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Abstract

The present study aimed to investigate the association between rate of torque development (RTD), 

rate of activation (RoA), and muscle structure [muscle cross-sectional area (CSA), intramuscular 

fat (IMAT) and high density lean muscle (HDL)] with the weight transfer phase (WTP) during a 

choice reaction step test (CST) in older adults. Fifteen healthy older adults (7 females) participated 

in this study. Stance leg hip adductors RTD at 100, 150, and 200 ms, showed a significant inverse 

correlation with WTP (r ≥ 0.658, P ≤ 0.010). There was a significant inverse relationship between 

WTP and adductor magnus and tensor fascia latae RoA at all time points (RoA0–50-RoA0–200; r ≥ 

0.707, P ≤ 0.033). In contrast, the WTP was not significantly associated with the hip abductor 

RTD, gluteus medius RoA, or muscle structure (CSA, IMAT, and HDL). Swing leg showed no 

significant relationship between WTP and RTD, RoA or muscle structure of the hip abductor or 

adductor muscles. In conclusion, the present study showed that hip adductor torque-time capacity, 

as well as neuromuscular activation of the adductor magnus and tensor fascia latae of the stance 

leg during a maximal isometric test, is associated with the ability to transfer body weight before a 

step to the side occurs.
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1. Introduction

Falls are a global health concern resulting in injuries (Hausdorff et al., 2001; Phelan et al., 

2015) which significantly increase with age (Kannus et al., 2018; Lord et al., 1993; Phelan et 

al., 2015). Fall avoidance requires fast movements that are generated by rapid muscle torque 

production to execute a protective step (Pijnappels et al., 2010). However, older adults have 

a decreased capacity to produce torque rapidly in the later stages of life (Izquierdo et al., 

1999), possibly increasing their risk of falling. Older adults appear to be particularly 

vulnerable to falls when their balance is perturbed in the mediolateral direction (Mille et al., 

2013). This may be due in part to the altered structure and composition of the hip abductors 

and adductors (i.e., increased fatty infiltration) (Addison et al., 2014; Inacio et al., 2018, 

2019). Thus, understanding the muscle composition and performance capacity (e.g.; muscle 

contractile properties and activation) of the muscles that control mediolateral balance are 

important for quick stepping responses in older adults that are important for fall avoidance.

The choice reaction step test (CST; Table 1) has been frequently used in older adults to 

measure the capacity to respond to visual stimuli and perform a step. The time taken to 

initiate the step is a predictor of fall risk (Lord and Fitzpatrick, 2001; Pijnappels et al., 2010) 

and is associated with slower choice reaction times (Lord and Fitzpatrick, 2001), which 

might be related to physiological factors of the muscle such as decrease in muscle force 

and/or nerve conduction velocity (Melzer and Oddsson, 2004; Pijnappels et al., 2010). 

Additionally, the weight transfer phase (WTP; time to shift the weight from the stepping to 

the stance leg prior to initiating a protective step) preceding an induced step appears to be 

important for recovering balance (Inacio et al., 2019). Older adults take longer to initiate the 

WTP than young adults (Inacio et al., 2019), which may impact the ability to initiate a 

protective step (Orr et al., 2006). The WTP appears to be an important part of preparing for a 

protective step, and yet, little is known about its underlying mechanisms.

Previous research indicates that kinetic (e.g., force), muscle structure (e.g., cross-sectional 

area), and neuromuscular responses (e.g., muscle activation) influence explosive force 

(isometrically in a single joint) (Folland et al., 2014; Maffiuletti et al., 2016). Yet, it remains 

uncertain which factors influence the ability to transfer weight quickly prior to initiating a 

rapid step. For instance, the ability of the muscle to produce torque [e.g., rate of torque 

development (RTD)] declines with age (Izquierdo et al., 1999; Schettino et al., 2014). More 

importantly, the rate of developing force is reduced in fallers compared to non-fallers 

(Morcelli et al., 2016). Generating torque rapidly may be more important to recover balance 

than muscle strength in older adults (Bento et al., 2010), especially in the hip joint (Addison 

et al., 2017; Inacio et al., 2018). For example, the time to achieve maximal force in older 

adults during an isometric task is around 500 ms (Klass et al., 2008). However, the phase 

prior to stepping (e.g., WTP) occurs is less than 200 ms (Inacio et al., 2019), well before the 

maximal force is reached. Thus, examining the WTP of the CST is important for 

understanding the factors that contribute to the capacity to initiate a step rapidly. 

Furthermore, the ability to produce force by activating the muscles in the first 200 ms may 

be more important for the WTP than the time it takes to produce the maximal contraction 

(~500 ms). Thus, investigating the neuromotor responses in the earlier phases of rapid 

muscle contractions [e.g., 0–50 up to 200 ms (Lanza et al., 2019a)] may be necessary to 
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understand the performance of the WTP that happens prior to the initiation of the step. 

Moreover, the neural drive that would be needed to rapidly activate the muscles [e.g., rate of 

activation (RoA)] dictates how quickly torque would be developed (Aagaard et al., 2002; 

Folland et al., 2014), potentially contributing to faster reaction times (Inacio et al., 2019). 

Given the change in muscle properties with aging, such as a loss of Type 2 fibers, impact the 

motor unit recruitment and firing rate (Evans and Lexell, 1995), the contribution of RoA on 

the WTP during a rapid step in older adults is not clear. Although the advantage of a greater 

RoA would be a faster weight transfer and ultimately a quicker step initiation time (Inacio et 

al., 2019).

Declines in functional activities of daily living with age are associated with decreased 

muscle strength and muscle size (Janssen et al., 2002; Tieland et al., 2018). Muscle size, 

measured as cross-sectional area (CSA), is directly related to muscle power, (Minetti, 2002; 

Suchomel and Stone, 2017; Visser et al., 2005) with a decreased cross-sectional area 

associated with a risk of mobility loss (Visser et al., 2005). Muscle CSA includes fat content 

within the muscle [intramuscular fat (IMAT)], and high-density lean tissue (HDL; muscle 

without IMAT). Increased IMAT of the hip muscles that control medial-lateral balance, 

negatively impacts balance in older individuals (Addison et al., 2014, 2017). Those that had 

greater hip abductor muscle HDL were more likely to take a step in response to a lateral 

waist-pull perturbation that required a WTP (Addison et al., 2014, 2017). While intuitively, 

these same muscles would contribute to rapid voluntary stepping as observed during an 

induced stepping behaviour, it is unclear how the muscle composition measures (CSA, 

IMAT and/or HDL) contribute to rapid voluntary stepping. Therefore, the present study 

investigated the relationship between early phases of the rapid torque production (measure 

as RTD), early RoA, and muscle composition with the WTP of a CST in older adults. We 

hypothesized that a reduced earlier hip abductor and adductor muscle RTD, RoA, and CSA 

and HDL would be associated with a longer WTP, while greater IMAT would be associated 

with a longer WTP.

2. Methods

2.1. Subjects

Healthy community-dwelling older individuals were recruited for this study (Table 2). All 

participants provided written informed consent. This study was carried out in accordance 

with The Declaration of Helsinki and approved by the local Institutional Review Board. The 

following exclusion criteria were used: cognitive impairment (Folstein Mini-Mental Score 

Exam < 24); sedative use; use of an assistive device for ambulation; any clinically significant 

functional impairment related to musculoskeletal, neurological, cardiopulmonary, metabolic, 

or other general medical problem; depression (Centers for Epidemiological Studies 

Depression Survey >16); and BMI equal or greater than 35 kg/m2.

2.2. Testing and recording procedures

Participants performed standing unilateral hip abductor and adductor maximal voluntary 

isometric contractions (MVIC) on a BIODEX System 4 dynamometer (BIODEX, Shirley, 

NY). MVIC was performed at 30° of hip abduction (where 0° is the anatomical position). 
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The tested limb was secured with a strap to the Biodex arm with the thigh pad proximal to 

the knee joint. Support was provided through the arms by a custom standing frame designed 

to facilitate postural stabilization during the contraction. A marker placed at the position of 

the great trochanter was aligned with the dynamometer axis of motion (Johnson et al., 2004). 

Each participant was asked to “push” (abduction) or “pull” (adduction) as fast and hard as 

possible for ~5 s and rested 90s between MVIC with ~5 min rest between the abductor and 

adductor MVICs. Three contractions were performed for abduction and adduction on each 

side (left and right). The testing order was consistent between all participants, left limb 

abduction, left limb adduction, right limb abduction, and right limb adduction. During the 

MVIC, surface electromyography (EMG) signals were recorded using a wireless EMG 

systemc at a frequency of 1500 Hz. Bipolar EMG electrodes (2 cm inter-electrode distance) 

were placed bilaterally over the TFL, GM, and adductor magnus (ADD) in accordance with 

SENIAM guidelines (Hermens et al., 2000). The EMG signals were collected in 

MyoResearch XP software (Noraxon, USA Inc.) and exported to Spike 2 software (CED, 

Cambridge, UK) for off-line analysis.

During off-line analysis, maximum voluntary torque (MVT) was identified as the highest 

instantaneous torque among the three contractions. Rate of torque development (RTD) was 

measured across 50, 100, 150, and 200 ms (RTD50, RTD100, RTD150, and RTD200 

respectively) from torque onset [manually identified by visual identification by a trained 

investigator using a systematic approach (Tillin et al., 2013)] by dividing the torque at the 

time point by its respective time period (e.g., torque at 50 ms/0.05 s) as previously used 

(Lanza et al., 2019a). RTD was normalized by MVT in each time period for each 

contraction, and a mean value was calculated by averaging the trials. EMG signals were 

recorded with a bandpass filter (20–500 Hz bandwidth) and filtered using a fourth-order 

Butterworth digital bandpass filter. The EMG signal was separated in epochs, 0–50 

(RoA0–50), 0–100 (RoA0–100), 0–150 (RoA0–150), and 0–200 (RoA0–200) from EMG onset, 

as previously performed (Hannah et al., 2014; Lanza et al., 2019a) and the EMG signal was 

calculated as the root mean square across each epoch. Next, each average value was divided 

by the respective time period (e.g., EMG from 0 to 50 ms/0.05 s) to generate the RoA (Fig. 

2). The EMG signal was normalized in each epoch by the EMG at the MVIC, which was 

calculated over a 500 ms epoch, 250 ms either side, from peak torque.

Clinical measures of balance and mobility were assessed to characterize the balance 

function. Each participant performed the Short Physical Performance Battery that assesses 

gait speed, static balance, and the time to complete 5 repeated chair rises (lower extremity 

strength). Each task is scored between 0 and 4, with a total score of 12 (Guralnik et al., 

1994). Also, participants completed the timed Four Square Step Test to assess the ability to 

step quickly over an object forward, sideways, and backward (Dite and Temple, 2002).

After the MVIC, participants stood on two adjacent force platforms (AMTI, Watertown, 

MA) and performed ten voluntary lateral choice reaction steps. Participants were instructed 

to take a lateral step as fast as possible following a visual “go” cue” without prior knowledge 

of the stepping leg (CST, 5 trials × 2 sides). The “go” cue was preceded by a warning signal 

of an inter-stimulus delay of 100 ms. The direction of the step was randomly assigned. The 

force platform data were collected at a frequency of 600 Hz. The data analyses for the CST 
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targeted the WTP (Fig. 3) by focusing on the interval from the onset of lateral weight 

transfer to the instant of foot lift-off, as previously described (Inacio et al., 2018).

Muscle composition was determined with a computed tomography scan using methods 

previously reported in detail (Inacio et al., 2014). A computerized spiral tomography scan 

was performed starting at L2-L3 and ending at the patella using a Siemens Somatom 

Sensation 64 Scanner. The gluteus medius (GM), tensor fascia latae (TFL), and adductor 

longus/magnus (ADDLM) were assessed (Addison et al., 2014). In brief, CSA, HDL, low-

density lean tissue (LDL), and adipose tissue content (fat) within each muscle were 

determined using Medical Image Processing, Analysis and Visualization (MIPAV, v. 7.0 

NIH) software (Fig. 1). Previous work used both LDL and fat as a measure of IMAT; hence 

both were included in this study (Addison et al., 2014). Computed tomography data for each 

muscle was expressed as CSA of tissue (cm2) using Hounsfield units (HU) for HDL between 

30–100, LDL, 0–29, and FAT −30- to 0–190 (Addison et al., 2014). Muscle composition was 

normalized for the respective muscle size by calculating the percent of each measure relative 

to the total muscle CSA (Bouche et al., 2011).

2.3. Statistical analysis

Shapiro-Wilk test assessed the normality of the data. SPSS version 23 (IBM Corporation, 

Armonk, New York, USA) was used to calculate Pearson’s product-moment bivariate 

correlations between WTP and the stance leg variables (RTD, RoA, FAT, LDL, HDL, and 

CSA) and stepping leg variables that were contralateral to WTP. The stance leg is defined as 

the leg that supports the body weight while the stepping leg moves to perform the step. 

Considering the clinical relevance and importance of the WTP, correlations were performed 

for the weaker leg (Table 3). To identify differences between the epochs of RTD and RoA a 

repeated measure one-way ANOVA was performed, and post-hoc comparisons were 

conducted using Bonferroni tests. Data are presented as mean and standard deviations. The 

significance level was set at P ≤ 0.05.

3. Results

The participant characteristics are presented in Table 2. The mean time on the Four Square 

Step Test was 8.0 ± 0.9 s, and the mean score was 10.6 ± 0.5 on the Short Physical 

Performance Battery. During MVIC, hip abductor and adductor RTD and RoA (all muscles) 

were different among the time points (P < 0.001; Table 3). For hip abduction, RTD200 was 

smaller than RTD100 and RTD150 (P ≤ 0.015). For hip adduction, all the time points were 

different from each other (P ≤ 0.004), and the largest RTD was at RTD200. All the muscles 

showed a reduced activation at RoA0–100 compared to the other time points (P ≤ 0.001).

3.1. Stance leg

There was a significant negative correlation between WTP and hip adductor peak MVT and 

torque production at RTD100, RTD150, and RTD200 (Table 4). No significant correlation was 

found in the early epoch of RTD50 (Fig. 4). There was a significant inverse relationship 

between the WTP and ADD RoA and TFL RoA at all time points (RoA0–50-RoA0–200) 

(Table 5). The WTP was not significantly correlated with the hip abductor RTD, hip 
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abductor MVT (Table 4), or GM RoA (Table 5). There was no significant relationship 

between muscle structure (CSA, IMAT, and HDL; Table 6) and WTP.

3.2. Stepping leg

There was no significant relationship between the WTP and RTD at 50, 100, 150, and 200 

ms or the peak MVT of the hip abductor or adductor muscles (r ≥ 0.054, P ≥ 0.144). 

Similarly, no significant relationship was found between the WTP and RoA (Table 4) or 

muscle structure (CSA, IMAT, and HDL; Table 6) of the stepping leg.

4. Discussion

The present study investigated the relationship between RTD, RoA, and muscle structural 

variables (CSA, IMAT, and HDL) in the hip muscles that control lateral balance with the 

weight transfer phase that precedes a voluntary step. Our key findings were that older adults 

produced greater and quicker hip adductor torque, and faster neuromuscular activation of 

ADD and TFL of the stance leg, and were quicker shifting their body weight prior to a 

lateral voluntary choice reaction step. These results bring important implications for 

understanding the factors that underly the ability to react quickly and perform a lateral step. 

The choice reaction step is an important indicator of fall risk in older adults.

4.1. Rate of torque development (RTD)

The capacity a person has to produce torque quickly is important for quickly transferring the 

body weight while preparing for the ipsilateral leg to step. In accordance with that, we found 

that the ability to produce hip adductor torque rapidly was important for the stance leg 

accepting weight prior to a lateral voluntary step, explaining ~43% up to ~49% of the 

variance. The maximum hip adduction torque during the MVIC also explained ~38% of the 

variance during the weight transfer phase. Although the hip abductor torque of the stance leg 

was not associated with the WTP, there were trends (p values < 0.1 for 200 ms and MVT), 

possibly indicating a contribution of the hip abductors during WTP of a voluntary step. 

Hence, maximum torque and the earlier rate of torque development of the hip adductors 

during a maximal contraction appear to be fundamental to the stance leg accepting weight 

quickly when taking a lateral step. These findings are supported by other studies that suggest 

the capacity to develop joint torque rapidly is important for muscle function (Aagaard et al., 

2002; Chang et al., 2005; Folland et al., 2014; Izquierdo et al., 1999). Furthermore, hip 

torque-time capacity, when balance is externally perturbed, is a key determinant of 

successfully recovering balance with a lateral step (Addison et al., 2017; Inacio et al., 2018, 

2019). However, prior studies did not investigate rapid hip joint torque production over 

different time points of muscle contraction, nor were possible associations with WTP 

determined (Inacio et al., 2018, 2019). The time to produce peak torque can normally take 

around 500 ms in younger adults, and can be 26% slower in older compared to younger 

adults (Klass et al., 2008). Given that the time to transfer the weight to the stance leg for a 

lateral voluntary step normally takes approximately 200 ms to complete, investigating the 

earlier phases of rapid and forceful muscle contraction as studied here, provides new insights 

about the mechanisms that underlie the weight transfer phase. Thus, considering this 

cumulative information, in addition to the known association between a choice reaction step 
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and falls (Lord and Fitzpatrick, 2001; Pijnappels et al., 2010; Wang et al., 2016), the present 

study showed that the ability to produce forceful and rapid hip adductor joint torque as early 

as within the initial 100 ms of contraction, is important for the weight transfer phase prior to 

stepping.

There were no significant correlations between hip abductors RTD (stepping leg) and the 

weight transfer phase in the present study. In line with our results, previous research 

demonstrates the lack of an association between the hip abductor RTD (peak torque) and 

induced mediolateral balance control using a platform translation (Arvin et al., 2016). In 

contrast, one study reports that those with a greater hip abduction RTD (peak torque) of the 

stepping leg had a greater incidence of lateral steps using a lateral waist-pull system (Inacio 

et al., 2019). Notably, the above-mentioned studies (Arvin et al., 2016; Inacio et al., 2019) 

used an induced balance perturbation to disrupt balance. The induced perturbation alters the 

symmetry in limb loading through passive forces pulling at the waist that moves the center 

of mass outside of the base of support (Martinez et al., 2013; Tisserand et al., 2015) which 

does not occur during the voluntary step performed in the present study. For instance, the 

mechanism of the lateral waist-pull system (Inacio et al., 2019) passively transfers the 

weight in the direction of the pull, loading the limb that would initiate a lateral step to 

recovery balance. Thus, a greater transfer of weight is necessary, requiring potentially larger 

forces and muscle activity in similar or different muscles. A similar mechanism occurs with 

the platform translation, except the base of support moves outside the center of mass as the 

distal limbs are translated (Arvin et al., 2016). Also, the authors calculated RTD from peak 

torque, which takes at least 500 ms to occur in older adults (Klass et al., 2008). The present 

study calculated RTD at a shorter period of time (50–200 ms) to match the weight transfer 

phase (~200 ms), to potentially provide a more accurate representation of what is occurring 

during the first stages of the choice step test. Moreover, the choice reaction step test has a 

sensory factor (visual cue before step) that was suggested to decrease the time to perform an 

induced lateral step with “visual” or “non-visual” information (Arvin et al., 2016). 

Furthermore, previous research found that sensory stimulation negatively impacted the 

weight transfer phase by delaying the initiation time resulting in a longer weight transfer 

duration (Rogers et al., 2003). The weight transfer was also larger in magnitude, almost 

twofold in some individuals, compared to cued with a visual stimulus (Rogers et al., 2001). 

Thus, the sensory input from the waist-pull perturbation to the hips combined with a need to 

shift weight through a greater distance may require larger forces, and could potentially lead 

to different sensori-motor responses between conditions (induced vs. voluntary step). 

Therefore, all these reasons together may help to explain our present results.

4.2. Rate of activation (RoA)

The present study showed the weight transfer phase of the stance leg was largely explained 

by the earlier activation of the TFL (~70% up to ~74%) and ADD (~50% up to ~54%) 

muscles. Additionally, even though no significant correlations were found in this study 

between GM RoA and the weight transfer phase, there were trends (p values < 0.1 for 100 

up to 200 ms), which might indicate a possible contribution of GM activation during the 

weight transfer phase at the stance leg. The lack of association between the GM RoA and 

weight transfer phase, maybe due to the inherently large variability in EMG measurements, 
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especially in the earliest phase of the rapid contraction (Folland et al., 2014; Lanza et al., 

2019b). Previous research using an induced waist-pull perturbation system, demonstrated 

greater RoA of the TFL, GM, and ADD (from stepping leg) was associated with better 

balance control when stepping laterally (Inacio et al., 2019). Thus, appears to have 

difference in the RoA between voluntary and induced step tasks.

The increase in muscle activation in the present study (50 up to 200 ms) might be explained 

by increases in motor unit recruitment, recruitment threshold, firing frequency and/or 

synchronization of motor units that occur when greater EMG amplitude is detected (Hunter 

et al., 2004; Miller et al., 2019). Considering the present investigation did not aim to 

comprehend the mechanisms behind RoA, it is not possible to conclude which factors 

contribute to the observed differences. However, evidence suggests the motor unit 

characteristics (e.g., firing rate) of a rapid contraction may be a key factor (Miller et al., 

2019). For example, while motor unit firing rates were lower, larger action potential 

amplitudes were found during isometric contractions performed at a slower RTD compared 

to contractions performed at a faster RTD (Miller et al., 2019). Additionally, the rapid 

increases in force appear to be accompanied by increases in the discharge rate at the 

beginning of the contraction with a subsequent decline (Enoka and Duchateau, 2017). This 

may explain the brief decline in RoA100 we found in our study. Hence, these mechanisms 

together may support the RoA results reported here. Future interventions that focus on 

improving not only muscle strength but also rapid hip adduction and abduction torque, 

would be important for enhancing the neuromuscular system [e. g., exercise until muscle 

failure (Sundstrup et al., 2012)]. This could elicit benefits which may be necessary for 

improving lateral balance control.

4.3. Muscle structure measures

There was no correlation between any of the muscle structure measures (CSA, IMAT, or 

HDL) and the weight transfer phase in this study. This was surprising because IMAT and 

HDL have consistently been shown to negatively impact muscle function (Addison et al., 

2017, 2014; Inacio et al., 2014; Ryan et al., 2011; Tuttle et al., 2012; Visser et al., 2005), 

while HDL is positively correlated (Addison et al., 2014). It may indicate that, overall, 

muscle size and composition (IMAT and HDL) are not critical factors that influence the 

weight transfer phase of the choice reaction step test, indicating that neuromuscular 

activation might be more critical. A previous study with a large cohort (3075 older 

individuals) found a correlation between a reduction in thigh muscle strength, but not thigh 

muscle size (or IMAT), and mobility limitations (Visser et al., 2005). Our results also 

demonstrate a reduced ability to produce torque rapidly with no relationship between CSA 

and WTP. Given the previous negative (IMAT) and positive (HDL) associations between 

gluteus (medius and minimus) muscle composition and balance (Addison et al., 2014), we 

hypothesized a relationship with the weight transfer phase. Contrary findings may indicate 

that the influence of muscle composition on the weight transfer phase could be dependent on 

the task (e.g., dynamic vs. isometric) or the particular muscle. These results suggest that the 

RoA, and not muscle structure, is an important factor for a quick reaction on the choice 

reaction step test. Therefore, further investigation of how muscle composition, and different 

muscles, influence the ability to perform functional tasks appear to be warranted.
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4.4. Study limitations

The current results should be taken with caution considering the small number of 

participants, although, importantly, part of the results are consistent with other studies. Also, 

the current cohort was higher functioning as demonstrated by the high scores on the 

functional tests (Four Square Step Test and Short Physical Performance Battery). Hence, the 

results may differ in older individuals with significant health conditions (e.g., neurological 

disorder), and/or fallers, requiring further investigation. Multiple regression analysis would 

provide valuable information to understand the contribution of all measures associated with 

the weight transfer phase. Although the use of computed tomography scan to measure IMAT 

and HDL is considered the “gold-standard” (Klopfenstein et al., 2012), CSAs of muscle 

groups rather than individual muscle areas (e.g., GM and gluteus minimus) were determined. 

Additionally, despite the fact we provide a large rest between contractions, fatigue may have 

influenced the present results. Moreover, further exploration of the contributions of muscle 

contractile properties, activation, and composition during the stepping test could provide 

useful information on preventing falls.

4.5. Study relevance

The present study brings to light how different physiological mechanisms involved in 

strength production (maximal or explosive) may contribute to the ability to perform weight 

transfer that precedes a choice reaction step. The choice reaction step is a simple and quick 

test associated with fall risk in older adults (Lord and Fitzpatrick, 2001; Pijnappels et al., 

2010). Thus, the current findings provides valuable information on the mechanisms that 

contribute to better performance, ultimately informing the development of training 

interventions that target fall prevention in older adults. For instance, the significant positive 

relationship reported here between TFL and adductor magnus muscles with the weight 

transfer phase, indicates the important role of these muscles during weight transfer. 

Additionally, the results of the present study may also be extended to other voluntary tasks 

that involve weight transfer, such as gait and/or stair walk, although further research is 

necessary to confirm that.

5. Conclusion

In conclusion, the present study demonstrated that rapid hip torque adductor development, 

and a faster and earlier activation of the hip adductor (ADD) and hip abductor (TFL) 

muscles during a maximal isometric contraction, is important weight transfer phase prior to 

a voluntary choice reaction step. These results provide insight to information regarding 

overall muscle function during weight transfer and the importance of the stance leg during 

the control of lateral balance.
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Fig. 1. 
CT scans of two individuals one with differing amoutns of lean tissue and IMAT in the hip 

abductors. A. demonstrates low attenuation and high levels of IMAT in the gluteus medius/

minimus (outlined in red). B. demonstrates a high attenuation and low levels of IMAT in the 

gluteal muscles.
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Fig. 2. 
Example of sample recording of electromyography amplitude (filtered and root mean 

squared processed) from EMG onset (0 ms) during hip abduction maximum voluntary 

isometric contraction from the tensor fascia latae (TFL) of one participant.

Lanza et al. Page 15

J Electromyogr Kinesiol. Author manuscript; available in PMC 2021 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Example of sample recording of force data during a right step choice reaction test (CST) of 

one participant.
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Fig. 4. 
Correlations between weight transfer phase (WTP) of the choice reaction step test and rate 

of torque development (RTD) at 50, 100, 150 and 200 ms during the maximal isometric 

voluntary contraction (MIVC) (A-D) and maximum voluntary torque (E) from hip 

adductors.
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Table 1

List of abbreviations.

CSA Cross-sectional area

CST Choice reaction step test

EMG Electromyography

GM Gluteus medius

HDL High density lean muscle

IMAT Intramuscular fat

LDL Low density lean muscle

RoA Rate of activation

RTD Rate of torque development

TFL Tensor fascia latae

WTP Weight transfer phase
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Table 2

Participants demographics.

n 14

Females 7

Age (years) 71.1 ± 3.7

Height (m) 1.68 ± 0.05

Weight (Kg) 79.1 ± 12.4

Body Mass Index (Kg/m2) 27.9 ± 4.2

Short Physical Performance Battery

 Balance Tests Score (3.9/4)

 Gait Speed Test Time (3.2/4)

 5 Chair Stands (3.5/4)

 Total 10.6 ± 0.5

Four Square Step Test (s) 8.0 ± 0.9

J Electromyogr Kinesiol. Author manuscript; available in PMC 2021 June 17.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lanza et al. Page 20

Table 3

Mean values and standard deviations of rate of torque development (RTD), MVT, rate of activation (RoA), 

muscle cross-sectional area (CSA), fat percentage relative to CSA (FAT%), low density lean tissue relative to 

CSA (LDL%), high-density lean tissue relative to CSA (HDL%) and weight transfer phase (WTP) (n = 14).

RTD50 (MVT.s-1) RTD100 (MVT.s-1) RTD150 (MVT.s-1) RTD200 (MVT.s-1) MVT 
(N.m)

Hip Abduction 3.93 ± 2.26 4.44 ± 1.87 3.71 ± 1.29 2.95 ± 0.75* 33 ± 15

Hip Adduction 0.53 ± 0.29‡ 1.15 ± 0.78‡ 1.59 ± 1.06‡ 1.90 ± 1.08‡ 87 ± 20

RoA0–50 (% EMGMVT) RoA0–100 (% 
EMGMVT)

RoA0–150 (% 
EMGMVT)

RoA0–200 (% 
EMGMVT)

Gluteus Medius 13 ± 6 7 ± 3‡ 14 ± 6 15 ± 6

Tensor Fascia Latae 15 ± 6 9 ± 4‡ 17 ± 9 16 ± 8

Adductor Magno 11 ± 6 6 ± 3‡ 13 ± 7 12 ± 6

CSA (cm2) FAT (% CSA) LDL (% CSA) HDL (% CSA)

Gluteus Medius + 
Minimus

42 ± 11 10 ± 6 24 ± 3 50 ± 10

Tensor Fascia Latae 6 ± 2 13 ± 11 26 ± 8 39 ± 18

Adductor Magno + 
Longus

26 ± 10 3 ± 4 26 ± 8 57 ± 19

WTP (s)

Choice Reaction 
Step Test (Weaker 
leg)

0.219 ± 0.052

Choice Reaction 
Step Test (Stronger 
leg)

0.207 ± 0.035

Symbols indicates:

*
lower than RTD100 and RTD150;

‡
different from the others.
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Table 4

Pearson correlations between weight transfer phase (WTP) of the stance leg during the lateral choice reaction 

step and rate of torque development (RTD) at 50, 100, 150, 200 ms and maximal voluntary torque (MVT) 

during maximal isometric voluntary contraction of the hip abductor and adductor muscles.

WTP

Hip Abduction

 RTD50 −0.257 r

0.374 P

 RTD100 −0.317 r

0.274 P

 RTD150 −0.405 r

0.151 P

 RTD200 −0.510 r

0.090 P

 MVT −0.490 r

0.075 P

Hip Adduction

 RTD50 −0.388 r

0.171 P

 RTD100 −0.697 r

0.006* P

 RTD150 −0.658 r

0.01* P

 RTD200 −0.665 r

0.009* P

 MVT −0.570 r

0.033* P

Symbol (*) indicates the Pearson correlation (r) was statistically significant.
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Table 5

Pearson correlations between weight transfer phase (WTP) of the stance and stepping leg during the lateral 

choice reaction step and rate of activation (RoA) in 0–50, 0–100, 0–150 and 0–200 ms of the gluteus medius 

(GM), tensor fascia latae (TFL) and adductor magnus (ADD) during the maximal isometric voluntary 

contraction.

WTP

Stance Leg Stepping Leg

Gluteus Medius

RoA0–50 −0.428 0.166 r

0.127 0.570 P

RoA0–100 −0.529 0.099 r

0.052 0.306 P

RoA0–150 −0.521 0.262 r

0.056 0.366 P

RoA0–200 −0.490 0.303 r

0.075 0.292 P

Tensor Fascia Latae

RoA0–50 −0.838 0.021 r

< 0.001* 0.946 P

RoA0–100 −0.863 0.049 r

< 0.001* 0.874 P

RoA0–150 −0.841 0.170 r

< 0.001* 0.579 P

RoA0–200 −0.812 0.234 r

0.001* 0.442 P

Adductor Magnus

RoA0–50 −0.723 0.429 r

0.033* 0.126 P

RoA0–100 −0.733 0.357 r

0.004* 0.210 P

RoA0–150 −0.707 0.405 r

0.007* 0.150 P

RoA0–200 −0.714 0.371 r

0.006* 0.212 P

Symbol (*) indicates the Pearson correlation (r) was statistically significant.
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Table 6

Pearson correlations between weight transfer phase (WTP) and muscle cross-section area (CSA), fat 

percentage relative to CSA (IMAT%), low density lean tissue relative to CSA (LDL%) and high-density lean 

tissue relative to CSA (HDL %), from gluteus medius/minimum, tensor fascia latae, adductor magnus/longus.

WTP

Stance Leg Stepping Leg

Gluteus Medius + Minimus

CSA −0.328 −0.444 r

0.233 0.098 P

IMAT(%) 0.187 0.043 r

0.506 0.880 P

LDL(%) 0.058 −0.078 r

0.838 0.783 P

HDL(%) −0.258 −0.066 r

0.354 0.816 P

Tensor Fascia Latae

CSA −0.182 −0.267 r

0.533 0.303 P

IMAT(%) 0.347 0.280 r

0.224 0.332 P

LDL(%) −0.002 0.085 r

0.994 0.772 P

HDL(%) −0.397 −0.335 r

0.160 0.241 P

Adductor Magnus + Longus

CSA −0.382 −0.420 r

0.177 0.135 P

IMAT(%) 0.300 0.222 r

0.298 0.446 P

LDL(%) 0.043 −0.364 r

0.884 0.201 P

HDL(%) −0.318 −0.041 r

0.267 0.890 P
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