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Abstract 19 

Although evidence suggests that intramuscular fat infiltration may influence muscle strength, 20 

the precise mechanisms remain unclear. This study aimed to determine whether intramuscular 21 

fat infiltration affects muscle mechanical properties during contraction, and whether these 22 

mechanical properties mediate the relationship between intramuscular fat infiltration and 23 

muscle strength. Seventy-nine healthy older women aged 75.1±6.8 years were included in 24 

this study. The echo intensity (EI) of the vastus lateralis (VL) was measured as an 25 

intramuscular fat infiltration index using B-mode ultrasonography. Maximum voluntary 26 

isometric contraction strength (MVIC) was assessed using a dynamometer. The VL shear 27 

elastic modulus (G), a mechanical property index, was measured using ultrasound shear wave 28 

elastography under various muscle contraction conditions, at rest and at 15, 30, and 45% 29 

MVIC (G0, G15, G30, and G45). To evaluate the degree of increase in the shear elastic 30 

modulus with increasing muscle contraction intensity, the slope of the regression line 31 

(Gslope) between muscle contraction and shear elastic modulus was calculated for each 32 

participant. The results showed that EI was significantly associated with G30 and G45 but not 33 

with G0 or G15. The EI can significantly explain the inter-individual differences in Gslope. 34 

Mediation analysis revealed that the effect of EI on MVIC through Gslope was significant 35 

(indirect effect = -0.31, 95% confidence interval [-0.57, -0.12]). These findings suggest that a 36 

greater EI is associated with a lower G during muscle contraction. Furthermore, our results 37 

show that the relationship between EI and MVIC is mediated by Gslope.  38 

Keywords: echo intensity, aging, shear elastic modulus, ultrasound imaging, muscle 39 

weakness 40 
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Introduction 41 

Age-related muscle weakness is attributable to various factors, including impaired neural 42 

efferent drive, muscle atrophy, and deterioration of muscle quality, the latter being closely 43 

related to intramuscular fat infiltration (Fragala MS et al. 2015; Delmonico MJ et al. 2009). 44 

Intramuscular fat infiltration can be assessed by echo intensity (EI); an increase in EI, which 45 

indicates the progression of intramuscular fat infiltration, occurs earlier than muscle atrophy 46 

(Fukumoto Y et al. 2015; Ota M et al. 2020) and is independently associated with muscle 47 

strength (Fukumoto Y et al. 2012; Watanabe Y et al. 2013). Therefore, the age-related decline 48 

in muscle quality has attracted attention. Notably, the latest diagnostic criteria for sarcopenia 49 

have been revised by the European Working Group on Sarcopenia in Older People 50 

(EWGSOP) from low muscle mass to low muscle mass and/or low muscle quality (Cruz-51 

Jentoft AJ et al. 2019). To develop effective physical therapy treatments to prevent and 52 

improve age-related muscle weakness, it is necessary to elucidate the mechanisms underlying 53 

the decrease in muscle quality, such as intramuscular fat infiltration, which leads to muscle 54 

weakness. 55 

During aging, muscle fibers undergo degeneration and atrophy and are replaced with 56 

intramuscular fat (Goodpaster BH et al. 2006; Visser M et al. 2005). The degree of 57 

intramuscular fat infiltration reflects a decrease in muscle contractile tissue that has been 58 

replaced by a given muscle size (Lim JY and Frontera WR 2022; Stock MS and Thompson 59 

BJ 2021). Therefore, it is conventionally assumed that the relationship between intramuscular 60 

fat infiltration and muscle weakness is related to a decrease in muscle contractile tissue. 61 

However, an animal study conducted by Biltz et al. (2020) showed a muscle-intrinsic 62 
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association between increased intramuscular adipose tissue volume and decreased contractile 63 

tension (muscle strength), which cannot be explained by a reduction in muscle contractile 64 

tissue alone. This finding suggests the presence of other mechanisms.  65 

One possible novel mechanism by which intramuscular fat infiltration contributes to 66 

muscle weakness is the alteration of the mechanical properties during muscle contraction. 67 

Simulation modeling studies have reported that intramuscular fat infiltration impairs the 68 

ability of muscle fibers to shorten and bulge transversely during contraction, even when the 69 

amount of muscle contractile tissue remains constant (Dick TJM and Wakeling JM 2017; 70 

Rahemi H et al. 2015). These changes in the mechanical properties can lead to muscle 71 

weakness (Rahemi H et al. 2015). Recently, ultrasound shear wave elastography has been 72 

used to quantitatively evaluate the mechanical properties of individual muscles in vivo by 73 

measuring the shear elastic modulus (Bravo-Sánchez A et al. 2022; Bachasson D et al. 2018; 74 

Miyamoto N et al. 2019). The shear wave velocity propagates faster in stiffer tissues; thus, a 75 

higher shear elastic modulus corresponds to a stiffer muscle. Previous studies have examined 76 

the changes in shear elastic modulus during muscle contraction with aging. Wang et al. 77 

(2017) examined the shear elastic modulus of the vastus intermedius throughout the entire 78 

process from rest to maximal muscle strength. They observed that older adults exhibited a 79 

lower slope in the curve of the shear elastic modulus with an increasing contraction strength 80 

than that for younger adults, suggesting a diminished capacity for the muscle shear elastic 81 

modulus to increase during contraction with age (Wang CZ et al., 2017). Similarly, Ateş et al. 82 

(2023) found that the active shear elastic modulus of the biceps brachii muscle during 25% 83 

maximum voluntary isometric contraction was lower for older adults compared to young 84 
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adults. However, to the best of our knowledge, only a few studies have explored age-related 85 

changes in shear elastic modulus during muscle contraction (Wang CZ et al., 2017; Setlock 86 

CA et al., 2021; Ateş F et al., 2023), and the factors associated with these changes remain 87 

unclear. Given that adipose tissue is more compliant than contractile muscle tissue (Chakouch 88 

MK et al. 2015), the shear elastic modulus of muscles may decrease due to intramuscular fat 89 

infiltration. Additionally, the shear elastic modulus of the vastus lateralis (VL) during 90 

contraction is related to the knee extension strength (Soldos P et al. 2021).These results 91 

suggest a potential relationship during muscle contraction between intramuscular fat 92 

infiltration and shear elastic modulus and between shear elastic modulus and muscle strength. 93 

However, it remains unclear whether mechanical properties influence the relationship 94 

between intramuscular fat infiltration and muscle strength during muscle contraction in vivo. 95 

We investigated whether intramuscular fat infiltration affects muscle mechanical properties 96 

during contraction and whether these mechanical properties mediate the relationship between 97 

intramuscular fat infiltration and muscle strength. We hypothesized that 1) the VL EI is 98 

associated with the VL shear elastic modulus during muscle contraction and 2) the VL EI 99 

correlates with knee extension strength via mechanical properties during muscle contraction. 100 

 101 

Materials and methods 102 

Participants 103 

From June 2022 to 2023, 79 local, healthy older women (age: 75.1±6.8 [range, 60–88] 104 

years, height: 152.7±5.0 cm, body mass: 50.5±6.7 kg, and body mass index (BMI): 21.9±3.7 105 

kg/m2) were included in the study. The inclusion criteria were the ability to live independently 106 
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and walk without assistive devices. Participants with the following conditions were excluded: 107 

1) history of surgery on the right lower extremity; 2) any neuromuscular disorders that may 108 

affect the test results; and 3) events that may affect the results during the experiment, such as 109 

pain and inability to complete and/or maintain the submaximal voluntary isometric 110 

contraction conditions.  111 

All participants were recruited from a previous study in which a physical fitness test was 112 

conducted in Kyoto (Fukumoto Y et al. 2018). Those who chose to participate visited the 113 

laboratory for data collection. Participants were provided comprehensive information about 114 

the study’s procedures, objectives, and potential risks. Subsequently, written consent was 115 

obtained from each participant after being fully informed. The experimental protocols were 116 

approved by the Ethics Committee of Kyoto University (ethics approval number: R1746). 117 

 118 

Experimental design 119 

All measurements were obtained from the right thigh of the participants and all ultrasound 120 

measurements were specifically focused on the VL. Previous studies indicated a significant 121 

alteration in intramuscular fat infiltration in the VL with increasing age (Stock MS et al. 122 

2020; Jacob I et al. 2022). Among the quadriceps femoris muscles, which are crucial for daily 123 

activities, the VL contributes the most to the muscle strength (Pal S et al., 2007; Lube J et al., 124 

2017). To investigate the relationship between intramuscular fat infiltration and muscle 125 

strength, the VL was chosen as the subject for ultrasound measurement, and the maximum 126 

voluntary isometric contraction strength (MVIC) of the knee joint was selected as the 127 

measurement parameter for muscle strength. The experimental procedure was as follows. 128 



7 

 

First, B-mode ultrasound was used to measure the VL muscle thickness (MT) and EI. 129 

Subsequently, the shear elastic modulus (G) was measured at rest (G0) using ultrasound shear 130 

wave elastography, while the participant sat on a dynamometer. After evaluating the MVIC, 131 

15, 30, and 45% MVIC were calculated, and the shear elastic moduli of the VL under three 132 

submaximal voluntary isometric contraction conditions (G15, G30, and G45) were evaluated 133 

in random order. 134 

 135 

B-mode ultrasound  136 

Before the ultrasound examination, participants lay supine on an examination bed for 3 137 

min to prevent fluid changes caused by muscle contraction (Taniguchi M et al. 2017). The 138 

midpoint of the greater trochanter to the lateral knee joint space was marked and ultrasound 139 

B-mode (transverse image of the VL) measurements were performed at this site. B-mode 140 

ultrasound (Noblus; Hitachi Aloka Medical Systems, Tokyo, Japan) with a 5–18 MHz linear 141 

probe was used to measure MT and EI. The equipment settings were unified with a gain of 60 142 

dB, a dynamic range of 70, and a depth of 6 cm.  143 

Participants were instructed to relax completely with the knee joints in full extension and 144 

the hip joints in a neutral posture. During the measurement, the probe was placed 145 

perpendicular to the long axis of the thigh and controlled to exert as little pressure on the skin 146 

as possible to prevent compression of the measured tissue. Additionally, to obtain accurate EI, 147 

the ultrasound focus was aligned with the central part of the VL, and the probe was adjusted 148 

to display the bone and fascia (Fukumoto Y et al. 2022). Three B-mode ultrasound images 149 

were recorded for each participant.  150 
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Image processing software (ImageJ, version 1.53e, National Institutes of Health, Bethesda, 151 

MD, USA) was used to analyze MT and EI. As a measure of muscle mass index, MT was 152 

calculated as the distance between the superior and inferior fasciae by selecting the thickest 153 

part in the ultrasound image. For MT analysis, a line perpendicular to the inferior fasciae was 154 

led toward the superficial fascia using the ruler feature. As a measure of muscle quality index, 155 

EI was determined by grayscale analysis using the standard histogram function, which was 156 

expressed in arbitrary units. For EI analysis, the range of interest was taken to be as large as 157 

possible by adhering to the fascia using the polygon selection feature. The average value of 158 

the three measurements was used as VL’s MT and EI for further analyses.   159 

All B-mode ultrasound measurements and analyses were completed by a physical therapist 160 

with 6 years of measurement expertise. The intra-class correlation coefficient (ICC1, 3) for 161 

MT and EI were 0.99 and 0.98, respectively, obtained from 30 randomly selected 162 

participants. 163 

 164 

Isometric strength testing 165 

MVIC was measured using a dynamometer (Biodex System 4; Biodex Medical Systems 166 

Inc., Shirley, NY, USA), and all data were processed and saved using data analysis software 167 

(MyoResearch XP Master Edition, Noraxon Inc., Scottsdale, Arizona, USA). The participants 168 

were seated with hip flexion of 85° and knee flexion of 60° on a dynamometer chair, with the 169 

center of the knee joint aligned with the center of the dynamometer’s power shaft. 170 

After adequate familiarization and warm-up, the participants were instructed to extend the 171 

knee joint with maximum force and hold it for 3 s. MVIC testing was conducted twice with a 172 
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1 min break between the two attempts. The maximum value performed within 3 s and the 173 

average of the two attempts was used for the submaximal voluntary isometric contraction 174 

condition settings (15, 30, and 45% MVIC) and data analysis. 175 

 176 

Ultrasound shear wave elastography  177 

The shear elastic moduli under different muscle contraction conditions were measured 178 

using ultrasound shear wave elastography (Aixplorer version 12.2.0, SuperSonic Imagine, 179 

Axi-en-Provence, France) with a 2–10 MHz linear probe (SL10-2, SuperSonic Imagine, Aix-180 

en Provence, France) (Figure 1). The specific settings were unified as follows: 181 

Musculoskeletal/Knee mode, penetration SWE Option, 90% gain, high persistence, 100% 182 

opacity, smoothing at 5, frequency 1.5–2.0 Hz, elasticity range set to 0–267 kPa, the depth of 183 

region of interest (ROI) during measurement was within the range of 0.5–4 cm. Furthermore, 184 

the present ROI size was consistent for all participants (approximately 2.0*2.0 cm). 185 

Ultrasound shear wave elastography measurements were performed at the same VL site 186 

(longitudinal image) as the B-mode ultrasound. After confirming the transverse section of the 187 

VL, the probe was rotated parallel to the muscle fibers (longitudinal axis of the VL), and the 188 

angle of the probe on the skin was marked with an oil marker to maintain consistency 189 

throughout the measurement process. During the measurement process, the ROI was 190 

manually located at the center of the VL, shear elastic modulus images were captured when 191 

the set conditions (15, 30, and 45% MVIC) were met, and color mapping was confirmed to 192 

be stable. Three ultrasound images were obtained for each condition. 193 

The analysis of shear elastic modulus was based on ultrasound shear wave elastography Q-194 
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box feature; while placing a circle with a diameter of 1.0 cm Q-box in the center of the ROI, 195 

the shear elastic modulus was calculated using the following equation: G=ρV², where ρ is the 196 

muscle mass density, which was presumed to be 1,000 kg/m3, and V denoted the propagation 197 

speed. The average values of three measurements were used for subsequent analysis. Since 198 

shear waves propagate faster through stiff tissue, the higher the value of G, the stiffer the 199 

muscle during contraction. 200 

Although G is widely used as an index of muscle mechanical properties (Bravo-Sánchez A 201 

et al. 2022; Bachasson D et al. 2018; Miyamoto N et al. 2019; Ateş F et al., 2023), the 202 

optimal intensity required for precise quantification of mechanical properties during muscle 203 

contraction remains unclear. Although each contraction condition exhibits high 204 

reproducibility, anomalous values have the potential to cause individual variations in the 205 

mechanical properties. To mitigate the influence of these anomalies and comprehensively 206 

describe the muscle mechanical properties, we used the linear regression line function of 207 

Excel (Microsoft Excel 2016, Microsoft, New Mexico, U.S.) to transform the relationship 208 

through G0, G15, G30, and G45 data points. For each participant, the equation G = k 209 

*submaximal voluntary isometric contraction + b, and the single slope value k (Gslope) was 210 

used as the mechanical property during muscle contractions, which indicates the ability to 211 

change the shear elastic modulus with an increase in submaximal voluntary isometric 212 

contraction intensity. The higher the Gslope value, the greater the muscle’s ability to stiffen 213 

during contraction (Yoshitake Y et al. 2014; Hug F et al. 2015). 214 

All ultrasound shear wave elastography measurements and analyses were completed by a 215 

physical therapist with 6 years of measurement expertise. The ICC 1, 3 for G0, G15, G30, 216 
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and G45 obtained from 30 randomly selected participants demonstrated high repeatability. 217 

ICC 1, 3 for G0, G15, G30, and G45 was 0.99, 0.96, 0.97, and 0.96, respectively. The test-218 

retest reliability of the G measurements was examined by measuring the shear elastic 219 

modulus on two separate days in 10 randomly selected participants. The ICC 1, 3 for G0, 220 

G15, G30, and G45 was 0.78, 0.94, 0.87, and 0.98, respectively, indicating good reliability 221 

across test-retest sessions. 222 

 223 

Statistical analysis 224 

All data are expressed as the mean ± standard deviation. 225 

To examine the effect of muscle quality on shear elastic modulus during muscle 226 

contraction, we conducted simple regression analyses using G0, G15, G30, G45, and Gslope 227 

as dependent variables and EI as an independent variable. Furthermore, to determine whether 228 

EI independently affected mechanical properties during muscle contraction, we conducted a 229 

multiple regression analysis using Gslope as a dependent variable, EI and MT as independent 230 

variables using the stepwise method, and age and BMI as covariates using the forced entry 231 

method. 232 

In the mediation analysis, EI was used as the X variable, Gslope as the mediator M, MVIC 233 

as the Y variable, and MT as the covariate. These were entered into the mediation model to 234 

test whether the mechanical properties during muscle contraction mediate the relationship 235 

between muscle quality and strength. Figure 2 illustrates the mediation model used in this 236 

study. The c path represents the total impact of X on Y, and this total impact includes the 237 

direct impact of X on Y and the indirect impact of X on Y through M. Direct impact, that is, c' 238 
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path, represents the impact of X on result Y while keeping M constant. Indirect impacts, 239 

including path a (the impact of X on mediating factor M) and path b (the impact of mediating 240 

factor M on result Y), describe the impact of X on Y through M.  241 

Before conducting the mediation analysis, regression analysis was used to test the 242 

effectiveness of paths c, a, and b. Subsequently, the bootstrap method was used to investigate 243 

the mediating effect of mediator M on the relationship between independent variable X and 244 

dependent variable Y through bootstrap 95% confidence intervals (CI) of the indirect effect. 245 

The bootstrap method does not require assumptions of sampling normality and has the 246 

highest power and best Type I error control when compared with the product-of-coefficients 247 

approach, which is the most well-known Sobel test (Hayes and Andrew F 2009; Preacher KJ 248 

and Hayes AF 2004; Sobel and Michael E 1982). Indirect effects were deemed significant if 249 

zero was not included in the bootstrap 95% CI. We report the results of bootstrapping 250 

procedures with the resampling of 5,000 bootstrap replicates (95% CI).  251 

Statistical analysis software (SPSS version 22.0; IBM Japan, Inc., Tokyo, Japan) was used 252 

to analyze all data. For the mediation analysis, an SPSS macro (PROCESS version 3.0) 253 

developed by Hayes was used to analyze the media effect (Preacher KJ and Hayes AF 2004). 254 

Statistical significance was defined as p <0.05. 255 

 256 

Results 257 

The mean ± standard deviation and 95% CI of EI, MT (measured by B-mode ultrasound), 258 

MVIC, G0, G15, G30, G45, and Gslope (measured by ultrasound shear wave elastography) 259 

are summarized in Table 1. 260 
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 261 

The influence of muscle quality on the muscle mechanical properties-regression analysis 262 

In simple regression analysis, G0 (β=-0.02, p=0.835) and G15 (β=-0.09, p=0.438) were not 263 

significantly associated with EI; however, G30 (β=-0.26, p=0.021), G45 (β=-0.40, p<0.001) 264 

(Figure 3), and Gslope (β=-0.39, p<0.001) were negatively correlated with EI. The effect 265 

sizes (f2) ranged from 0.06 to 0.17, indicating a small to moderate correlation among G30, 266 

G45, Gslope, and EI.  267 

In multiple regression analysis, after adjusting for age and BMI, only EI was identified as 268 

the significant independent variable affecting Gslope (β=-0.34, p<0.001). Moreover, age also 269 

significantly impacted Gslope (β=-0.25, p=0.017), with EI and age jointly explaining 21.6% 270 

of Gslope (adjusted for R²=0.216, Table 2).  271 

 272 

The results of mediation analyses 273 

EI was significantly correlated with Gslope (path a; β=-0.39, p<0.001), Gslope with MVIC 274 

(path b; β=0.43, p<0.001), and EI with MVIC (path c; β=-0.31, p=0.005) (Figure 4). 275 

The bootstrap method was used to test the mediating effect of Gslope in the relationship 276 

between EI and MVIC (Table 3). First, the total effect of EI on MVIC was significant (total 277 

effect=- 0.42, p=0.042). Within the total effect of EI on MVIC, the direct effect (EI → 278 

MVIC) was not significant (direct effect=-0.11, p=0.585), but the indirect impact through 279 

Gslope (EI → Gslope → MVIC) was significant (indirect effect=-0.31, bootstrap 95% CI [-280 

0.57, -0.12]), that is, the increase in EI leads to a decrease in Gslope, which in turn leads to a 281 

decrease in MVIC. 282 
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Considering the effects of paths a and b were medium (effect 0.39–0.59), the appropriate 283 

sample size for this condition should be 78, referring to a previous study (Fritz MS and 284 

Mackinnon DP 2007). Thus, the power of the mediation analysis was sufficient. Additionally, 285 

mediation analysis results were obtained by resampling 5,000 bootstrap replicates. Therefore, 286 

the bias in the results was corrected to the greatest extent possible. 287 

 288 

Discussion 289 

This study focused on the mechanical properties during muscle contraction. It examined 290 

the relationship between shear elastic modulus during muscle contraction, EI, and MVIC to 291 

explore the potential mechanism of intramuscular fat infiltration leading to muscle weakness. 292 

The key findings were as follows: 1) although EI was not correlated with G0 and G15, it was 293 

significantly related to G30 and G45; 2) EI could significantly explain the inter-individual 294 

differences in Gslope; and 3) EI was linked to MVIC through Gslope. To the best of our 295 

knowledge, this is the first study to verify that intramuscular fat infiltration is associated with 296 

mechanical properties during muscle contraction in humans and that intramuscular fat 297 

infiltration may affect muscle strength through the mechanical properties during muscle 298 

contraction.  299 

Single regression analysis revealed that EI was not correlated with the shear elastic 300 

modulus at rest or during low-intensity muscle contractions (G0, G15) but was significantly 301 

correlated with the shear elastic modulus during moderate-intensity muscle contractions 302 

(G30, G45). The finding of G0, that is, the shear elastic modulus of the VL measured at rest, 303 

is partly consistent with previous studies, which found no connection between EI and the 304 
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shear elastic modulus at rest (Alfuraih AM et al. 2019) or a connection only at specific joint 305 

angles (Pinel S et al. 2021; Yoshiko A et al. 2023). During rest or low-intensity contraction 306 

conditions, other factors such as the degree of muscle elongation (Yoshiko A et al. 2023; 307 

Kobayashi K et al. 2023) and large inter-individual differences in the muscle activity balance 308 

between the VL and other muscles (e.g., rectus femoris, vastus intermedius, and vastus 309 

medialis) (Hug F et al. 2015; Crouzier M et al. 2019), might affect the shear elastic modulus 310 

more than intramuscular fat infiltration, making it challenging to observe the relationship 311 

between EI and shear elastic modulus. In contrast, EI was significantly associated with the 312 

shear elastic modulus during moderate-intensity contraction conditions. This could be 313 

because the muscle activity balance between the VL and other muscles becomes more stable 314 

at higher contraction intensities, resulting in few inter-individual differences in VL muscle 315 

activity (Hug F et al. 2015). Furthermore, the shear elastic modulus at higher contraction 316 

intensities may be more strongly affected by intramuscular fatty infiltration than that at lower 317 

contraction intensities. The β value, which indicates the degree of relationship between EI 318 

and shear elastic modulus, shows an increasing tendency with the increase in submaximal 319 

voluntary isometric contraction intensity. This result indicates that as the contraction intensity 320 

increases, the influence of intramuscular fat infiltration on the shear elastic modulus becomes 321 

more significant, supporting the above hypothesis. 322 

Multiple regression analysis showed that EI had a negative impact on mechanical 323 

characteristics during muscle contraction (Gslope), independent of age and BMI. Mechanical 324 

properties during muscle contraction are important indicators of physical function, and 325 

previous studies have reported that lower shear elastic modulus values during muscle 326 
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contraction are associated with weaker muscle strength and poorer sports performance 327 

(Soldos P et al. 2021; Yamazaki K et al. 2022). Nevertheless, the factors that influence the 328 

mechanical properties of muscles during submaximal voluntary isometric muscle contraction 329 

(%MVIC) remain unknown. A previous study reported that EI negatively correlated with 330 

muscle stiffness during contraction, which was measured by pressing the muscle from above 331 

the skin using an electronic tissue compliance meter during MVIC exertion (Ikezoe T et al. 332 

2012). Although this method of measuring stiffness is not the same as measuring the shear 333 

elastic modulus by ultrasound shear wave elastography, which reflects the long-axis 334 

mechanical properties of the muscle, both results suggest that increased intramuscular fat 335 

infiltration results in less stiffened muscles during contractions. Previous studies examining 336 

age-related changes in shear elastic modulus and EI have shown that with an increase in age, 337 

the shear elastic modulus during muscle contraction significantly decreases (Wang CZ et al. 338 

2017; Setlock CA et al. 2021), and the EI significantly increases (Delmonico MJ et al. 2009; 339 

Fukumoto Y et al. 2015). Given these results and the findings of this study that intramuscular 340 

fat infiltration and age independently affect the mechanical properties of muscle contraction, 341 

the decrease in the shear elastic modulus in older adults may be attributed to the effects of 342 

aging and/or intramuscular fat infiltration. 343 

  Mediation analysis revealed that EI correlates with MVIC through Gslope, supporting the 344 

results of a simulation modeling study (Rahemi H et al. 2015). In this study, a significant 345 

negative correlation was observed between the EI and muscle strength, confirming the 346 

importance of muscle quality, as emphasized in the latest revised EWGSOP guidelines (Cruz-347 

Jentoft AJ et al. 2019). Furthermore, our results suggest that the mechanical properties of 348 
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muscle contraction may mediate the relationship between EI and muscle strength. These 349 

insights deepen our understanding of the association between intramuscular fat infiltration 350 

and muscle strength and provide valuable information for the development of effective 351 

physical therapy approaches. For instance, interventions aimed at reducing intramuscular fat 352 

infiltration and/or improving the mechanical properties of muscle contractions could be 353 

beneficial in preventing age-related muscle weakness and sarcopenia. The relationship 354 

between intramuscular fat infiltration, mechanical properties during muscle contraction, and 355 

muscle strength can be considered from two perspectives: force generation and force 356 

transmission. Force generation: the generation of muscle force results from the tilting 357 

movement of myosin cross-bridges attached to actin filaments in muscle fibers (Reedy MK et 358 

al. 1965). A study using CT to measure intramuscular fat infiltration reported that greater 359 

intramuscular fat infiltration was correlated with longer myosin attachment times in myosin-360 

heavy chain I fibers and lower myofilament lattice stiffness. This indicates that intramuscular 361 

fat infiltration may slow cross-bridge kinetics and reduce myofilament lattice stiffness 362 

(Straight CR et al. 2019). Intramuscular fat infiltration may reduce mechanical properties 363 

during muscle contraction because of altered myofilament properties and cross-bridge 364 

kinetics; thus, muscles with intramuscular fat infiltration present muscle weakness (Morgan 365 

DL 1977; Gerstner GR et al. 2017). For force transmission, as shown in the results of the 366 

multiple regression analysis, a higher EI negatively influenced the shear elastic modulus 367 

during muscle contraction. Therefore, muscles with intramuscular fat infiltration are softer 368 

during contraction than those without fat infiltration. Loss of muscle stiffness due to 369 
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intramuscular fat infiltration could limit the force transmission capability, reducing the force 370 

transmitted to the joint, resulting in muscle weakness.  371 

This study had some limitations. First, as the measurements were conducted solely in the 372 

muscle belly of the VL and the participants were limited to healthy older women, whether the 373 

findings can be generalized to other regions within the muscle (Setlock et al 2021) and to 374 

other muscles, such as biarticular muscles or muscles with less evident fat infiltration with 375 

increasing age, as well as to other populations remains unclear. Further investigations are 376 

required to clarify the applicability of these results to other muscle groups and populations. 377 

Second, although EI is commonly used as a measure of muscle quality or intramuscular fat 378 

infiltration in both research and clinical practice, the correlation coefficient between EI and 379 

intramuscular adipose tissue content measured by magnetic resonance imaging, which is 380 

considered a robust method for assessing intramuscular fat infiltration, typically ranges from 381 

0.5 to 0.6 (Akima H et al. 2016; Fukumoto Y et al. 2022). This suggests that besides 382 

intramuscular fat infiltration, there may also be contributions from other tissues, such as 383 

connective tissue, to EI. Therefore, the influence of connective tissue cannot be entirely 384 

discounted, which makes distinguishing the effects of intramuscular fat from those of 385 

connective tissue on mechanical properties a challenging task. Future studies should consider 386 

connective tissue and intramuscular fat separately. Third, because the data used in this study 387 

were measured simultaneously, there are limitations in inferring a causal relationship. 388 

Prospective longitudinal and interventional studies are required to confirm these findings. 389 

 390 

Conclusion 391 
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The present study investigated the impact of EI on shear elastic modulus during muscle 392 

contraction and explored the potential mechanisms underlying the relationship between EI 393 

and MVIC. Our findings suggest that a higher EI correlates with a lower shear elastic 394 

modulus during muscle contraction. The correlation between EI and shear elastic modulus 395 

increases with increased contraction intensity. Furthermore, increased EI is associated with 396 

muscle weakness due to a lower shear elastic modulus during muscle contraction.   397 
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Table 581 

Table 1. Vastus lateralis echo intensity (EI), muscle thickness (MT), maximal voluntary 582 

isometric contraction strength (MVIC) of knee extension, and vastus lateralis shear elastic 583 

modulus. 584 

Notes: G0 = shear elastic modulus at rest; G15 = shear elastic modulus at 15% MVIC; G30 = 585 

shear elastic modulus at 30% MVIC; G45 = shear elastic modulus at 45% MVIC; Gslope = 586 

slope of G increase during submaximal voluntary isometric contraction. 587 

  588 

 
Mean ± SD (N=79) 95% CI 

EI (a.u.) 78.24 ± 11.30 [75.71, 80.77] 

MT (cm) 1.62 ± 0.37 [1.54, 1.70] 

MVIC (Nm) 100.81 ± 21.36 [97.03, 105.60] 

G0 (kPa) 6.17 ± 2.70 [5.56, 6.77] 

G15 (kPa) 24.80 ± 7.62 [23.09, 26.50] 

G30 (kPa) 38.33 ± 10.75 [35.92, 40.74] 

G45 (kPa) 49.71 ± 13.04 [46.79, 52.63] 

Gslope  0.96 ± 0.30 [0.90, 1.03] 
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Table 2. Multiple regression models for predicting for the slope of shear elastic modulus 589 

increases during submaximal voluntary isometric contraction (Gslope). 590 

Adjusted R² Independent 

variables 

Coefficient 

(B) 

Standardized 

coefficient(β) 

t-value p-value 95% CI 

      lower upper 

0.216 (Constant) 2.76  7.04 <0.001 1.976 3.535 

EI -0.01 -0.34 -3.37 <0.001 -0.014 -0.004 

Age -0.01 -0.25 -2.44 0.017 -0.020 -0.002 

BMI -0.01 -0.16 -1.51 0.136 -0.029 0.004 

Notes: EI = echo intensity; BMI = body mass index. 591 
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Table 3. Total, direct, and indirect effect of vastus lateralis echo intensity (EI) on maximal 593 

voluntary isometric contraction strength (MVIC) of knee extension. 594 

Mediator 

Total effect   Direct effect   Indirect effect 

Effect 

[Bootstrap 95%CI] 

p  

Effect 

[Bootstrap 95%CI] 

p  

Effect 

[Bootstrap 95%CI] 

Gslope -0.42 [-0.83, -0.01] 0.042  -0.11 [-0.52, 0.29] 0.585  -0.31 [-0.57, -0.12] 

Notes: Gslope the slope of shear elastic modulus increases during submaximal voluntary 595 

isometric contraction. 596 

Indirect effects were deemed significant if zero was not included in the bootstrap 95% CI. 597 
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Figure legends 599 

Figure 1. Vastus lateralis shear elastic modulus under different muscle contraction conditions. 600 

G0: shear elastic modulus at rest; G15: shear elastic modulus at 15% MVIC; G30: shear 601 

elastic modulus at 30% MVIC; G45: shear elastic modulus at 45% MVIC. 602 

Within the region of interest, blue indicates a low shear elastic modulus, whereas yellow and 603 

red indicate high shear elastic moduli. 604 

 605 

Figure 2. Conceptual model of mediation analysis. 606 

Path a = effect of X on M;  607 

Path b = effect of M on Y;  608 

Path c' = direct effect of X on Y controlling for M;  609 

Path ab = indirect effect of X on Y through M;  610 

Path c = total effect of X on Y (direct and indirect).  611 

EI, echo intensity; MT, muscle thickness; MVIC, maximal voluntary isometric contraction 612 

strength of knee extension; Gslope, slope of the shear elastic modulus increases during 613 

submaximal voluntary isometric contraction. 614 

 615 

Figure 3. Relationship between vastus lateralis echo intensity (EI) and shear elastic modulus 616 

at different submaximal voluntary isometric contractions. 617 

G0: shear elastic modulus at rest; G15: shear elastic modulus at 15% maximal voluntary 618 

isometric contraction; G30: shear elastic modulus at 30% maximal voluntary isometric 619 

contraction; G45: shear elastic modulus at 45% maximal voluntary isometric contraction. 620 
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 621 

Figure 4. Mediation model of the association between vastus lateralis echo intensity (EI) and 622 

maximal voluntary isometric contraction (MVIC) strength of knee extension with the slope of 623 

shear elastic modulus increases during submaximal voluntary isometric contraction as 624 

mediators, controlling for vastus lateralis muscle thickness (MT). 625 

Path a, b, c, and c' are expressed as the regression standardized coefficient (β). 626 

Gslope the slope of shear elastic modulus increases during submaximal voluntary isometric 627 

contraction. 628 
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