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      Abstract


      Background


      The importance of abdominal muscles to achieve and maintain adequate mobility and stability of the trunk has long been underestimated. We therefore examined different abdominal muscles training modalities (classical sit-ups vs. isometric training) with regard to their effects on trunk muscle's strength performance.


      Method


      A total of 79 healthy persons aged 19-37 years were examined (sit-up group: n = 19, male, isometric group: n = 60; 31 female, 29 male). All participants completed an eight weeks submaximal abdominal muscles training program of either sit-ups or a supine isometric task. Investigations took place twice: Just before (T1) and after completion of the training (T2). Each training program started at 50% of the number of repetitions or the respective maximum holding time that were systematically increased over time. Maximum test performance and maximum isometric contraction forces (MVC) in flexion and extension directions were measured before and after the training.


      Results


      At T2 the number of sit-ups increased about 147% ± 97%, whereas the maximum isometric holding times increased about 55% ± 56% (females) and 54% + 69% (males). A significant increase of the flexion-MVC could be detected for the isometric training group (female: 9.8 ± 10.2; male: 6.3 ± 8.6), but the sit-up group failed to show any systematic change. All MVC force levels were larger for extension than for flexion direction and were higher for males in comparison with females. Interestingly, during extension, when normalized to the upper body weight, the observed gender differences disappeared in the isometric training group.


      Conclusions


      An eight weeks submaximal isometric abdominal training is suited to significantly increase the MVC levels for flexion, but sit-up training is not. Gender- related differences in MVC levels are to be treated with caution, since if MVC levels are normalized according to anthropometric data these differences disappear, at least for the extension.
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      Introduction


      Adequate physical fitness is an essential prerequisite for withstanding physical daily burdens while ensuring the necessary trunk stability. With regard to the trunk muscles, any training of the abdominal muscles appears to be particularly important. Although abdominal muscles are significantly weaker than the back muscles, their importance for achieving sufficient trunk stability is undisputed [1-4]. Their performance can be defined in two ways: Endurance capacity and maximum strength capacity. Since abdominal muscles fiber composition shows a significantly higher Type II fiber proportion compared to the back muscles, their endurance training appears to be particularly important because their fiber composition makes them more difficult to train [5,6]. The question of which training exercise and with which training modality scores best is subject of an ongoing discussion [7-10]. Furthermore, it is unclear to what extent a defined strength-endurance training affects their maximum strength capacity.


      A very popular and easy to perform exercise, would first be the sit-up in its classical execution mode with hip and knee joints bent 90° [8]. Besides the abdominal target muscles, the deep hip flexors, i.e. the iliopsoas muscles, are also activated during sit-ups [11]. Whether execution variations lead to different results is still subject of investigations [10]. A completely different training strategy is pursued by the core stability training, which uses isometric tension exercises [12-14]. This training is mainly used for the targeted improvement of core stability and therefore not primarily aims at an increase in strength [15].


      However, own findings also suggest other correlations, since we were able to prove that the nature of force control has a considerable influence on the SEMG amplitude level, i.e. the strain level of abdominal muscles [16]. We could show that for all abdominal muscles the effort level during postural submaximal isometric tension was higher than during load-identical force-controlled situations. The measured EMG amplitudes even reached levels exceeding those obtained during maximum isometric force exertion. Since these findings were collected from untrained persons, the question arose whether these differences were due to the lack of experience with the tested exercise or if they had to be considered as a specific feature.


      For this reason, two studies were conducted to test if a specific sit-up training or an isometric training of the abdominal muscles would have effects on the maximum force capacity of abdominal muscles.


      Method


      A total of 79 healthy persons aged 19-37 years were examined. Details of the study population are given in Table 1.


      All participants were informed about the purpose and procedure of the study and gave their written consent to participate. The local ethics committee (4348-02/15) approved the study.


      To exclude relevant orthopedic and neurologic disorders, participants were clinically investigated and further queried about their medical history. Besides general health problems possibly interfering with unrestricted study participation, specific orthopedic exclusion criteria were spine surgery, any actual pain, or pain during any of the tested exercises.


      Investigation


      After Surface-EMG instrumentation (SEMG, see below) participants performed isometric maximum voluntary contraction (MVC) tests in flexion and extension directions.


      This was performed in a computerized test and training device (CTT Centaur, BfMC, Germany). In the device, the subject's lower body up to the iliac crest was fixed while the upper body maintained its freedom of movement (Figure 1). The device was equipped with an open harness positioned over the subject's shoulders. Strain gauges together with a crosshair display, visible to the subjects, provided biofeedback during the MVC tasks. MVC tasks were performed in upright position in flexion and extension directions and were repeated two times with the highest value serving as the true MVC value. Detailed explanation of the procedure and verbal encouragement was provided for every volunteer [17,18].


      Additionally, the upper body weight was determined. This was done by tilting the device to 90° and reading out the corresponding force values. Care was taken to ensure that there were no residual contractions of the back extensors to avoid incorrect values. Again, the highest value out of three repetitions was used. To calculate the upper body torque (UBT) we determined the distance between the line between the two scapular spines and the iliac crest as the length of the upper body segment.


      Performance tests and training


      At first visit (T1) all participants performed a maximum sit-up or hold test, respectively.


      For the sit-up test, legs were positioned with the hip and knee joints both flexed 90° and feet fixed in position (Figure 2). Arms were kept sidewise the head. To perform the sit-ups, participants were asked to raise their upper body within one second until the elbows touched the thighs and then to lower their upper body, again within one second. The next sit-up took place immediately after their shoulder blades touched the floor. The test was performed until subjects couldn't continue [10].


      Subjects were asked to conduct the sit-up training the same way as for the maximum performance test, once a day. During the first week the required number of sit-ups was 50% of the maximum number of repetitions at T1. After seven days, the target number of repetitions increased by 10% of the maximum number of repetitions at T1, which was again performed for one week. This increase regime was continued for the whole training period of eight weeks. At follow-up (T2) another maximum performance sit-up test was conducted.


      For the isometric holding test participants positioned themselves in an outstretched supine position with a yoga brick placed under the sacrum and the arms crossed over the chest. With fixed straight legs they were then asked to lift their upper body off the floor until horizontal position and retain this position until they were unable to maintain the desired posture (Figure 2).


      The isometric training was also performed once a day. Initial training intensity was 50% of the maximum holding time, similar to the procedure for the sit-up training. On day seven, however, subjects performed another maximum holding test on their own. Fifty percent of this maximum holding time then served as the adapted training time for the following week. This adaptive training regime was again continued for 8 weeks.


      All study participants maintained a training diary. To avoid interferences with physical activities other than normal intensity, participants were asked to avoid physical activities that are particularly strenuous or require a lot of stamina.


      The respective maximum repetition numbers or holding times together with the results of the isometric MVC tests served as the outcome variables. With respect to the MVC tests, the achieved force values in N, the calculated torque values in Nm, and also the upper body torque ratio (UBTR), i.e. the ratio of maximum force relative to the upper body weight, were evaluated. A repeated measures ANOVA with "Time" serving as the within subject factor (2 classes: T1, T2) and "Training" (2 classes: Sit-up, isometric) together with "Gender" (2 classes: Female, male) as the between subject factor (saturated model). Post-hoc analyses considered temporal comparisons, i.e. the training related effects, as well as comparisons between the training modalities and comparisons between genders for the isometric training group.


      Results


      Both, the maximum number of sit-ups (increase 147% ± 97%, Figure 3) and the holding time (increase female 55% ± 56%, male 54% ± 69%) significantly increased from T1 to T2. In the isometric training group, regardless of investigation time men always reached significantly longer holding times as women (Figure 3).


      In the ANOVA for the main factor "Time" all MVC parameters reached highly significant p-values for flexion (all p-values < 0.001), but not for extension (all p-values > 0.780). The Main factor "Gender" showed highly significant differences as well (p < 0.001), except for the UBTR values during extension (p = 0.762). In contrast, "Training" reached significant p-values for extension but not for flexion (all p-values > 0.245).


      In detail, the MVC force values and torques were always higher for the men than for the women, regardless of the investigation time of (Figure 3), and generally higher for extension than for flexion (all p < 0.001, effect sizes 0.878-3.431). However, only for the isometric training group an increase in flexion MVC could be demonstrated (Figure 4). The MVC force values and the torques for extension significantly decreased from T1 to T2 for the women of the isometric training group, while for the men in this training group a significant increase in extension MVC was demonstrated over time.


      For the UBTR, men continued to show higher values for flexion than women, but for extension no difference between genders in the isometric training group could be demonstrated, whereby the UBTR values for the sit-up group were always higher than those of the holding group. The only training-related difference for the UBTR was a significant increase in flexion direction for the women of the isometric training group.


      Discussion


      We could clearly show that an eight weeks specific training could effectively increase the performance for the trained exercise, respectively. However, transfer effects towards an increase in MVC values of the abdominal muscles could only be proven for the isometric training group. MVC values of the back muscles showed unsystematic training effects: While no changes were detectable in the sit-up group, the men in the isometric training group showed a noticeable increase in strength and torque values, whereas a reduction was detectable for the female participants. In accordance with the known gender differences, both the performance tests and the MVC values showed gender differences with higher values for the men, as well as the expected differences in force values between flexion and extension, i.e. between abdominal and back muscles for the isometric MVC tests. Interestingly, when normalized to upper body weight the gender differences for extension MVC values disappeared.


      For the performance tests, both training modes showed significant improvements, but improvement dimensions differed largely. This was difficult to explain on first sight. While the sit-up group showed an average increase of 147%, the improvements for the holding time were far behind with 55% (females) and 54% (males), respectively. Besides these considerable differences, it is interesting to note that the relative increases for men and women in the holding test were virtually identical. One reason for the observed differences could be that the training regime for the sit-up group, starting from the initial test, prescribed a fixed rate of increase of 10% of the initial value each week. Thus, during the eight weeks of training, there was a seven-fold increase of 10% each time. According to this, the number of training repetitions at the time of the follow-up examination was already 120% of the initial value: In other words 20% more than had been achieved during the initial maximum performance test. In contrast, the training regime for the isometric training group included an adaptive progression algorithm. Here, the individual motivational aspects play an important role to accomplish the weekly maximum test under home conditions. However, the individual adaptive control of the isometric training was deliberately chosen to prevent possible overloading and thus training interruption. Furthermore, there is another essential difference between the two training modalities: While sit-ups are a dynamic training and thus the load intensity changes constantly during the execution, the upper body was always statically loaded with the complete upper body weight during the isometric training exercise. Due to this permanent isometric load, blood supply of the abdominal muscles is less favorable, resulting in more pronounced muscular fatigue if compared with a dynamic load situation.


      For the static endurance capacity of the trunk muscles there is sufficient data for the back muscles [19-23], but the data for the abdominal muscles is clearly worse. We found only exemplary studies for the isometric endurance test of the abdominal muscles, but in variation to our study design, these were performed in 60° flexion position, i.e. with 50% of the upper body weight and flexed hip joints. For this, depending on the examination, very different values of approx. 145 s [21] and approx. 350 s were found [20]. Although for the study by Evans, et al. [20] the holding times were partly analyzed gender-specific, no systematic differences could be found. This was not the case in the present study - here the holding times of women were only about 65% of the times reached by the men, regardless of investigation time.


      However, the different exercise performance in the holding test compared to the data already published has twofold reasons. At first the actual study applied double the load in comparison with the flexed position. At second, the deep hip flexors, i.e. the psoas muscles and also the muscles of the thigh were actively involved in the exercise performance in the case of the angled upper body position. This additional activation could be avoided with high certainty by applying the test in an out stretched body position. Thus, to execute the isometric exercise participants had to rely on their abdominal muscles almost completely. The abdominal muscles, due to their higher functional Type-II fiber cross-sectional area [5] are more prone to fatigue than the already stronger back muscles, that further show a larger proportion of Type-I fibers [24-26]. Further, the available cross-sectional area of the Type II fibres is significantly smaller in women than in men [26]. Therefore, the observed gender-related differences can be explained by taking into account the high muscular strain level. With respect to own previous investigations it can be assumed that the stress on the abdominal muscles during the holding test was close to or even above the values during the MVC test [16].


      An effect of the eight-weeks training on maximum strength performance was only observed for the isometric training, although the relative increase of 6% for men and 10% for women seems rather sobering in light of the eight-weeks training period. However, no systematic change in MVC values could be demonstrated for the sit-up training group. Therefore, an eight-week sit-up training is not suitable to systematically influence the maximum strength of the abdominal muscles. For the isometric MVC during extension, which was also tested, a significant, albeit small, decrease in strength values was observed for the women in the isometric training group (decrease of 3.1%, values not shown). In contrast, the men of the isometric training group showed a slight but non-significant increase of 3% in their extension MVC values, which was even significantly detectable in the UBT values. These inhomogeneous results for the same training modality are difficult to interpret and require further systematic investigations.


      As expected, the women showed significantly and relevantly lower values than the men for both, the force values and the upper body torques but also for the ratio between MVC values and upper body weight, the UBTR [27,28]. However, it is interesting that these differences could not be systematically detected for the UBTR during extension. For this, the sit-up group already proved to be superior to the isometric training group at T1. The superiority over the men of the isometric training group can possibly be explained by the fact that the sit-up group was about five years younger [29]. In addition, their UBT also tended to be lower than that of the males of the isometric training group. It is particularly noteworthy, however, that for the UBTR values, at least in the isometric training group, no systematic differences occurred between the values of males and females. Since the women had significantly lower upper body torques and thus also upper body weights, the clear gender differences of the MVC force or torque values were thus lost. Thus, the examined women had just as much power reserve for the movement and stabilization of their upper bodies as the men. This result highlights the importance of assessing force performance data not only as absolute values but also as normalized values that take into account the individual anthropometric situation.


      Conclusions


      As expected, an eight-weeks training of the abdominal muscles results in an improved performance of the trained exercise. The performance gains for a dynamic sit-up training are significantly larger than during an isometric training. However, only the isometric abdominal muscles training was suited to improve the isometric maximum force capacity of the abdominal muscles.
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        Figure 1: Example of a subject performing an MVC trial in the device. Please note that the subject is positioned upright with his lower body fixed and the upper body remaining freedom of movement to push against the harness. View Figure 1

      


      
        Figure 2: Exercise execution for the two training modes. Upper row: Sit-up execution, a) Starting position; b) End position. Execution time was one second per movement phase; c) Isometric training position. View Figure 2

      


      
        Figure 3: Results of the maximum performance tests for both, the sit-up repetition number and the isometric holding time before (T1) and after the training period (T2). Results of the statistical calculation for between times and between genders (isometric training only) are provided (p-values are Bonferroni-corrected). Sit-up: Sit-up training; Iso: Isometric abdominal training. View Figure 3

      


      
        Figure 4: Results for the Maximum force test for trunk flexion and extension before (T1) and after the training period (T2), separately for the different training modes and genders. Upper row: Maximum voluntary contraction (MVC) values in N, Middle row: Maximum Upper body torque (UBT) values in Nm, lower row: Upper body torque ratio (UBTR) values (ratio between upper body weight and MVC levels). Results of the statistical calculation for between times and between training group or genders (isometric training only) are provided (p-values are Bonferroni-corrected). Sit-up: Sit-up training; iso: Isometric abdominal training. View Figure 4

      


      
        Table 1: PICOC Criteria to define scope, goals, and strings. View Table 1
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