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Abstract

:

This study examines the relationships between ultrasonography measurements of skeletal muscle size and echo intensity (EI) with muscle strength and local muscle endurance in a habitually resistance-trained population. Twenty young, healthy participants underwent imaging of the biceps brachii in the sagittal and transverse planes and with the extended field of view (EFOV) technique. Linear regression was used to examine measures of muscle thickness (MT), muscle cross-sectional area (mCSA), EI, and corrected EI (cEI) in each scanning plane for their associations with strength (1RM biceps curl) and local muscle endurance (4x failure @ 50%1RM). The strongest predictor of 1RM strength and local muscle endurance was sagittal MT (adj. R2 = 0.682) and sagittal cEI (adj. R2 = 0.449), respectively. Strength and transverse MT (R2 = 0.661) and the EFOV mCSA (R2 = 0.643) demonstrated a positive relationship. Local muscle endurance and cEI in the transverse plane (R2 = 0.265) and the EFOV scan (R2 = 0.309) demonstrated a negative relationship. No associations were shown with uncorrected EI. While each scanning plane supports the muscle size-strength and echogenicity-endurance relationships, sagittal plane imaging demonstrated the strongest associations with muscle fitness. These findings provide important methodological insights regarding ultrasound imaging and muscle fitness relationships.
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1. Introduction


The use of B-mode ultrasonography for skeletal muscle imaging is growing in popularity in the fields of sports medicine and allied health due to its increasing accessibility [1,2,3]. Compared to the other imaging techniques like magnetic resonance imaging (MRI), computed tomography (CT), and dual-energy x-ray absorptiometry (DXA), ultrasonography provides measures of skeletal muscle size and echogenicity in a fraction of the time and cost, while producing reliable and comparable results [3,4,5,6]. B-mode ultrasonography imaging is commonly performed in the sagittal or the transverse planes with the images being captured in a still frame or with the extended field of view technique (EFOV) where multiple frames are stitched together with specialized software [4,7,8,9,10]. Muscle size can be quantified as a linear measure of muscle thickness in the sagittal and transverse planes [8,11], or with muscle cross-sectional area utilizing the panoramic image obtained with EFOV [7,10]. More recently, the echo intensity (EI) of skeletal muscle images has been used as a loose reference for muscle quality [3]. The echogenicity of the skeletal muscle shows peculiar relationships with muscle glycogen levels [12,13,14,15], clinical measures [16,17,18,19,20], and muscle function [21,22,23,24]. However, the interpretations of EI as a measure of muscle quality are not unanimous [3]. Although ultrasound-derived measures of muscle morphology are valid and demonstrate acceptable reliability [4], subtle methodological factors regarding image acquisition can affect the outcomes [11,25]. Given the importance of muscle size and echogenicity measurements in practical and clinical settings, identifying how different scanning methods relate to muscle fitness parameters may offer directions in time-restricted settings.



Skeletal muscle size is a known determinant of muscle strength [26]. However, the association between ultrasonography-derived skeletal muscle morphology measurements and muscle fitness is not well described [3]. Muscle thickness, cross-sectional area, and their regionalization along the limb all generally show moderate to strong positive relationships with muscle strength [27]. However, EI has received much less focus, namely due to conflicting findings and disagreements on application [3]. Echo intensity has shown weak to moderate associations with strength and agility in adolescents [21,28], gait speed and activities of daily living in older adults [23,29], and occupational and sport-related tasks in healthy adults [30,31]. The association between EI and gait speed and other functional tasks [23,29,30,31] suggests that EI may be related to local muscle endurance. However, there are extremely limited data regarding the relationships between these skeletal muscle outcomes and muscle fitness in habitually resistance-trained populations. It may be that methodological considerations regarding image acquisition as well as corrections for adipose tissue thickness [3,6,23,29] have an influence on the discrepancies seen in the literature. Greater insight into how the various techniques (i.e., transverse MT, sagittal EI) affect the relationships between ultrasonography-derived outcomes and muscle fitness will offer important insights.



Therefore, the purpose of this study is to (1) identify the associations between ultrasound-derived measurements of skeletal muscle morphology with muscle fitness during the biceps curl in a habitually resistance-trained population, and (2) determine the technique with the strongest association with maximal strength and local muscle endurance. The maximal strength and local muscle endurance of the biceps brachii quantified muscle fitness during the biceps curl exercise. Ultrasonography images of the biceps brachii were collected in the sagittal and transverse planes, along with the EFOV technique. The measurements of muscle thickness, cross-sectional area, EI, and echo intensity corrected for adipose tissue thickness (cEI) were used to quantify skeletal muscle morphology. Each of these measures were examined for their association with muscular strength and endurance and run through multiple linear regression.




2. Results


2.1. Correlations


The associations between skeletal muscle ultrasonography outcomes with maximal strength and local muscle endurance are reported in Table 1.




2.2. Stepwise Multiple Linear Regression


Stepwise multiple linear regression was run to assess if three ultrasound measures (muscle size, EI, and cEI) in three different scanning planes (sagittal, transverse, and EFOV) can predict maximal strength (1RM) and local muscle endurance (total repetitions) in the biceps curl. The regression model indicated that muscle thickness in the sagittal plane was the strongest predictor of 1RM strength (F(1,18) = 41.742, p < 0.001, adjusted R2 = 0.682; SEE = 6.74 lbs). Meanwhile, the model for local muscle endurance indicated that cEI in the sagittal plane was the strongest predictor of total repetitions (F(1,18) = 16.512, p < 0.001, adjusted R2 = 0.449; SEE = 9.45 repetitions). Figure 1 shows the relationships between the sagittal plane ultrasonography outcomes with muscle strength (Figure 1A,B) and muscle endurance (Figure 1C,D). The prediction models are shown in Supplemental File S1.





3. Discussion


This study examined the relationships between skeletal muscle ultrasound outcome variables with muscle fitness during the biceps curl in a habitually resistance-trained population. The main findings show that (1) sagittal plane imaging of muscle thickness and echogenicity demonstrated the strongest associations with 1RM strength and with local muscle endurance, respectively; (2) there was a strong, positive relationship between muscle size and biceps curl 1RM for all imaging techniques; and (3) the echogenicity of the biceps brachii showed moderate to strong associations [32] with maximal strength and local muscle endurance, but only when corrections for subcutaneous adipose tissue thickness were applied. Overall, we showed that muscle thickness obtained in the sagittal plane is the strongest predictor of biceps curl 1RM strength, while the EI derived from the sagittal plane demonstrated the greatest association with local muscle endurance. Interestingly, uncorrected EI did not show significant associations with biceps curl 1RM or local muscle endurance as recent findings have shown [22,33,34]. While each ultrasonography imaging plane showed significant relationships with muscle fitness, our findings suggest that images obtained in the sagittal plane sufficiently explain these relationships. These findings also highlight the importance of correcting EI for adipose tissue thickness to increase validity and aid in the translation of EI as a muscle fitness predictor in resistance-trained populations.



The muscle size–strength relationship is well-documented for large muscles of the upper and lower limbs [21,28,33,35,36]. Dynamic muscle strength and muscle size demonstrate a positive relationship in both single- [33] and multi-joint [36] movements. Back squat 1RM strength demonstrates moderate to strong associations with transverse MT (R = 0.56) and mCSA (R = 0.60) of the vastus lateralis in trained participants [36]. Single-joint movements like biceps curl (R = 0.899–0.905) and knee extension (R = 0.695–0.676) 1RM demonstrate strong associations with sagittal MT in a population of trained and untrained individuals [33]. The current study reports similar findings across the sagittal and transverse plane, and with the EFOV technique in a habitually resistance-trained population performing a single-joint movement. As multiple synergistic muscles contribute to back squat or leg extension 1RM, their muscle size–strength relationships are weaker than those observed in biceps curls, in which the biceps brachii is the prime mover. Examinations of the relationship between EI and muscle strength are much more scarce [21,29,34]. Isokinetic knee extension strength demonstrates a negative relationship with uncorrected EI in the elderly (R = −0.333) and corrected EI in adolescents (R = −0.241–−0.524) [21,28,34]. The relationship between EI and strength may be stronger during higher velocity movements following a correction for adipose tissue thickness [28]. The current study did not observe a relationship between uncorrected EI and strength and supports this methodological consideration. While the impact of resistance training protocols (<1 year) on EI has demonstrated conflicting results [4,8,22,37], the resistance training experience (  x ¯   = 4 years) of the participants in the current study may have altered skeletal muscle echogenicity and strengthened the inverse relationship with maximal strength. This experiment demonstrated that muscle size and echogenicity have a strong to moderate correlation with 1RM strength in a resistance-trained population. Additionally, the sample consisted of an equal number of resistance-trained males and females, providing generalizability for a commonly performed dynamic resistance training exercise. These findings support the use of ultrasonography as a muscle strength predictor in sports medicine and allied health settings and for populations having undergone chronic resistance training.



As described previously, the interpretations that stem from EI measurement outcomes have not reached a consensus due to the variety of factors that influence the measurements [3]. The current study demonstrated the importance of adipose tissue correction of echo intensity, as no relationship with muscle fitness was shown with uncorrected EI. However, the cEI demonstrated strong to moderate positive associations with local muscle endurance. The relationship between local muscle endurance and EI observed in the current study has not been noted previously, as examinations of knee extensions to failure and incremental testing on a cycle ergometer reported no associations with EI [22,23]. The knee extensions performed to failure were at a similar intensity (50% MVC) as the current study and utilized the same procedure to correct for adipose tissue thickness but reported no relationship with EI [23]. The differences in findings in the current study may relate to the inclusion of habitually resistance-trained individuals, rather than older or untrained populations. Age-related increases in intramuscular tissue and training-related increases in capillarization may explain these differences, but further research is recommended to clarify this relationship [22,23]. Interestingly, MT and local muscle endurance showed a strong to moderate negative relationship. While increases in MT may aid the force-generating capacity of a muscle, an increase in MT may increase the intramuscular pressure within the muscle and reduce the clearance of nociceptive metabolites [38,39,40,41]. Muscle fiber type may influence this relationship, as type I muscle fibers demonstrate a greater oxidative capacity and greater intramuscular fat and lipid content [42,43]. Type II muscle fibers may produce a relatively greater number of metabolites than type I muscle fibers, reducing the fatigue capacity of a muscle with greater type II muscle content [38,39,40,41]. As a greater EI value is hypothesized to represent a greater amount of intramuscular fat [3,6,44], a muscle with a larger amount of type I muscle fibers may present with a greater echo intensity. Muscle biopsy work demonstrates intramuscular lipid content has a strong to moderate positive relationship with echo intensity, suggesting that this measure may be utilized as a cost-effective and non-invasive method to examine body composition [6,45]. The strong to moderate relationships between local muscle endurance and cEI in the current study further supports the use of echogenicity as a muscle fitness predictor.



There are some important limitations to note regarding the findings of this study. It has been shown that skin color influences EI [46,47,48]. The participants that volunteered for this study were of Caucasian, Hispanic, and Asian descent, and had similar skin pigmentation. This important methodological note should be considered when comparing EI across populations and examined in future studies. As the average age of this population was ~21 years of age, it is important to consider the age-related increases in fibrous tissue within the muscle that may influence EI when generalizing this data to elderly populations [3,22]. Additionally, the sample size for the current study indicated adequate power for the correlations but is insufficient for the regression predictions. Due to the sample size, the findings of the regression predictions should be interpreted with caution. In the current study, only the biceps brachii was imaged and analyzed for MT and echo intensity. As the biceps brachii is the prime mover of the elbow, the ultrasound-derived measures of this muscle alone may be sufficient to examine the relationship of MT and EI with biceps curl muscle fitness. However, if muscle fitness in multi-joint or single-joint movements with multiple synergist muscles are examined, ultrasound imaging of all contributing muscles is suggested. Lastly, we are unable to determine whether ultrasound image acquisition or analyses explains our findings as each may uniquely influence image outcomes given the variability contained within these two separate steps [11]. These limitations provide opportunities for further research and caution when generalizing the findings reported in the current study.



This experiment examines important methodological considerations for ultrasonography imaging for inferences regarding muscle fitness. Our data showed that ultrasonography imaging of the biceps brachii across the three common scanning planes provides morphology outcomes (i.e., MT and EI) that associate with muscle fitness. Importantly, our data suggest that sagittal plane imaging has the strongest associations with muscle fitness compared to the transverse and EFOV measures. Our data support other recent findings showing the importance of correcting for subcutaneous thickness for interpreting EI [3,6,29,49]. Overall, these findings suggest sagittal plane imaging is likely the preferred scanning plane for the biceps brachii. These findings are useful for time-restricted scenarios that are common in laboratory, sports medicine, and allied health settings. Additionally, correcting EI for adipose tissue thickness should be performed to increase the validity of the EI measure as an indicator of muscle quality. These data present methodological considerations that may optimize ultrasonography imaging practices while supporting future applications of echo intensity.




4. Materials and Methods


4.1. Experimental Design


This study used a cross-sectional design to identify the associations between ultrasound-derived measurements of skeletal muscle morphology with maximal strength and local muscle endurance during the biceps curl in a habitually resistance-trained population. The study required a total of two visits to the Neuromuscular Physiology Laboratory in the Kinesiology Department at Texas Christian University. The visits were separated by at least 48 h. The first visit included ultrasound imaging and biceps curl 1 repetition maximum strength testing. During the second visit, participants completed a fatiguing resistance exercise protocol that consisted of four sets of biceps curls to failure with their dominant arm.




4.2. Participants


A total of 20 participants (females: n = 10, age: 21.3 ± 1.64 years, height: 166.88 ± 4.95 cm, mass: 71.30 ± 6.30 kg; males = 10, age: 21.9 ± 2.51 years, height: 175.51 ± 7.92 cm, weight: 81.47 ± 3.59 kg) were enrolled with all completing the study in its entirety. To qualify for inclusion, participants must have reported ongoing participation in a structured and progressive resistance training program at least 2×/week for the past 6 months. The average training experience reported for females was 4.8 ± 2.2 years at a frequency of 7.5 ± 3.4 h/week, and the males reported 4.6 ± 1.6 years of training experience at a frequency of 7.1 ± 2.5 h/week. The resistance training experience demonstrated by each participant qualified as habitual training, defined as following a structured exercise protocol for an extended period of time. The participant sample included individuals who competed in national weightlifting and bodybuilding events as well as collegiate athletics. Five female participants reported hormonal contraceptive use, while the others indicated eumenorrhea. The female participants not on hormonal contraceptives completed testing during their mid-luteal phase, around day 21 of their menstrual cycle (±2 days); however, one participant completed testing during the late follicular phase due to unforeseen scheduling conflicts. All procedures were approved by the Institutional Review Board for Human Subjects of Texas Christian University (IRB# 2021-222).




4.3. Experimental Procedures


4.3.1. Ultrasonography


Prior to strength testing, B-mode ultrasonography (GE LOGIQ E10; Software Version: R9.1.2; GE Healthcare, Milwaukee, WI, USA) was used to measure muscle size and EI of the biceps brachii of the participant’s dominant arm. The ultrasonography images were collected with a wideband linear array probe (GE L8-18i-RS, 4.5–18 MHz, 25 mm field of view; GE Healthcare, Milwaukee, WI, USA). The settings for the ultrasound were held consistent (Frequency: 12 Hz, Gain: 55 dB, Dynamic range: 75) between each participant, with changes in the depth being made only to accommodate larger muscle size and prevent image overlay in highly curved regions [4,11]. During image acquisition, participants were laying supine on an imaging table with their arm abducted and their palm supinated. Images were taken at 50% of the distance between medial acromion process and the fossa cubit [11] and a generous amount of water-soluble transmission gel was applied to the skin to enhance imaging quality. Images were taken in the sagittal and transverse plane in addition to a panoramic sweep with the EFOV technique until three scans of each met acceptable imaging quality. Of these scans, the highest quality image was chosen for subsequent analyses utilizing ImageJ Software (Version 1.53k). Files were exported following image acquisition to a portable storage device and analyzed as a JPG image. Before analyzing the images, the researchers underwent training to minimize the influence of differences in image analysis experience [11]. Image analysis was performed by first scaling the pixels to cm using the straight-line function. In the sagittal and transverse planes, muscle thickness was determined using the straight-line function at the midpoint of the muscle on a freeze-frame image. Muscle cross-sectional area (cm2) was quantified by utilizing the polygon function and outlining the border of each muscle without including the surrounding fascia tissue. EI was determined using the grey-scale analysis histogram function within the same polygon created for cross-sectional area measurements [11]. Echo intensity in freeze-frame sagittal and transverse plane images was determined by using the rectangular function. A maximal rectangular region of interest was created including as much biceps brachii as possible without including the surrounding fascia for each image [11]. Figure 2 provides a representation of the probe placement on the arm and the biceps brachii region of interest determination for the sagittal and transverse plane images.



Measurements of EI were corrected for adipose tissue according to the following equation [6]:


   Corrected   EI    =    Raw   EI    +    Subcutaneous   Fat   Thickness   ∗    40.5278    



(1)








4.3.2. Dynamic Strength Testing


During the first visit, the participants performed a dynamic strength assessment of their dominant arm to determine their biceps curl 1RM with an adjustable dumbbell. One repetition maximum testing was performed according to the ASCM guidelines for strength testing [50]. The 1RM was determined in no more than five maximal attempts.




4.3.3. Resistance Exercise Protocol


On the second visit, the participants were required to perform four sets of biceps curls to failure at 50% of their measured 1RM. The participants were seated and asked to perform the repetitions at a controlled pace (50 bpm on a metronome). Participants were required to perform each repetition through the concentric and eccentric phases. Once the participant could no longer perform the movement through the entire range of motion the set was ended. Each set was separated by 2 minutes and the total number of repetitions performed across each set was summed to create the outcome variable of total repetitions.




4.3.4. Statistical Analysis


SPSS (Version 28; IBM Corp., Armonk, NY, USA) was used for all analyses. Frequencies, mean, and standard deviation were obtained to describe the maximal strength and ultrasound-derived measurements of muscle size. Bivariate tests, i.e., Pearson Correlation, examined the relationships between maximal strength and ultrasound-derived measurements of muscle size. Multiple linear regression was run to examine the ultrasound variable that demonstrated the greatest association with maximum strength and local muscle endurance. Nine independent variables from three ultrasound planes were entered stepwise into the model. These included the sagittal plane (muscle thickness, echo intensity, and corrected echo intensity), transverse plane (muscle thickness, echo intensity, and corrected echo intensity), and the extended field of view technique (muscle cross-sectional area, echo intensity, and corrected echo intensity). The modeling was utilized to generate a prediction equation for the 1 repetition maximum and total repetitions. For the 1 repetition maximum strength, an independence of residuals was observed using a Durbin–Watson statistic of 1.678. Linearity and homoscedasticity were observed and demonstrated through a visual inspection of a plot of studentized residuals versus unstandardized predicted values. Normality was met following a histogram plot of standardized residuals. An examination of the multicollinearity demonstrated a violation between sagittal muscle thickness and transverse muscle thickness (r = 0.869) and the EFOV muscle cross-sectional area (r = 0.844). The variable with the greatest correlation with 1RM strength, sagittal muscle thickness, was retained for analysis. No significant outliers were detected by examining the studentized deleted residual and Cook’s Distance at a level of +/− 3 standard deviations. For total repetitions, an independence of residuals was observed by a Durbin–Watson statistic of 2.262. Linearity and homoscedasticity were observed and demonstrated through a visual inspection of a plot of studentized residuals versus unstandardized predicted values. Normality was met following a histogram plot of standardized residuals. An examination of the multicollinearity demonstrated a violation between sagittal cEI and transverse cEI (r = 0.817) and the EFOV cEI (r = 0.771). The variable with the greatest correlation with total repetitions, sagittal cEI, was retained for analysis. No significant outliers were detected by examining the studentized deleted residual and Cook’s Distance at a level of +/− 3 standard deviations.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/muscles2020010/s1. Table S1: Prediction Model for 1RM, Table S2: Prediction Model for Total Repetitions.
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Figure 1. The relationships between biceps brachii ultrasonography outcomes with maximal strength (A,B) and local muscle endurance (C,D) in the sagittal plane. The strongest predictor of maximal strength was sagittal plane muscle thickness (A), whereas the strongest predictor of local muscle endurance was sagittal plane corrected EI (D). 
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Figure 2. An illustration of the probe placement on the arm and representative ultrasonography images of the biceps brachii. The regions of interest for determining EI (yellow squares, right image) for the sagittal (dashed line, left image) and transverse plane (solid line, left image) images are shown. 
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Table 1. Correlation of Skeletal Muscle Ultrasonography Measures with Maximal Strength and Local Muscle Endurance.
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1 Repetition Maximum

	
Total Repetitions




	
Ultrasonography Measure

	
Pearson Correlation

	
p-Value

	
Pearson Correlation

	
p-Value






	
Sagittal View

	

	

	

	




	
     Muscle Thickness

	
0.836

	
<0.001 *

	
−0.405

	
0.038 *




	
     Echo Intensity

	
−0.350

	
0.065

	
0.308

	
0.093




	
     Corrected EI

	
−0.727

	
<0.001 *

	
0.692

	
<0.001 *




	
Transverse View

	

	

	

	




	
     Muscle Thickness

	
0.813

	
<0.001 *

	
−0.435

	
0.028 *




	
     Echo Intensity

	
−0.230

	
0.165

	
0.111

	
0.321




	
     Corrected EI

	
−0.618

	
0.002 *

	
0.515

	
0.010 *




	
Extended Field of View

	

	

	

	




	
     Cross-Sectional Area

	
0.802

	
<0.001 *

	
−0.433

	
0.028 *




	
     Echo Intensity

	
−0.108

	
0.325

	
0.196

	
0.204




	
     Corrected EI

	
−0.519

	
0.01 *

	
0.556

	
0.005 *








* Denotes significant correlation at p < 0.05 level.
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