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ABSTRACT 
International Journal of Exercise Science 16(6): 538-549, 2023. The primary purpose of this study was to 

evaluate acute dose response of different intensities with total volume equalized during the abdominal crunch 
exercise on muscle thickness, echo-intensity, peak force, time under tension, total load lifted, and perception of 
effort in recreationally-trained participants. Fifteen resistance-trained participants (23 ± 3 years) performed the 

abdominal crunch exercise in one of two different resistance training (RT) protocols in a randomized order: RT4x10RM 
(4 sets of 10RM / 1-min rest) or RT1x40RM (1 set of 40RM). Muscle thickness (MT), echo- intensity (EI), peak force 
(PF), time under tension (TUT), total load lifted (TLL), and session rating of perceived exertion (sRPE) were 

measured pre-test and post-test (0-min and 15-min). Two-way repeated-measures ANOVAs (2 x 3) were used to 

test differences between RT protocols (RT4x10RM and RT1x40RM) and time (pre-test, post-0, and post-15) for MT, EI, 

and PF. Paired t-test was used to compare RT protocols for sRPE, TLL, and TUT. For MT, there were significant 

differences for RT4x10RM between pre- x post-0 (p = 0.011), pre- x post-15 (p < 0.001), and post-0 x post-15 (p = 0.02); 

and for RT1x40RM between pre- x post-0 (p < 0.001) and pre- x post-15 (p = 0.003). For EI, there was a significant 

difference for RT4x10RM between pre- x post-0 (p = 0.002). For sRPE, there was no significant difference between RT 

protocols. For TLL and TUT, there were significant differences between RT protocols (p < 0.05). In conclusion, both 

RT protocols (RT4x10RM and RT1x40RM) induced similar increases in MT but not for EI. TLL and TUT were higher for 

RT4x10RM. PF and sRPE were similar between RT protocols. 
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INTRODUCTION 
 
It is well established that training of the abdominal muscles can contribute to the movement and 
stabilization of the trunk, alleviate the symptoms of chronic low back pain, prevent injuries, and 
possibly maximize sports performance (2, 28). Thus, abdominal exercises are often incorporated 
into resistance training (RT) programs aimed at different objectives such as performance, quality 
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of life and health, and rehabilitation (2, 22, 24, 25). Superficial muscles like the rectus abdominis 
(RA) are the main contributors to abdominal exercises (12) and their main functions are to flex 
the trunk on a fixed pelvis, to flex the pelvis on a fixed trunk (9), or to contribute to trunk stability 
(28, 29, 39). Despite the rich scientific literature on muscle recruitment in abdominal exercises 
(8, 11-13), studies that evaluated the acute responses and chronic adaptations of the abdominal 
muscles with different RT strategies of manipulation of volume and intensity are scarce.  
 
Therefore, in addition to the choice of exercise, the correct manipulation of the acute variables 
of intensity and volume is essential to induce adequate levels of metabolic stress and mechanical 
tension in an RT session (20, 21, 26, 31, 32). Metabolic stress can be indirectly characterized by 
the level of cell swelling after an RT exercise or workout. Furthermore, after an RT session, 
metabolic stress products such as growth hormone and reactive oxygen species are 
simultaneously produced and are important in the activation of the mammalian target of 
rapamycin and muscle protein synthesis (16). Therefore, cell swelling, immediately after an RT 
session, may be involved in the hypertrophic metabolic stress response, resulting from increased 
phosphocreatine, increased lactate production, accumulation of hydrogen ions, and increase in 
the production of growth hormone and cortisol (16). Acute cell swelling can be evaluated by 
ultrasound images in which two different and complementary techniques are used. The first 
technique is called muscle thickness (MT) and it is based on defining the distance from the 
subcutaneous adipose tissue-muscle to muscle-bone interface for a specific muscle (1). The 
second technique is called echo-intensity (EI) and it is related to the pixel density from an 
ultrasound image and quantified by a visual scoring (42). Changes in EI have also been used to 
provide insights into the balance between the extracellular and intracellular fluid in studies 
investigating acute cell swelling (42). It is known that EI is related to edema and changes in EI 
were recently used as a non-invasive way to determine whether the acute change in MT was 
due to an intracellular shift or rather due to the fluid accumulation around the muscle fibers (42, 
43). In combination with imaging techniques, the peak force (PF) produced after an RT session 
and TUT during each set complement the metabolic analysis as it indicates an increase in the 
production of lactate and hydrogen ions (neuromuscular fatigue) and may influence water 
uptake into muscle cells according to cell permeability (3, 5, 16, 32, 37, 40). Additionally, TUT 
may have an even greater impact than cell swelling as a marker of hypertrophy as mechanical 
signals appear to be a primary hypertrophy stimulus (41). Finally, the total load lifted (TLL) is 
an indirect way to define the mechanical tension during an RT session. Mechanical tension 
induced by an RT session causes mechanochemically transduced molecular and cellular 
responses in myofibers and satellite cells (20, 30) being also fundamental to inducing acute 
responses and chronic adaptations such as muscle growth (20). In this way, a clear dose-
response relationship has been reported between TLL and both muscle strength and 
hypertrophy (17, 18, 33, 34, 36).  
 
To the best of the authors’ knowledge, no study has been conducted to assess the metabolic 
stress and mechanical tension induced by different intensities during the abdominal crunch 
exercise with the total volume equalized in recreationally-trained participants. Therefore, the 
primary purpose of this study was to evaluate the acute dose response of different intensities 
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with total volume equalized (40 repetitions) during the abdominal crunch exercise on muscle 
thickness, echo-intensity, peak force, time under tension, total load lifted, and perception of 
effort in recreationally-trained participants. Based on the same total volume in both RT 
protocols, it is hypothesized that both RT protocols (RT4x10RM and RT1x40RM) will induce an 
increase in muscle thickness and induce a similar change in the color of the echo-intensity. 
Additionally, RT4x10RM will induce a greater reduction in peak force and increase time under 
tension and total load lifted. And, both RT protocols will induce a similar perception of effort. 
 

METHODS 
 
Participants 
The number of participants was determined by a pilot study conducted previously, based on an 
effect size difference of 0.65, a significance level of 5%, and a power of 80% derived from the 
muscle thickness (pre-test: 41.3 ± 7.8mm and post-test: 47.1 ± 9.6mm) of individuals with the 
same characteristics used in the present study (10). Fifteen resistance-trained participants were 
recruited to this study [13 males and 2 females; age 23 ± 3 years, total body mass 76.4 ± 6.5 kg, 
height 173.3 ± 6.5 cm, abdominal skinfold 17.6 ± 6.6 mm]. All participants were regularly 
engaged in an RT program and familiar with the abdominal crunch exercise. They had 3 ± 1 
years of RT experience (1 - 2 sessions/week), with no previous surgery or history of injury with 
residual symptoms (pain) in the spine or abdominal muscles within the last year. The maximal 
external load performed in each RT protocol (RT4x10RM and RT1x40RM) were 92.3 ± 12.8 kg and 69.3 
± 11.1 kg, respectively (p < 0.001). The participants were informed of the risks and benefits of the 
study prior to any data collection. All participants provided written informed consent prior to 
participation and the Institutional Review Board at California State University, Northridge 
approved the protocol and the study (#FY20-410). This research was carried out fully in 
accordance to the ethical standards of the International Journal of Exercise Science (27). 
 
Protocol 
This study used a randomized and counterbalanced design. Participants attended three 
laboratory sessions and refrained from performing core exercises other than activities of daily 
living for at least 48 hours prior to testing. A within-participant approach was used in which 
each participant performed a different RT protocol per session (RT4x10RM and RT1x40RM).  
 
During the first session, anthropometric data were evaluated (height, weight, and abdominal 
skinfold). Next, all participants performed a familiarization and a specific warm-up (abdominal 
crunch exercise) consisting of 1 set of 10 repetitions with 5 kg, and 5-min rest interval. To 
perform the abdominal crunch exercise, all participants lay down in a supine position on an 
incline bench (at 15 degrees), lower limbs flexed, feet on the floor, and arms over the chest 
holding a rope attached to a cable-pulley machine (Star Trac., Lake Forest, CA, USA). They lifted 
the weight stack from a neutral spine position to a maximal spine flexion (~30 degrees) during 
the concentric phase and then returned to the initial position (eccentric phase). Afterward, all 
participants performed two different tests to define the maximal external load for each RT 
protocol: a). 10RM testing for abdominal crunch exercise, and b). 40RM testing for abdominal 
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crunch exercise. Both tests were randomized among participants and 30-min were given 
between tests. Both tests are based on the Guidelines of the National Strength and Conditioning 
Association (NSCA) to determine individual initial training external load. Attempts were 
performed to progressively increase the external loads until reached their maximal capacity to 
perform a certain number of repetitions with the correct technique. The cadency (velocity) in 
each contraction was self-selected. All tests were directly supervised by a research assistant to 
ensure proper performance and the correct technique.  
 
The second and third sessions were one week apart. During the second and third sessions, a 
specific warm-up (abdominal crunch exercise) was conducted with 10 repetitions at 50% of their 
10RM testing load. Then, as a pre-test, ultrasonography of the rectus abdominis at rest was 
performed with the subject in apnea, then a test of maximum voluntary isometric contraction in 
maximum flexion of the spine was performed. Then, participants performed one of two RT 
protocols with similar total volume (40 repetitions) in random order: RT4x10RM: 4 sets of 10RM / 
1-min rest interval between sets; or RT1x40RM: 1 set of 40RM. Stops between repetitions were not 
allowed during each set. After each RT protocol, another ultrasonography of the rectus 
abdominis at rest (in apnea) and the maximum voluntary isometric contraction in maximum 
flexion of the spine were retested immediately after (post-0) and 15-min after (post-15) the end 
of each RT protocol. All participants reported a session rating of perceived exertion (sRPE) 15-
min after each RT protocol and session. The cadency (velocity) for both RT protocols was self-
selected. All tests were directly supervised by a research assistant to ensure proper performance 
and correct technique. All participants received similar verbal encouragement during both RT 
protocols and all measures were performed at the same hour of the day (between 1 PM and 4 
PM) by the same researcher. 
 
Measurements:  
 
Muscle Thickness (MT): Ultrasound imaging was used to obtain measurements of MT. A trained 
technician performed all testing using an ultrasound imaging portable unit (Hitachi Noblus; 
Hitachi Medical Corporation, Tokyo, Japan). Following a generous application of a water-
soluble transmission gel (Cskin, Medics Medical Products LLC., NY, USA) to the measured site, 
a 7.5-MHz linear array probe (L55 Probe) was placed perpendicular to the tissue interface 
without depressing the skin. Equipment settings were optimized for image quality according to 
the manufacturer's user manual and held constant in all conditions. When the quality of the 
image was deemed to be satisfactory, the image was saved to the hard drive. The MT dimensions 
were obtained by measuring the distance from the subcutaneous adipose tissue–muscle 
interface to the muscle-bone interface per methods used by Abe et al. (1). Measurements were 
taken on the right side of the body at the second portion of the rectus abdominis. Measurements 
were taken while the participants were lying on a bench. To avoid variations in probe 
compression, participants were instructed to perform the Valsalva maneuver during 
measurements. For rectus abdominis, measurements were taken at 25%, 50%, and 75% of the 
cross-section area. To maintain consistency between pre- and post-tests (0-min and 15-min), each 
site was marked with ink. To further ensure the accuracy of measurements, 3 images were 
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obtained at each point (25%, 50%, and 75% of the cross-section area). If measurements were more 
than 1 mm from one another, a fourth image was obtained and averaged. The sum of all 3 
measurements (25%, 50%, and 75%) was used to further analysis, and the test-retest ICC (MT) 
was 0.96 - 0.98 and the intra-rater reliability was 0.96 - 0.97.  
 
Echo-Intensity (EI): The same images used to define muscle thickness were used to quantify EI. 
EI was assessed using an automated grayscale analysis that ranged from 0 (black) to 255 (white) 
(arbitrary unit, A. U.). A rectangular region of interest box was drawn as large as possible to 
encompass the entire cross-section area. Care was taken to ensure that fascia along the borders 
of the rectus abdominis, subcutaneous adipose tissue, and the bone region was not included in 
the analyses. The EI measurement was defined twice and the average was used for further 
analysis. The test-retest ICC (EI) was 0.97. 
 
Peak Force (PF): The PF was measured by a digital load cell acquisition system (FM-204-1000K, 
Shenzhen Aermanda Technology Co. Ltd., Shenzhen, Guangdong, China / Capacity: 1000 Kgf 
/ Resolution: 0.01 kgf). The digital load cell was placed between the cable and the handles via 
carabiners. To perform the maximal isometric force testing, all participants lay down in a supine 
position on an incline bench (at 15 degrees), lower limbs flexed, feet on the floor, and arms over 
the chest holding a rope attached to a cable-pulley machine. All participants performed 3 
maximal voluntary isometric contractions (MVIC) at 30 degrees of spine flexion before (pre-test) 
and after (post-0 and post-15) each RT protocol (RT4x10RM and RT1x40RM). Each MVIC was 
performed for 5-sec and 10-sec rest interval. The peak force (PF) of each MVIC was defined and 
the average of the 3 MVICs was used for further analysis. The test-retest ICC (PF) was 0.95. 
 
Time under tension (TUT): The TUT was measured by a chronometer during each set for both RT 
protocols (RT4x10RM and RT1x40RM). Then, to define the TUT, the set duration in seconds was 
divided by the total number of repetitions. For RT4x10RM, the TUT of all sets was summed and 
divided by 40 repetitions; and for RT1x40RM, the TUT of the set was divided by 40 repetitions.  
 
Total Load Lifted (TLL): The TLL was calculated for both RT protocols (RT4x10RM and RT1x40RM) 
using the following formula: TLL = Number of Sets * Number of Repetitions * External Load 
(kg).  
 
Session Rating of Perceived Exertion (sRPE): The sRPE was assessed with a CR-10 scale using the 
recommendations of Sweet et al., (38). Participants were asked to use an arbitrary unit (A.U.) on 
the scale to rate their overall effort after both RT protocols. A rating of 0 was associated with no 
effort and a rating of 10 was associated with maximal effort and the most stressful exercise ever 
performed. All participants answered the following question based on CR-10 scale: "How was 
your workout?" The sRPE was asked 15-min after the end of each RT protocol (RT4x10RM and 
RT1x40RM). 
 
Statistical Analysis 
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The normality and homogeneity of variances were confirmed by the Shapiro-Wilk and Levene’s 
tests, respectively. The mean, standard deviation (SD), and delta percentage (Δ%) were 
calculated. Two-way repeated-measures ANOVAs (2 x 3) were used to test differences between 
RT protocols (RT4x10RM and RT1x40RM) and time (pre-test, post-0, and post-15) for MT, EI, and PF. 
Post-hoc comparisons were performed with the Bonferroni test when necessary. Paired t-test 
was used to compare differences between RT protocols (RT4x10RM and RT1x40RM) for TLL, TUT, 
and sRPE. Furthermore, the magnitudes of the difference were examined using the standardized 
difference based on Cohen’s d units using effect sizes (d) (14). The d results were qualitatively 
interpreted using the following thresholds: < 0.35 - trivial; 0.35 - 0.8 - small; 0.8 - 1.5 - moderate; 
> 1.5 - large for recreationally trained (7). An alpha of 5% was used to determine statistical 
significance. 
 
RESULTS 
 
For muscle thickness (MT), there was a significant main effect only for time (p < 0.001). There 
was no significant interaction between RT protocol and time (p = 0.203). There were significant 
differences for RT4x10RM between pre- x post-0 (p < 0.001, d = 0.65 [small], Δ% = 12.1), pre- x post-
15 (p = 0.011, d = 0.34 [trivial], Δ% = 6.3), and post-0 x post-15 (p = 0.02, d = 0.34 [trivial], Δ% = 
6.3) (Figure 1b). There were significant differences for RT1x40RM between pre- x post-0 (p < 0.001, 
d = 0.67 [small], Δ% = 11) and pre- x post-15 (p = 0.003, d = 0.55 [small], Δ% = 8.9) (Figure 1a). 
 
For echo-intensity (EI), there was a significant main effect for time (p = 0.043). There was a 
significant interaction between RT protocol and time (p = 0.002). There was a significant 
difference only for RT4x10RM between pre- x post-0 (p = 0.002, d = 0.55 [small], Δ% = 11.6) (Figure 
1b). 
 
For peak force (PF), there was no significant main effect for RT protocol (p = 0.855) and time (p 
= 0.504), and there is no interaction between RT protocol and time (p = 0.051).  
 
For time under tension (TUT), there was a significant difference between RT4x10RM and RT1x40RM 
(1.4 ± 0.4 s and 1.1 ± 0.4 s, respectively; p = 0.04, d = 0.73 [small], Δ% = 21.4). 
 
For total load lifted (TLL), there was a significant difference between RT4x10RM and RT1x40RM 
(3,693.3 ± 511.9 kg and 2,773.3 ± 446.4 kg, respectively; p < 0.001, d = 1.91 [large], Δ% = 24.9) 
(Figure 1c). 
 
For session rating of perceived exertion (sRPE), there was no significant difference between 
RT4x10RM and RT1x40RM (8.8 ± 1.6 A.U. and 8.2 ± 0.9 A.U., respectively; d = 0.50 [small], Δ% = 6.8).  
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Figure 1. Mean ± standard deviation of (a) muscle thickness and (b) echo-intensity between pre- and pos-tests (0-
min and 15-min) for both RT protocols (RT4x10RM and RT1x40RM); and (c) total load lifted for both RT protocols 
(RT4x10RM and RT1x40RM). Legend: * Significant difference between pre- and post-0; +Significant difference between 
pre- and post-15; $ Significant difference between post-0 and post-15; & Significant difference between RT protocols; 
@ Significant difference between pre- and post-0 only for RT4x10RM; # Significant difference between RT protocols.  
 

DISCUSSION 
 
This study aimed to evaluate acute dose response of different intensities with total volume 
equalized (40 repetitions) during the abdominal crunch exercise on muscle thickness, echo-
intensity, peak force, time under tension, total load lifted, and perception of effort in 
recreationally-trained participants. The main findings include 1. Both RT protocols induced 
similar increases in MT; 2. There was observed an effect in EI only between pre- and post-0 for 
RT4x10RM; 3. PF presented a nonsignificant reduction after both RT protocols; 4. The TLL and TUT 
were higher for RT4x10RM; 5. sRPE was similar between RT protocols. In this way, the present 
study presents evidence that the modification of the intensity, as well as the modification in the 
RT session design, might affect the acute mechanical and metabolic responses. To the best of the 
authors’ knowledge, no study was conducted to measure the acute dose response of different 
intensities with similar total volume (40 repetitions) during the abdominal crunch exercise in 
recreationally-trained participants.  
 
Different RT protocols have been shown to induce different acute cell swelling, the extent of 
which relies on the type of exercise, level of fatigue, volume, and intensity (31). RT exercises 
with momentary muscle failure reduce the intramuscular ATP and CP levels (and Pi, ADP, and 
AMP accumulation) and increase the glycolytic flux (production of H+ leads to metabolite 
accumulation), hypoxia (via muscle contraction), and venous pooling leading to cell swelling (5, 
32, 37, 40). In the present study, MT and EI were obtained to measure the acute cell swelling at 
three-time points (pre-, post-0, and post-15) in both RT protocols (RT4x10RM and RT1x40RM). It was 
hypothesized that both RT protocols (RT4x10RM and RT1x40RM) would induce an increase in MT 
and induce a similar effect in EI. The results of this study corroborated the main hypothesis for 
MT, after all, it was observed an increase in MT after both RT protocols (11 - 12.1%), however, 
the results did not corroborate the main hypothesis for EI. It was observed changes in the color 
of the EI only after the RT4x10RM (11.6%) provided insights into the balance between the 
extracellular and intracellular fluid (42). It is known that EI is related to edema and changes in 
EI were recently used as a non-invasive way to determine whether the acute change in MT was 



Int J Exerc Sci 16(6): 538-549, 2023 
 

International Journal of Exercise Science                                                          http://www.intjexersci.com 
545 

due to an intracellular shift or rather due to the fluid accumulation around the muscle fibers (42, 
43). 
 
The equalization of the total volume of repetitions might be the main cause for these results, 
however, one cannot ignore the characteristics of the different acute RT variables such as 
intensity, number of repetitions, and rest interval between sets. These variables, independently, 
might influence specific responses modulating the level of metabolic stress and mechanical 
tension in each RT protocol. Possibly, RT protocols with more strenuous stress (intensity) and 
total volume equalized could induce different effects in EI (14, 31, 32, 42).  
 
Regarding the acute variables analyzed (TUT and TLL), the results of this study showed that the 
RT4x10RM was a more stressful RT protocol than RT1x40RM. It was hypothesized that RT4x10RM 
would induce higher values of TUT and TLL when compared to RT1x40RM and the results of this 
study corroborated the main hypothesis. TUT has been shown to alter neurophysiological, 
hormonal, and metabolic responses (4, 19) and can be manipulated by movement velocity 
and/or range of motion (6, 23). Even with a similar total volume (40 repetitions), higher 
intensities and the inclusion of rest intervals between sets might influence the acute responses. 
As observed in this study, the total load lifted (TLL), which represents the total work performed 
per RT protocol was 24.9% higher for RT4x10RM when compared to RT1x40RM. For RT protocols 
with similar total volume, the intensity and rest intervals between sets have an important 
influence on the TLL. The level of intensity limits the total number of repetitions performed until 
muscle failure and the rest interval between sets partially removes the neuromuscular fatigue 
allowing more sets with a similar external load. In this study, the external load for 10RM was 
24.9% higher than for 40RM. In addition, the TUT was 21.4% higher for RT4x10RM than for 
RT1x40RM representing approximately 0.3 sec more per repetition for the RT4x10RM and possibly 
affecting EI. However, this difference in time was not sufficient to affect other variables analyzed 
in this study. Extrapolating these results to chronic adaptations, TUT ranging from 0.5- to 8-sec 
seems to maximize muscle hypertrophy (35). 
 
The peak force (PF) was measured before and after (0-min and 15-min) aiming to verify the level 
of neuromuscular fatigue induced by each RT protocol. Neuromuscular fatigue is defined as a 
reduction in maximal force or power production in response to contractile activity (3). 
Considering the different levels of intensity of both RT protocols, it was hypothesized that the 
RT4x10RM would induce a greater reduction in PF. However, the results of this study did not 
corroborate the main hypothesis, after all, both RT protocols presented a small and non-
significant change in PF. The lack of reduction in force production might be influenced by 
different combinations of acute variables and the external load applied to each RT protocol. For 
RT1x40RM, the external load (40RM) and the TUT were not as high as for RT4x10RM, however, the 
higher intensity (10RM) may have been influenced by the constant rest interval between sets.  
 
Finally, the session rating of perceived exertion (sRPE) is frequently used to indirectly quantify 
the level of effort after sets, exercises, and RT sessions (15, 21). sRPE represents a relationship 
between the physiological and performance measures and assists in quantifying the overall load 
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(15). In this study, it was hypothesized that both RT protocols (RT4x10RM and RT1x40RM) would 
induce similar sRPE, corroborating the main hypothesis. Both RT protocols presented high 
sRPEs (8.2 - 8.8 A.U.). It is well known that sRPE is affected by the level of neuromuscular fatigue 
after RT protocols for recreationally-trained participants. Probably, the lack of difference in sRPE 
values was due to a similar level of neuromuscular fatigue induced in both RT protocols.  
 
In conclusion, both RT protocols (RT4x10RM and RT1x40RM) induced similar increases in MT but 
not for EI. TLL and TUT were higher for RT4x10RM. And, PF and sRPE were similar after both RT 
protocols. Therefore, when it comes to abdominal exercises, a more intense RT protocol 
(RT4x10RM) increased the levels of metabolic stress with higher levels of mechanical tension when 
the total volume was equalized (40 repetitions).  
 
This study has some limitations that should be considered when interpreting the current results. 
First, we measured only the second portion of the rectus abdominis. A different portion of the 
rectus abdominis (polygastric muscle) could present a different acute response for MT and EI 
and it is possible that the set/rep scheme was not enough significantly fatiguing to impact peak 
force and may have limited changes in cell swelling. Second, the small sample size and the 
number of comparisons may have affected statistical power. Despite this limitation, analysis of 
effect sizes provides a good basis for drawing inferential conclusions from the results. Third, we 
did not measure lactate or by-products from the metabolism. Fourth, the findings of this study 
cannot, necessarily, be generalized to other exercises, RT protocols, or different populations 
including adolescents, athletes, and the elderly. 
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