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Abstract 26 

Gastrocnemius’ role as an agonist or antagonist of the anterior cruciate ligament (ACL) is not 27 

well understood. This study explored the use of ultrasound imaging to investigate how 28 

gastrocnemius stimulation levels influenced anterior tibial translation. The gastrocnemii of 10 29 

participants were stimulated to four different levels using electrical muscle stimulation. The 30 

quadriceps were co-activated at a fixed level. Anterior tibial translation was determined using 31 

ultrasound imaging. Intraclass correlation coefficient [ICC (2,1)] was used to assess the intra-32 

rater reliability over two sessions. Intra-rater reliability was good at rest and under most 33 

muscle stimulation levels (ICC = 0.84 to 0.92), and moderate with the lowest (ICC = 0.71) 34 

and highest stimulation (ICC = 0.61). While anterior tibial translation was not significantly 35 

different across simulation levels, ultrasound imaging recorded the anterior movement of the 36 

tibia as the gastrocnemius was activated, thus supporting gastrocnemius’ role as an antagonist 37 

of the ACL.  38 

 39 

Keywords: anterior cruciate ligament; electrical muscle stimulation; joint compression; 40 

agonist; antagonist  41 
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Introduction 43 

The anterior cruciate ligament (ACL) plays a key role in restraining anterior tibial translation 44 

(Hartigan, Lewek, & Snyder-Mackler, 2011). The anterior tibial translation refers to a forward 45 

movement of the tibia bone. As anterior tibial translation occurs, the ACL is lengthened, and 46 

this creates the possibility of injury if the tibia movement is not restricted. The hamstrings, 47 

which are knee flexors, can help reduce ACL strains by generating an opposite, posterior tibial 48 

force during activation (Draganich & Vahey, 1990). However, hamstring activation only 49 

becomes more effective in reducing ACL loading when knee flexion is greater than 15° (Li et 50 

al., 1999). This is a concern for single-leg landings, which are common in sports, whereby the 51 

knee flexion angles are often below 15° at landing (Kim & Jeon, 2016; Orishimo, Liederbach, 52 

Kremenic, Hagins, & Pappas, 2014; Weinhandl, Joshi, & O’Connor, 2010). Another knee 53 

flexor, the gastrocnemius, has also been studied for its contribution to preventing ACL injuries. 54 

In the literature, there are opposing arguments as to whether the gastrocnemius is an agonist or 55 

antagonist of the ACL (Adouni, Shirazi-Adl, & Marouane, 2016; Ali, Andersen, Rasmussen, 56 

Robertson, & Rouhi, 2014; Dürselen, Claes, & Kiefer, 1995; Elias, Faust, Chu, Chao, & 57 

Cosgarea, 2003; Fleming et al., 2001; Morgan, Donnelly, & Reinbolt, 2014; Pflum, Shelburne, 58 

Torry, Decker, & Pandy, 2004). Muscles that limit anterior tibial translation are agonists of the 59 

ACL (Elias et al., 2003). Conversely, muscles that contribute to anterior tibial translation are 60 

considered antagonists (Elias et al., 2003). 61 

Some studies showed that gastrocnemius activation contributes to reducing ACL 62 

loading (Ali et al., 2014; Morgan et al., 2014). Morgan et al. (2014) demonstrated via computer 63 

simulation modelling of single-leg landings that with co-contraction of the quadriceps, 64 

increased gastrocnemii forces were associated with increased joint compression and reduced 65 

ACL loading. Knee joint compression is a result of the femur and tibia coming closer together, 66 

due to the axial joint force caused by the opposing gastrocnemius and quadriceps muscle forces 67 
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during co-activation. Friction in the knee joint restricts anterior tibial translation, thereby 68 

reducing ACL loading (Morgan et al., 2014). Under such circumstances, the higher 69 

gastrocnemii forces compensated for the reduced hamstrings forces in opposing the quadriceps, 70 

suggesting the gastrocnemius’ role in reducing ACL injury risks. Similarly, another simulation 71 

study observed a decrease in maximum tibia anterior force with increased gastrocnemius 72 

activation (Ali et al., 2014). In contrast, other studies suggested that the gastrocnemius acts as 73 

an ACL antagonist since an increase in gastrocnemius activation has been found to increase 74 

anterior tibial translation (Elias et al., 2003), anterior tibial shear force (Pflum et al., 2004), 75 

ACL strain (Fleming et al., 2001) and ACL forces (Adouni et al., 2016). 76 

These conflicting findings might be due to the effect of muscle bulk movement that 77 

increases ACL strain (Fleming et al., 2001), which were not modelled in previous simulation 78 

studies (Adouni et al., 2016; Ali et al., 2014; Morgan et al., 2014; Pflum et al., 2004). Cadaver 79 

experiments also could not address the effect of muscle bulk because muscles were removed 80 

from the skeleton (Dürselen et al., 1995). Since the proximal tendon of the gastrocnemius goes 81 

around the posterior tibia, the tibia could be pushed anteriorly by the gastrocnemius as the 82 

muscle contracts and increases in volume (Faghri & George, 2006; Fleming et al., 2001). This 83 

gastrocnemius muscle bulk effect could therefore result in increasing ACL strain and is termed 84 

as ‘muscle bulk expansion’ in this paper. Results of simulation and cadaver studies were, 85 

therefore, different from the experimental observations on human participants in which the 86 

effect of muscle bulk was shown (Fleming et al., 2001). However, in the study by Fleming et 87 

al. (2001), only one level of gastrocnemius stimulation was used. Adequate gastrocnemius 88 

stimulation might result in sufficient joint compression to counter the effect of ‘muscle bulk 89 

expansion’, thereby reducing anterior tibial translation. Thus, studying the effect of different 90 

gastrocnemius muscle stimulation levels on anterior tibial translation could provide insights 91 

into the role of the gastrocnemius as an agonist or antagonist of the ACL.  92 
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Various methods have been employed to experimentally study ACL strain. These 93 

include the use of differential variable reluctance transducers (Fleming et al., 2001; 94 

Lamontagne, Benoit, Ramsey, Caraffa, & Cerulli, 2008), the combined use of motion capture 95 

with fluoroscopy (Taylor et al., 2011; Torry et al., 2011), and magnetic resonance imaging 96 

techniques (Taylor et al., 2011). However, these methods are often invasive or expensive. In 97 

light of the aforementioned constraints, one possible alternate method could be via the use of 98 

ultrasound imaging. Ultrasound imaging is a useful clinical tool in examining knee injuries 99 

(Steinberg et al., 2018) and has been reported to measure anterior tibial translation and to detect 100 

ACL tears with high diagnostic accuracy (Gebhard, Authenrieth, Strecker, Kinzl, & Hehl, 101 

1999; Kumar, Kumar, Kumar, & Kumar, 2018; Palm et al., 2009). Considering that ultrasound 102 

imaging is non-invasive, relatively affordable (Palm et al., 2009), and easy to use without the 103 

need for general anaesthesia (Suzuki et al., 1991), this technique may be suitable for measuring 104 

anterior tibial translation under different gastrocnemius stimulation levels. 105 

As such, this study aimed to explore the use of ultrasound imaging to investigate the 106 

effect of different gastrocnemius stimulation levels on anterior tibial translation. It was 107 

hypothesized that anterior tibial translation would increase with lower levels of gastrocnemius 108 

stimulation due to the ‘muscle bulk expansion’ effect; but decrease at higher stimulation levels 109 

when joint compression effect surpassed ‘muscle bulk expansion’ effect. The findings of this 110 

study could provide useful inputs to clinicians who seek a non-invasive and relatively 111 

affordable method to observe patients who are recovering from knee injuries.         112 

 113 

  114 
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Methods 115 

Participants  116 

The study protocol was given ethical approval by the Nanyang Technological University 117 

Institutional Review Board (IRB-2015-09-054). Ten male recreational basketball players 118 

signed a written consent form to participate in this exploratory study. To determine eligibility, 119 

participants filled out a survey on medical histories. Exclusion criteria were self-reported 120 

inherent health issues, history of an ACL injury, surgeries in the lower back and lower 121 

extremity, and injury in the lower extremity in the last six months that required rest for seven 122 

days or more. 123 

 124 

Test protocol 125 

The participant first performed a warm-up session for 5 min. For skin preparation, the skin 126 

was wiped thoroughly with alcohol. Electrical muscle stimulation (EMS) device electrodes 127 

(T-One Physio, I.A.C.E.R. Srl, Martellago, Italy) were then attached to the quadriceps 128 

femoris (vastus lateralis and vastus medialis) and calf (gastrocnemius lateral and medial 129 

heads) muscles (Figure 1). Stimulation frequency was set as 50 Hz (Doucet, Lam, & Griffin, 130 

2012) and phase duration as 300 μs (Rosso & Rainoldi, 2014). 131 

 132 
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133 

Figure 1. Set-up of the study, consisting of the (1) ultrasound device, with the (2a) ultrasound 134 

probe positioned at the back of the knee, and the (2b) electrical muscle stimulation electrodes 135 

placed on the quadriceps and gastrocnemii, while the participant was lying in a prone position 136 

on the (3) isokinetic dynamometer chair. 137 

 138 

For the main test trials, the participants lay in a prone position with the ankle and 139 

thigh strapped to an isokinetic dynamometer (Humac Norm, CSMI, Massachusetts, USA, 140 

Figure 1). To simulate single-landing positions, knee flexion angle was fixed at 10° and ankle 141 

plantar flexion angle was fixed at 30°. These joint angles were similar to those at the initial 142 

touchdown of single-landings observed by Kim and Jeon (2016) (mean knee flexion angle = 143 
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13.6° and mean ankle plantar flexion angle = 31.7°).  To capture tibia movements during 144 

muscle contraction, an ultrasound imaging probe set at 12 MHz (LOGIQ e Ultrasound, GE 145 

Healthcare, Buckinghamshire, UK) was positioned at the popliteal fossa at the back of the 146 

knee, over the posterior medial femoral condyle and posterior medial tibial condyle (Figure 147 

1) (Gebhard et al., 1999; Palm et al., 2009). The probe could not be fixed but had to be 148 

adjusted manually to obtain a sharp image under the different stimulation levels. The femur 149 

in the ultrasound image was maintained at a similar position throughout the different 150 

stimulation levels. This was to safeguard against the apparent movement of the tibia that was 151 

caused by the shifting of the probe, relative to the skin. The tester, who performed the 152 

ultrasound scanning in this study, underwent a half-day training regarding the use of the 153 

ultrasound imaging system and practised for three months before data collection.  154 

During the preparatory phase using the EMS device, the quadriceps stimulation level 155 

that produced 10 Nm of knee extension torque (Fleming et al., 2001), or at the maximum 156 

tolerable level of each participant was determined. This quadriceps stimulation level was 157 

obtained in a seated position on the isokinetic dynamometer. The gastrocnemii of the 158 

participants were stimulated to four different levels: ‘low’ at the first twitching of the muscle; 159 

‘contraction’ when the ankle first began to plantar flex involuntarily; ‘mid’ at the muscle 160 

stimulation level halfway between ‘contraction’ and ‘high’; and ‘high’ at each participant’s 161 

highest tolerable level of muscle stimulation. The current was increased from 0 mA to the 162 

maximal tolerable level of muscle stimulation, in steps of 5 mA (Rosso & Rainoldi, 2014), 163 

beyond which intolerable pain was felt. When different levels of ‘low’, ‘contraction’ and 164 

intolerable pain were reached, the current was reduced slightly and then increased gradually, 165 

in steps of 1 mA to accurately determine the target levels. The level just before reaching 166 

intolerable pain was set as the highest tolerable level of muscle stimulation. Similar 167 

procedures were used to determine the highest tolerable level of quadriceps stimulation. The 168 
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mean current settings in the EMS device were 37.6 (SD 10.9) mA for the maximum tolerable 169 

gastrocnemius stimulation level and 35.3 (SD 14.8) mA for the quadriceps stimulation level. 170 

Maximum tolerable gastrocnemius stimulation level differed considerably across the 171 

participants, ranging from 23.0 to 62.0 mA. 172 

Videos of tibia positions at rest and during quadriceps and gastrocnemii co-173 

contraction were captured using the ultrasound device. During each trial, the quadriceps were 174 

stimulated at the same level determined during the preparatory phase. Concurrently, the 175 

gastrocnemii were stimulated at the required stimulation level, starting with the ‘low’ level. 176 

The currents for both the quadriceps and gastrocnemii were applied with a 3-s ramp to the 177 

required stimulation level, maintained for 4 s, and then ramped down in 3 s. Two trials were 178 

conducted per gastrocnemius simulation level with a brief rest period of 5 s between trials. 179 

The protocol was repeated as the gastrocnemius stimulation level increased systematically 180 

from ‘low’ to ‘high’ so that participants could adapt to the progressively stronger stimulation. 181 

To assess intra-rater reliability, a second session of measurements was taken after at least 5 182 

min of rest. The Borg Category Ratio (CR-10) scale was used to monitor the fatigue level of 183 

the participants (Borg, 1982). A successful trial was defined as one obtained from an image 184 

in which the femur and tibial positions were clearly defined, with the femur position 185 

maintained close to its original position. 186 

   187 

Data processing 188 

From the video recordings obtained from the ultrasound device, the movement of the tibia in 189 

relation to the femur can be determined. Figure 2 shows representative images of the anterior 190 

movement of the tibia as the gastrocnemius was co-activated and shifted anteriorly towards 191 

the tibia. Following the method used by Palm et al. (2009), the distance between the tangent 192 

lines to the femoral condyle and the posterior aspect of the tibia was first measured before the 193 
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EMS device was activated (labelled as ‘D1’ in Figure 2). This measurement was taken again 194 

when the muscles were stimulated (labelled as ‘D2’ in Figure 2). The anterior tibial 195 

translation was defined as the difference between ‘D2’ and ‘D1’ (Figure 2).  196 

 197 

Figure 2. Measurement of the anterior tibial translation using ultrasound imaging (EMS refers 198 

to the electrical muscle stimulation device). 199 

 200 

Statistical Analysis 201 

All statistical analyses were performed using the statistical package SPSS (IBM SPSS 22.0, 202 

IBM Corp., NY, USA). Intraclass correlation coefficient [ICC (2,1)] was used to assess the 203 

intra-rater reliability of the tester over the two sessions. Interpretation of reliability results were 204 

based on the following criterion: ICC > 0.75 as good, 0.50 ‐ 0.75 as moderate, and < 0.50 as 205 

poor (Ferrarin et al., 2011). Normality could not be assumed for ‘low’ and ‘contract’ levels by 206 

the Shapiro-Wilk test. “Square root” transformation was performed as data were moderately 207 

positively skewed.  208 



  
 

  11 
 

On average, two successful trials were used at each stimulation level and the mean of 209 

all successful trials were used for statistical analysis. To examine the effect of gastrocnemius 210 

activation level on anterior tibial translation, a one-way repeated measures Analysis of 211 

Variance (ANOVA) was conducted at α = 0.05. The independent variable was gastrocnemius 212 

activation level and the dependent variable was anterior tibial translation. Since normality 213 

could not be assumed as indicated by the Shapiro-Wilk test (p > 0.05), "logarithmic" 214 

transformation was applied as data were strongly positively skewed. Assumption of sphericity 215 

was met using the Mauchly's test of sphericity. Effect size was calculated as η2 and values of 216 

0.01, 0.09 and 0.25 were defined as small, medium and large effects, respectively (Hanna & 217 

Dempster, 2012).  218 

 219 

Results 220 

Table 1 shows the characteristics and basketball experience of the 10 male recreational 221 

basketball players. The intra-rater reliability for anterior tibial translation measurements over 222 

two sessions was good (ICC > 0.75) ‘at rest’, ‘contraction’ and during ‘mid’ gastrocnemius 223 

stimulation levels; and moderate for the ‘low’ and ‘high’ levels (0.50 ≤ ICC ≤ 0.75) (Table 224 

2). 225 

Table 1. Characteristics and basketball experience of the 10 recreational basketball players  226 

 227 
 228 
*SD: standard deviation 229 
 230 

 231 

Participant Age (years) Height (m) Body Mass (kg) Basketball Experience (years) Frequency of Playing Basketball in a Typical Week Competitive Play At Least Once Yearly
1 21 1.69 60 6 3 Yes
2 21 1.72 66 2 1 No
3 21 1.83 75 11 2 to 3 Yes
4 21 1.78 76 11 3 Yes
5 23 1.79 72 7 3 Yes
6 21 1.86 73 12 3 Yes
7 22 1.76 80 10 3 to 5 Yes
8 32 1.80 80 5 3 Yes
9 28 1.78 70 15 3 Yes
10 24 1.75 72 5 2 Yes

Mean 23.4 1.78 72.4 8.4
SD* 3.7 0.05 6.1 4.0



  
 

  12 
 

Table 2. Intra-rater reliability of anterior tibial translation measured using ultrasound imaging  232 

233 

* ICC – Intraclass Correlation Coefficient [ICC (2,1)] (ICC > 0.75 as good, 0.50 ‐ 0.75 as moderate and < 0.50 234 

as poor)  235 

 236 

Figure 3 shows a non-linear response of the mean anterior tibial translation across all 237 

the participants (with ± 95% confidence intervals), plotted over each gastrocnemius muscle 238 

activation level. Anterior tibial translation increased from ‘low’ to ‘contraction’ activation 239 

levels and then decreased as gastrocnemius activation levels continued to increase. ANOVA 240 

results, however, showed no significant difference across these four levels of muscle 241 

activation and effect size was medium (P = .238; η2 = .178; post-hoc power = 34%).  242 

 243 

 244 

Muscle stimulation level ICC* Interpretation 

At rest 0.92 Good 

Low 0.71 Moderate 

Contraction 0.84 Good 

Mid 0.89 Good 

High 0.61 Moderate 
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 245 

Figure 3. Mean anterior tibial translation (with ±95% confidence intervals) across the 10 246 

participants at the four levels of gastrocnemius muscle stimulation. 247 

 248 

Video 1 (online supplementary appendix 1) provides a real-time visual recording of 249 

the anterior tibial movement of a participant as the gastrocnemius contracts under ‘mid’ 250 

stimulation level. It is clear that the femur position maintained stable during the contraction 251 

phase. 252 

 253 

Discussion 254 

This preliminary study investigated the effect of different gastrocnemius stimulation levels on 255 

the anterior tibial translation measured using ultrasound imaging. To the best of the authors’ 256 

knowledge, this was the first study that explored the use of ultrasound imaging on human 257 

participants to investigate anterior tibial translation under muscle stimulation. It was 258 

hypothesized that anterior tibial translation would increase with lower levels of 259 

gastrocnemius stimulation due to the ‘muscle bulk expansion’ effect; but decrease at higher 260 

stimulation levels when joint compression effect surpassed ‘muscle bulk expansion’ effect. 261 

While the results demonstrate a general pattern that was aligned with the hypothesis, 262 
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differences in anterior tibial translations under different gastrocnemius stimulation levels did 263 

not reach statistical significance.  264 

 265 

Anterior Tibial Translation 266 

Co-activation of the gastrocnemius and quadriceps resulted in an anterior tibial shift 267 

(positive values), with respect to the femur, across all muscle stimulation levels (Figures 3). 268 

Fleming et al. (2001) found an increase in ACL strain when the gastrocnemius was 269 

stimulated in vivo. The use of ultrasound imaging in the present study further substantiates 270 

their findings by providing a visual representation of the actual anterior movement of the tibia 271 

as the gastrocnemius was co-activated (Video 1). As Fleming et al. (2001) had suggested, the 272 

video demonstrated that gastrocnemius contracted first before pushing the tibia anteriorly. As 273 

gastrocnemius contraction level increased, its muscle volume also increased (Faghri & 274 

George, 2006) and therefore resulted in anterior tibial translation. This ‘muscle bulk 275 

expansion’ observed in the present study supports the role of the gastrocnemius as an 276 

antagonist of the ACL. 277 

At lower gastrocnemius muscle stimulation levels, the joint compression due to the 278 

co-contraction of the gastrocnemii and quadriceps was expected to be low and insufficient to 279 

counter the anterior tibial translation caused by ‘muscle bulk expansion’. Hence, a gradual 280 

increase in anterior tibial translation would be expected as gastrocnemius stimulation 281 

increased. At the higher levels of gastrocnemius stimulation, sufficient joint compression 282 

effect may outweigh the ‘muscle bulk expansion’ effect to restrict anterior tibial translation 283 

The general non-linear pattern of our results did show that anterior tibial translation increased 284 

gradually from ‘low’ to ‘contraction’ gastrocnemius stimulation levels and then decreased as 285 

gastrocnemius activation continued to increase (Figure 3). However, results were not 286 

significantly different across the four stimulation levels. Thus, it is uncertain whether 287 
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sufficiently high gastrocnemius muscle stimulation could indeed result in reduced anterior 288 

tibial translation as the effect of joint compression outweighs that of ‘muscle bulk expansion’. 289 

The effect size of the statistical results was also not large (η2 = .178). This could have been 290 

attributed to the varying degrees of anterior tibial translation due to differences in 291 

individuals’ maximum tolerable gastrocnemius stimulation levels.  292 

In the present study, the group data showed less than 2 mm of mean anterior tibial 293 

translation. For the participant with the highest tolerable gastrocnemius stimulation of 62 mA, 294 

2.56 mm of anterior tibial translation was measured during ‘contraction’ stimulation level. 295 

Findings from our experimental study agree well with previous simulation results whereby a 296 

100-N anterior force at a knee flexion angle of 10° could result only in an anterior tibial 297 

translation of less than 2 mm for a healthy knee (Shao, MacLeod, Manal, & Buchanan, 2011). 298 

Similarly, the anterior tibial translation at 10° of knee flexion angle was inferred to be less 299 

than 2.5 mm when an anterior load of 100 N was applied to intact knee cadaver specimens 300 

(Haimes, Wroble, Grood, & Noyes, 1994). During the stance phase of walking, less than 5 301 

mm of maximum anterior tibial translation was also estimated for individuals with healthy 302 

knees (Shao, MacLeod, Manal, & Buchanan, 2011). Even when performing a more impactful 303 

drop-landing manoeuvre, the average maximum anterior tibial translation did not exceed 6 304 

mm for female recreational athletes (Torry et al., 2011). Thus, sufficient muscle activation is 305 

required to induce visible anterior tibial translation, which is naturally small and difficult to 306 

observe. 307 

 308 

Ultrasound Imaging 309 

The present study initiates the use of ultrasound imaging to measure anterior tibial 310 

translation on human participants under muscle stimulation. There was good intra-rater 311 

reliability at rest and during moderate (‘contraction’ and ‘mid’) gastrocnemius stimulation 312 
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levels. At the lowest and highest stimulation level, the intra-rater reliability was ‘moderate’. It 313 

is somewhat surprising that reliability was not good during the lowest stimulation level 314 

during twitching. It could be that at the level of twitching, muscle reaction may be less 315 

consistent. At the highest stimulation level, which induced a more sudden shift in the position 316 

of the tibia, the compromise in reliability could be due to the challenge of obtaining sharp 317 

ultrasound images. At moderate muscle stimulation settings, the tibial translation was more 318 

gradual, and hence, the ultrasound probe could be adjusted to obtain sharp images more 319 

easily. Taking into consideration that the tester in the present study was not extensively 320 

trained in ultrasound imaging, higher reliability can be expected from clinical professionals 321 

such as sonographers. The EMS settings described in the present study could also be further 322 

optimized to obtain sharper images. As the present exploratory study only included 10 323 

participants, a bigger sample size could also be used to confirm the current preliminary 324 

findings.  325 

Alternatively, the intra-rater reliability results may instead suggest that ultrasound 326 

imaging was more applicable only under moderate stimulus intensities with little movements. 327 

In the literature, previous studies have shown that ultrasound imaging can measure anterior 328 

tibial translation and detect ACL tears with high diagnostic accuracy (Gebhard, Authenrieth, 329 

Strecker, Kinzl, & Hehl, 1999; Kumar, Kumar, Kumar, & Kumar, 2018; Palm et al., 2009). 330 

With the additional use of muscle stimulation, the present study demonstrated that the muscle 331 

contraction leading to anterior tibial translation could be captured in vivo. This ultrasound 332 

imaging technique may be especially useful to monitor the recovery from an ACL operation 333 

during rehabilitation, when a more pronounced anterior tibial translation can be measured 334 

under moderate levels of muscle stimulation. 335 

 336 

 337 
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Limitations  338 

Muscle stimulation levels were not randomised in the present study and therefore 339 

fatigue could have influenced the results.  Gradually increasing muscle stimulation from 340 

‘low’ to ‘high’ could avoid sudden muscle contractions and inaccurate measurements due to 341 

unexpectedly strong stimulation levels. To reduce the effects of fatigue, participants were 342 

provided with sufficient time of at least 5 min of rest in between sessions and the fatigue 343 

levels were closely monitored throughout the study. A second limitation was that joint laxity 344 

and anthropometric measurements were not considered in the inclusion or exclusion criteria 345 

of the study. For a given stimulation level, individuals with a heavier or a longer lower limb 346 

may have less tibial movement. Future studies can examine if inherent knee joint mobility 347 

and body size play a role in influencing anterior tibial translation. A third limitation was that 348 

electromyography were not measured as the signals would be interfered by the EMS device. 349 

Muscle reaction, in terms of twitching or contraction, and perceived tolerance were instead 350 

used to monitor the effect of gastrocnemius muscle stimulation. The last limitation was that 351 

the prone position of the participants during the trials was not weight bearing, to facilitate 352 

ultrasound imaging. Although the knee and ankle were positioned to simulate single-leg 353 

landings which are often used in studies on ACL injures (Dashti Rostami, Alizadeh, 354 

Minoonejad, Thomas, & Yazdi, 2020), the loads on the tibia may not be representative of 355 

landings during actual basketball play. Future studies could account for pre-activation in the 356 

leg muscles, which is likely to occur during weight bearing landings.  357 

 358 

Conclusion 359 

This exploratory study showed that ultrasound imaging could successfully record the anterior 360 

movement of the tibia as the gastrocnemius and quadriceps were co-activated. The findings 361 

support that the gastrocnemius is an antagonist of the ACL. However, the magnitude of 362 
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anterior tibial translation was small and did not statistically differ across different 363 

gastrocnemius stimulation levels. Ultrasound imaging could be used as a non-invasive tool to 364 

measure anterior tibial translation at moderate gastrocnemius stimulation levels.  365 
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Figure Captions 512 
 513 

Figure 1. Set-up of the study, consisting of the (1) ultrasound device, with the (2a) ultrasound 514 

probe positioned at the back of the knee, and the (2b) electrical muscle stimulation electrodes 515 

placed on the quadriceps and gastrocnemii, while the participant was lying in a prone position 516 

on the (3) isokinetic dynamometer chair. 517 

 518 

Figure 2. Measurement of the anterior tibial translation using ultrasound imaging (EMS refers 519 

to the electrical muscle stimulation device). 520 

 521 

Figure 3. Mean anterior tibial translation (with ±95% confidence intervals) across the 10 522 

participants at the four levels of gastrocnemius muscle stimulation. 523 

 524 

Supplementary 525 

Video 1. Ultrasound video extracted from a participant during ‘mid’ contraction - the muscle 526 

stimulation level halfway between the points when the ankle first began to point down 527 

involuntarily and participant’s highest tolerable level of muscle stimulation. Gastrocnemius 528 

and quadriceps co-contraction resulted in anterior tibial translation, with the femur remaining 529 

close to the original position. 530 

 531 
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