determining this value. However, the algorithm was repeatedly revised based on a large number of measurements (>800), and the current state captures the force at the breaking point accurately and sophisticatedly (Dech et al., 2021). Therefore, we assume that the algorithm contributes—if at all—only minimally to possible incorrect results regarding AFisomax or its high variation. Again, this might be a consequence of the aforementioned specialties of the holding capacity.
Regarding the comparison of types of sports, the small sample size (each n = 6) must be mentioned. Despite this, a number of significant differences occurred. However, the results can only be interpreted as preliminary. Furthermore, measuring professional athletes might have had advantages over the non-professional athletes included here, especially regarding the assumptions on muscle fiber types. In professional athletes, the chances are higher that muscle fiber types are more distinct than in non-professional athletes.
The high number of statistical comparisons must also be mentioned as a limitation. Those were accepted according to several authors (O’Brien, 1983; Rothman, 1990; Bender et al., 2002).
5 CONCLUSION
This basic research study approved a significant decline in torque parameters over the course of 30 intermittent repetitions of AF. Based on the chosen setting, the behaviors of AFmax and MVIC were similar, with a decline of −13% and −12%, respectively, which can be considered moderate after 30 maximal contractions. In contrast, AFisomax clearly declined by −29% which underpins the particularity of this special holding function. This is presumably based on complex control and regulation processes during such adaptive holding actions. Fatiguing effects, minor eccentric-induced muscle damages, or a neurogenic reflective inhibition were discussed as possible underlying mechanisms but cannot be clarified based on the findings of this study. Further investigations could include further methods for verification.
Based on present and previous findings on HIMA vs. PIMA, the suggestion of two types of isometric muscle action was supported. A distinction between the two types appears to be indicated and should be implemented in sports, movement, and training sciences in education and practice.
Because muscle stability is discussed as a protective factor regarding injury mechanisms, we suggest putting a higher focus on AF with special attention to the holding capacity in further research regarding sports, movement, training, and health science, and in prevention, therapy, and rehabilitation.
Strength and endurance athletes showed different behaviors regarding those specific repetition trials. The results must be regarded as preliminary, not just because of the small sample size. Further investigations are needed.
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Time / interval

Total (n = 12)

M £ SD

Endurance (n = 6)

Strength (n

maxMVIC (Nm) pre 84392 + 16683 76,045 + 10296 92.739 + 18414
post 73.620 + 14.101 63.938 + 9.394 83.303 + 11.144
% decline ~12347 + 8911 ~15.750 + 8.150 -8.945 + 8.971
AFisOma, (Nm) n 42.161 + 18504 31973 + 6733 52349 % 21421
2 37.049 + 16001 29.034 + 9211 45.063 + 18.007
3 35938 + 17.930 28152 + 11.399 43.725 + 20780
14 31770 + 15510 27.304 + 8.847 36237 + 20077
15 31871 + 16199 27.685 + 10171 36.057 + 20.780
16 30.621 + 16427 26.165 + 12.081 35.077 £ 20,001
9% decline ~28734 24716 ~25239 + 30.452 ~32228 + 19.679
AFmax (Nm) 1 65.161 + 12.687 56.700 + 6039 73.630 + 12.069
) 61.677 + 12798 52640 + 6.825 70720 + 10.848
3 60488 + 11567 53.090 + 4995 67.890 + 11744
14 59551 + 11412 52700 £ 5578 66.400 + 11952
15 57.630 + 11.640 51.490 + 5434 63.770 + 13348
16 56519 + 10925 52680 £ 5.017 60.350 + 14216
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3 0572 £ 0.195 0521 £ 0.193 0.623 £ 0201
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16 0521 +0.187 0489 £ 0.195 0554 % 0.191
» AFis0p,, / maxMVICpre n 0497 + 0.163 0.424 £ 0.086 0570 % 0.196
2 0436 + 0.141 0387 £ 0.135 0485 + 0.141
3 ‘ 0423 +0.176 0381 £ 0.190 0465 + 0.166
14 0375 + 0.150 0366 % 0.145 0383 £ 0.168
15 0377 +0.162 0369 £ 0.150 0385 + 0.189
16 0354 % 0.142 0345 £ 0.155 0363 % 0.143
AFyy / maxMVICpre n 0781 +0.115 0754 £ 0.113 0.807 £ 0.121
2 0740 £ 0.132 0702 £ 0.128 0779 £ 0.135
B | 0727 £ 0.116 0707 £ 0.107 0746 £ 0.131
14 0716 0.114 0702 £ 0.108 0729 £ 0.129
15 0.693 £ 0.120 0.686 £ 0.106 0701 £ 0.142
16 0681 £ 0.113 0.699 £ 0.082 0.662 £ 0.143






OPS/images/fphys-14-1020954-g007.gif
[Diference between strangth and endurance sthistes






OPS/images/fphys-14-1020954-g008.gif





OPS/images/cover.jpg
, frontiers | Frontiers in Physiology

Repeated measurements of
Adaptive Force: Maximal
holding capacity differs from
other maximal strength
parameters and preliminary
characteristics for non-
professional strength vs.
endurance athletes





OPS/images/fphys-14-1020954-g001.gif





OPS/images/inline_8.gif
ALISO
aXMVICPre





OPS/images/fphys-14-1020954-g002.gif
L

T

:m::::.:
prn—d

_u.n-u
evan

IR
. S,





OPS/images/inline_9.gif
mMViCTe





OPS/images/inline_5.gif





OPS/images/inline_4.gif





OPS/images/inline_7.gif
.
MV ICpre





OPS/images/inline_6.gif





