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Abstract

:

The study aimed to investigate the impact of a 12-week strength training program on force accuracy and steadiness changes in lower limbs in young healthy men. Twenty subjects with a dominant right lower limb were included. They performed a force matching task both pre and post strength training program. The ability to reproduce force was determined by calculating three errors: absolute error (AE), constant error (CE), and variable error (VE). After intervention AE and VE improved in both legs indicating higher improvement in the dominant leg (p = 0.032 for AE and p = 0.005 for VE). However, CE improved only in the dominant leg (p = 0.001). We conclude that strength training improved the accuracy and consistency of force in a force reproduction task. This improvement was more evident in the dominant lower limb. Most likely, the inter-limb asymmetry in changes of force application ability caused by strength training is due to the different mechanisms responsible for the control of voluntary movements in the dominant and non-dominant lower limb.
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1. Introduction


The senses of effort, force, and heaviness, along with the senses of balance and kinesthesia are manifestations of proprioception [1], which plays an important role in neuromuscular control, movement coordination, and precision. Accurate and sometimes symmetrical force application is crucial not only in sports (e.g., powerlifting), but also in everyday activities (e.g., carrying a tray of drinks with both hands). We learn how important these abilities are when they become affected. It is for this reason that an overwhelming amount of research on force application ability has been conducted on patients in whom this ability has been impaired as a result of injury or disease. This issue has been studied in patients with tearing of the anterior cruciate ligament [2], patellofemoral pain syndrome [3], functional ankle instability [4], rotator cuff tendinopathy [5], or spastic hemiplegia [6]. In the case of unilateral injury/dysfunction, the goal of rehabilitation is to achieve performance at a level similar to the healthy side, which we consider to be a kind of reference. Therefore, increased intra-limb functional symmetry could be considered as a marker of successful rehabilitation.



To improve the accuracy of force application, various force plates with audio and/or visual feedback of the applied force are used [7]. However, these devices are quite expensive and not widely available. It seems reasonable to ask whether a similar goal can be achieved with traditionally used physical exercises, such as strength training. So far, published studies do not provide conclusive results. On one hand, a six-week strength training protocol did not improve force accuracy and steadiness in participants with functional ankle instability [4]. On the other hand, a 10-week strength training improved submaximal force control in aged adults [8].



Accurate dosing and reproduction of force are important not only for patients, but also for athletes, as they determine the correct performance of a technical task in any sport [9,10]. On the other hand, poor force matching ability increases the risk of injury [11,12]. So far, there is no evidence on the impact of strength training on force accuracy and steadiness in a young and healthy population. Strength training is an essential part of the training in most sports and its main goal is to build hypertrophy, muscle strength, and power [13]. The question is whether repeated muscle stimulation with a heavy load also affects force accuracy and steadiness. Another question that arises is whether strength training will cause similar changes in force matching ability in the dominant and nondominant limb. The rationale for this question is based on the fact that inter-limb asymmetries have been found in muscle strength, sprinting, dynamic balance, sport-specific actions, and anthropometry [14,15,16]. In addition, studies indicate the existence of different mechanisms responsible for the control of voluntary movements in the dominant and non-dominant lower limb [17]. The answer to these questions will provide valuable information to athletes and strength and conditioning coaches about the additional properties of strength training, taking into account the potential inter-limb asymmetries. This can be especially important in sports that favor the dominance of one limb over the other. Additionally, information about possible inter-limb asymmetry in response to strength training may be useful when planning rehabilitation for patients with the aforementioned dysfunctions. Therefore, the purpose of our work was to investigate the impact of a 12-week strength training program on force accuracy and steadiness changes in lower limbs in young healthy men.




2. Materials and Methods


2.1. Study Design


A pretest–posttest study design with two groups (non and dominant leg) was used to determine the impact of a 12-week strength training program on force accuracy and steadiness. The measurement of force reproduction ability was carried out twice: one week before the training program (Pre) and one week after completing the training program (Post). To investigate the force accuracy and steadiness, subjects performed five repeated tasks of matching the target force (50% MIVC—maximal isometric voluntary contraction) by pressing a force plate for 3 s with each leg in randomized order. We used three types of errors as measures of force accuracy and steadiness: absolute error (AE), constant error (CE), and variable error (VE).




2.2. Participants


Twenty male healthy adults (age 21.4 ± 2.2 years; body mass 76 ± 8.4 kg; height 180.1 ± 7.3 cm; BMI 23.5 ± 2.4 kg/m2) voluntarily participated in the experiment. They gave their informed consent to the experimental procedure. The study procedures and informed consent were approved by the Bioethics Committee of the Medical Chamber in Opole in accordance with the Declaration of Helsinki (registration number: 151/2007). Inclusion criteria were: age 19–24 years; male; healthy; not a professional athlete; active lifestyle (1.5 h of physical activity at least 3 times a week); dominant right lower limb [18]. Exclusion criteria: injury (acute or chronic); any pathology that could affect the ability to perform the experiment; absence for more than 6 training units.




2.3. Measurement of Force Accuracy and Steadiness


For this purpose, tests were used to assess the ability to reproduce a previously generated and predetermined sub-maximal quantity of force [19].



The testing equipment consisted of a seat and two boards which were each attached to strain gauges MVD 2555 (Hottinger Baldwin Messtechnik, Darmstadt, Germany) and connected in a full-bridge configuration (Figure 1). The signal of pressure was sent from the strain gauges to the computer via an amplifier and an AD/DA card.



Initially, the maximum isometric voluntary contraction (MIVC) was measured for each leg. Subjects assumed the position by resting their backs against the seat backrest. The tested leg was placed on a dedicated pad attached to the board, while the untested leg rested on the ground. The knee joint was flexed to an angle of 60°. The correct angle was obtained by moving the seat linearly and was checked using an electronic goniometer attached with Velcro to the legs. The arms of the goniometer were attached to the thigh and shank in such a way that the axis of rotation of the goniometer coincided with the axis of rotation of the knee joint in the sagittal plane. Three MIVCs of 3 s duration were carried out by each leg in random order. The rest period between testing the dominant and non-dominant leg was 30 s. The mean force value for each trial was calculated and then the highest score from the three trials was used to determine the target force (50% MIVC) that subjects were expected to reproduce.



Then, subjects were asked to develop 50% MIVC tension for 3 s. During the initial learning phase (5 repetitions for each leg), subjects were provided with visual feedback to help them achieve a correct match (50% MIVC). During testing, visual feedback was not provided. Subjects performed 5 repetitions of target force 50% MIVC held for 3 s with each leg in randomized order. The intra-limb rest was 10 s and the inter-limb rest was 30 s. The force signal was sampled at 100 Hz. The mean value of force for each 3-s trial was recorded.



The measurements were carried out twice: one week before the training program (Pre) and one week after completing the training program (Post). We performed the Post-test one week after completing the training program to allow the subjects full recovery after the last training unit, as fatigue deteriorates proprioceptive sense [1]. Measurements of force accuracy and steadiness always took place in the morning without warming up.




2.4. Strength Training Program


One week prior to strength training, all subjects were instructed on the technique of each exercise by a qualified instructor. The same instructor supervised the correctness of the exercise technique throughout the study. Participants performed a strength-training program involving the muscles of the upper and lower extremities and the torso. On each training unit, only exercises from variant A (upper extremities and torso) or B (lower extremities and torso) were performed. Exercise variants were performed alternately in the following training days. Exercises of variant A included: bench press, seated behind the neck press, wide grip pull-down, roman chair legs lift, and crunches. Exercises of variant B included: barbell half squat, deadlift, barbell reverse lunge, side crunches, and weighted sit-ups. For each exercise, the one-repetition maximum (1RM) test was completed one week prior to the study, and then 1RM was re-measured every 2 weeks throughout the study to adjust loads [20].



Exercises for the lower and upper extremities were performed according to the following scheme: 3 sets × 3 reps × 60% 1RM, 1 set × 3 reps × 80% 1RM, 1 set × 2 reps × 90% 1RM, 1 set × 2 reps × 95% 1RM, 2 sets × 1 rep × 100% 1RM, 2 sets × 2 reps × 90% 1RM. Torso muscle exercises (legs lifts, crunches, and sit-ups) were performed with the maximum number of repetitions. Each participant performed the workout 3 times a week (Monday/Wednesday/Friday) for 12 weeks. All training sessions were held at the same time of the day.




2.5. Data Analysis


The performance in the force matching task was determined by means of three errors: absolute error (AE), constant error (CE), and variable error (VE).


  AE =  |     ∑   (   x i  − T  )   n   |   



(1)






  CE =    ∑   (   x i  − T  )   n   



(2)






  VE =      ∑     (   x i  −  x ¯   )   2   n     



(3)




where xi is the force reproduced in trial i,    x ¯    is the mean value of force from five trials, T is the target force (50% MIVC [N]), and n is the number of trials. Then, the errors were divided by the target force resulting in the relative percentage values. The AE determines the individual’s accuracy in reproducing force, VE determines the steadiness of the reproductions performed, and CE determines the tendency to reproduce the force above or below the target [2]. In other words, CE indicates the directionality, undershoot (negative values), or overshoot (positive values) of the target [12].




2.6. Statistics


The Shapiro–Wilk test was applied to assess the normality of dependent variables indicating that they did not differ significantly from the normal distribution. Thus, a repeated-measure ANOVA with two factors: Time (pre- and post-training) and Leg (dominant and non-dominant) was used to evaluate possible main effects and interactions. Tukey’s post-hoc multiple comparisons were performed if a significant main effect was observed. For each ANOVA, partial eta-squared were calculated as measures of the effect size. Values of 0.01, 0.06, and above 0.14 were considered as small, medium, and large, respectively. The statistical analyses were performed using the Statistica 13.1 software (Dell, Round Rock, TX, USA). The level of significance was set at 0.05.





3. Results


As a result of strength training, a significant increase in MIVC was observed. The exercises strengthened the dominant leg by 27% and the non-dominant leg by 35%. Participation in the exercises resulted in a number of favorable changes in the performance of the force reproduction task, which are presented below.



There were two main effects on the absolute error (force accuracy): Time (F(1, 19) = 58.060, p < 0.001, η2 = 0.753) and Leg (F(1, 19) = 5.055, p = 0.037, η2 = 0.210). The former indicated that training improved the accuracy on average from 20 to just over 5% of the predefined targets, whereas the latter showed the overall lower absolute error for the dominant limb. This advantage of the dominant over the non-dominant limb resulted only from the unequal improvement in force reproduction given by Time x Leg interaction (F(1, 19) = 7.505, p = 0.013, η2 = 0.283) in favor of the dominant leg. This was further supported in the post-hoc analysis (Table 1) which indicated that the final post-training performance was better for the dominant than the non-dominant leg (p = 0.032).



There were also two main effects on the variable error (consistency). Time (F(1, 19) = 86.500, p = 0.001, η2 = 0.820), i.e., participation in the strength training, improved consistency, after collapsing over limbs, from just over 12 to 5% of the mean value of the 5 performed trials. The Leg effect (F(1, 19) = 20.768, p < 0.001, η2 = 0.522) showed the overall lower variable error for the dominant limb. The rate of improvement was similar in both lower limbs (p < 0.001 for the dominant and p = 0.001 for the non-dominant limb). Yet, the post-training consistency was better in the dominant than in the non-dominant limb (p = 0.005). This confirmed the advantage of the dominant over the non-dominant leg in the force reproduction task after the training (Table 1).



The constant error showed the main effect of Time (F(1, 19) = 40.361, p < 0.001, η2 = 0.680), which indicated that strength training increased accuracy from about −17 to −3% after collapsing over limbs. Although there was no significant Time x Leg interaction, it was only the dominant limb that improved its constant error (p = 0.001), whereas the change in the non-dominant limb performance in force reproduction was insignificant (Table 1).




4. Discussion


Our study aimed to investigate the impact of a 12-week strength training program on force accuracy and steadiness changes in lower limbs. There are two results that seem particularly interesting. First, all the error measures that we used showed no differences between the limbs in the performance of the force reproduction task at baseline. This means that young men who have not undertaken specific and sustained physical activity for a long time perform this task with each limb at a similar level. Second, the same error measures confirmed that participation in a three-month strength training revealed the advantage of the dominant leg over the non-dominant leg in the performance of the same task. There is no interpretation other than the finding of asymmetry in learning this motor task.



The three different measures of performance at baseline showed that the force reproduction task carried out by each leg resulted in similar errors. The force actually applied by the subjects was lower than the target force (negative values of CE), indicating that they overestimated the force produced which concurs with other studies investigating similar tasks performed by upper [21] and lower extremities [22]. The errors of our participants seem even slightly higher, which could have been caused by a more difficult task involving more joints rather than one joint in other studies [18,22]. Due to very moderate physical activity for several months before commencing this study, the homogeneous performance of the dominant and non-dominant limb appears to be the result of the gradual fine-tuning of both legs, although the respective neural mechanisms may differ slightly.



The changes caused by training have both positive and negative characteristics. Undoubtedly, the increase in the accuracy of the task performed and a significant reduction in variability for both legs is positive. However, at the same time, the disproportions between the two legs became visible. The results (Table 1) clearly show that the relative decrease in the values of all percentage errors was much greater for the dominant than for the non-dominant limb. Our data do not allow us to explain the reasons for these discrepancies. For example, the learning process may be longer for the non-dominant limb and prolonged training may further improve its performance [23]. It is also possible that the refinement process has come to a halt during training to maintain an elevated value of motor variability that may be desirable for some function of this leg. Nevertheless, the presence of such a limitation for the non-dominant leg in force matching tasks may be of importance in some applications as rehabilitation.



Our results are not consistent with those achieved by Hortobágyi et al. who stated that the significant reductions in force error with training were limited to dynamic contractions (eccentric and concentric), with no change observed in the isometric condition [8]. In our study, we measured force errors under isometric conditions and we found improved force accuracy and steadiness after strength training, however, demonstrated mainly in the dominant limb. This dominant limb advantage is easy to observe in Table 1, although specific changes in each error indicate slightly different levels of this improvement. The discrepancy between the results of Hortobagyi et al. [8] and ours may be due to differences in the exercise protocols and subjects. Hortobagyi et al. used only bilateral supine leg press performed by older people, whereas in our study, we used a set of free-weight exercises. The use of free-weights during resistance training imposes greater mechanical demands on the body due to the center of mass of the total system being further away (higher) from the base of support and, in turn, challenges postural stability [13]. Control of the shifting weight to maintain balance requires contractions of large agonists and stabilizers, which should occur in a timely manner and with precisely dosed force. Tensions, especially of stabilizers, occur under isometric conditions. It is in the use of exercises with free weights that we see a potential reason for the difference between our results and those obtained by Hortobagyi et al. [8].



The problem of the relationship between force errors and maximal strength also seems interesting. However, the available results are inconclusive. Hortobágyi et al. found that force steadiness (variability) was not related to maximal strength [8]. In contrast, Kaynak et al. found that the participants with higher MVIC values had higher force replication errors [24]. Both studies examined the strength and force errors in the dominant limb only. Our results show a greater increase in MVIC in the non-dominant leg than in the dominant leg (35% vs. 27%). On the other hand, considering the force errors, it was the dominant leg that showed a greater improvement. This asymmetry between MIVC and force errors scores may therefore indicate that force application ability does not depend on the maximal strength, but rather on the tasks that the limb has to perform. The dominant limb is the mobilizing limb and is used in activities requiring precision [25], while the limb used to provide postural support during the activities performed by the manipulative limb is defined as the non-dominant one [26]. Regardless of whether humans produce maximal or submaximal forces, limb force asymmetry appears to be related to neural factors rather than differences in mechanical capabilities between the limbs [27].



There are very few papers on asymmetries in force application ability in the lower extremities. Most studies focus on the inter-limb asymmetry in strength, power, and physical performance [14,28]. We were able to find only one paper [26] that partially confirms our results about higher force accuracy in the dominant limb. However, in that study, the subjects were female soccer players in whom the problem of symmetry/asymmetry of force application ability in the lower limbs is of particular importance due to the specific motor tasks that a soccer player must perform on the field, i.e., kicks, running with frequent and rapid changes of direction. Considerably more research can be found regarding asymmetries in force reproduction accuracy and steadiness in the upper extremities [29,30,31]. It is suggested that the non-dominant hand may use a combination of efferent copy and proprioceptive feedback and the force matching is based on feedback control, whereas the dominant hand may primarily use the efferent copy of the reference motor command to perform the force matching task and the execution is performed in a feedforward manner [30,32]. If we were to accept this theory to explain our findings, which indicate that force accuracy and consistency increased after strength training primarily in the dominant leg, this would indicate that strength training was more likely to improve the efferent mechanisms responsible for generating adequate force than the efficiency of using afferent feedback in performing the force matching task.



A limitation of our study may regard the lack of a reference group that could help assess the validity of the alternative hypothesis that the obtained result was caused solely by exercise without weights. We could also consider using a control group that would perform single-leg balance training to assess the effect of proprioception on the ability to reproduce force. Although apparently secondary, this problem may become more important for certain patient populations. The observed inter-limb asymmetry in improvements in force accuracy and consistency that occurred as a result of strength training should be a consideration when planning the duration and effects of rehabilitation. This is because the time required to improve force accuracy may depend on whether the impaired limb is dominant or nondominant. This issue certainly requires further research to clarify the mechanisms responsible for the observed asymmetry. To summarize, it seems that any sufficiently intense training involving joint movement (often referred to as proprioceptive training) might lead to beneficial changes in some aspects of proprioception. It remains to be assessed which combination of such free exercises and strength exercises is optimal for the target group of athletes or patients.




5. Conclusions


Strength training improves the accuracy and consistency of the force reproduction task. This improvement is more pronounced in the dominant lower limb. Most likely, the inter-limb asymmetry in changes of force application ability caused by strength training is due to the different mechanisms responsible for the control of voluntary movements in the dominant and non-dominant lower limb, which in turn is related to the functional specialization of both limbs.
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Figure 1. Equipment for measurements of force accuracy and steadiness (own source). 
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Table 1. Comparison of MIVC and the relative errors in force reproduction with the non-dominant and dominant lower limb, before and after strength training.
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Non-Dominant Limb

	
Dominant Limb




	

	
Pre

	
Post

	
Pre

	
Post






	
MIVC (N)

	
724.5 (153.0)

	
981.0 (108.0) **

	
904.5 (162.0) ǂǂ

	
1147.5 (45.0) **ǂǂ




	
AE (%)

	
19.14 (7.85)

	
9.54 (4.75) *

	
21.12 (11.20)

	
2.35 (1.76) **ǂ




	
VE (%)

	
13.73 (5.26)

	
7.60 (2.87) *

	
11.03 (4.65)

	
2.42 (2.14) **ǂǂ




	
CE (%)

	
−13.86 (14.37)

	
−4.26 (8.67)

	
−19.88 (12.52)

	
−1.33 (1.79) *








Mean (SD), * significant between time difference (* p < 0.005, ** p < 0.001); ǂ significant between limb difference (ǂ p < 0.05, ǂǂ p < 0.005).
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