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Abstract 

 

Title of Dissertation: Aging and the Effects of Power Training and Neuromuscular 

Enhancement on Standing Balance. 

Mario Inacio, Doctor of Philosophy, 2017 

Dissertation Directed by: Mark W. Rogers, PT, PhD, FAPTA, Professor and Chair 

 Department of Physical Therapy & Rehabilitation Science 

 

Background. Aging brings about impairments in hip abductor-adductor (AB-AD) 

neuromuscular performance and medio-lateral balance control. Power training (PT) has 

been used as an alternative to strength training that leads to further neuromuscular 

performance improvements. Furthermore, neuromuscular modulation can be achieved by 

transcranial direct current stimulation (tDCS) that can acutely increase force output. 

Aim. This dissertation investigated how aging, hip AB-AD power training (PT) and 

transcranial direct current stimulation (tDCS) affect maximal hip AB-AD neuromuscular 

performance and medio-lateral balance control during the weight transfer of induced lateral 

steps and forward/lateral voluntary stepping. 

Methods. Participants performed hip AB-AD isometric maximal voluntary 

contractions (IMVC), an induced lateral stepping task at different initial limb pre-loads and 

forward/lateral voluntary reaction time stepping. The PT program consisted of 8 weeks of 

hip AB-AD exercises focusing on maximal speed of execution compared with a 

conventional strength training program. Anodal and cathodal tDCS were used to elicit 

acute neuromuscular improvements in the hip AB-AD. 



 

Results. Aging showed reduced maximal isometric hip AB-AD neuromuscular 

performance (31-67%, p<0.05). During induced lateral stepping, aging decreased hip AB-

AD rate of neuromuscular activation (RActv) (60-109%, p<0.05) and delayed the weight 

transfer phase (30-78ms, p<0.05). Consequently, older individuals increased their vertical 

RFD (70-177%, p<0.05) and hip muscular output (31-74%, p<0.05) during induced 

stepping, but still had poorer balance performance than younger adults. PT significantly 

improved maximal isometric hip AB-AD neuromuscular performance (14-81%%, p<0.05) 

and increased the incidence of single lateral balance recovery steps (43%, p<0.05), through 

increases hip AB torque (49-61%, p<0.05), AB power (21-54%, p<0.05) and AB-AD 

RActv (17-62%, p<0.05) during the weight transfer phase of the lateral balance stepping 

task. PT also improved voluntary stepping onset latencies (13-28%, p<0.05). Lastly, anodal 

and cathodal tDCS modulated maximal hip AB peak torque (8-12%, p<0.05) and anodal 

tDCS enhanced hip AB maximal RTD (28-55%, p<0.05). 

Conclusions. Aging impairs hip maximal neuromuscular performance. 

Consequently, medio-lateral balance recovery becomes impaired as individuals operate 

closer to their maximum capabilities. Furthermore, PT is able to increase older adults’ hip 

maximal neuromuscular performance, which allows them to increase their hip AB-AD 

neuromuscular output during medio-lateral balance recovery and improve balance 

recovery. Lastly, tDCS may be a viable alternative to acutely modulate hip AB 

performance with implications for medio-lateral balance recovery. 
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CHAPTER I. INTRODUCTION AND BACKGROUND 

A. Age-associated Central Changes 

As age progresses the central nervous system (CNS) undergoes a substantial 

reorganization that ultimately leads to a reduction in “neural drive” and motor performance. 

This can be mostly attributed to decreases in nerve conduction velocity, number of 

functional motor units and motorneurons (Aagaard et al., 2010; Kanda et al., 1996; Kido 

et al., 2004; McNeil et al., 2005). Furthermore, aged motor units are larger, composed by 

a greater number of myofibers (Sperling, 1980). This phenomenon is mainly due to an 

impaired denervation-reinnervation cycle that occurs in older individuals, leading to the 

well accepted denervation phenomenon of aged skeletal muscle fibers, with increased 

incidence among type II muscle fibers (Campbell et al., 1973; Lexell & Downham, 1991; 

Tam & Gordon, 2003). Although with limited capacity in older individuals, collateral 

reinnervation of skeletal myofibers still occurs, which can potentially lead to structural 

changes in the muscle cell (Tam & Gordon, 2003). Interestingly, the nerve denervation 

experienced in aging is similar to what is seen in chronically inactive skeletal muscle and 

potentially reversible with resistance training (Kanda et al., 1996). 
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B. Age-associated Peripheral Changes 

Similar to what occurs in the CNS, aging also brings about substantial alterations 

to the skeletal muscle system. For instance, profound changes in protein metabolism appear 

to lead to great muscle fiber atrophy (Andersen, 2003). This does not take place by an 

increase in protein degradation during senescence, but by a significant decrease in the rate 

of protein synthesis, which results in a slower rate of skeletal muscle protein turnover (Nair, 

1995; Welle et al., 1993). The aforementioned nerve denervation phenomenon has also 

drastic consequences to the muscular system and its performance, as it is one of the main 

causes for the reduction in size and eventually, number of functional myofibers (Lexell et 

al., 1988). Consequently, older individuals may develop sarcopenia, classically 

characterized by a critical reduction in muscle mass (Goodpaster et al., 2001). Although 

some authors reported similar muscle wasting between type I and type II fibers, most 

studies have demonstrated that type II myofibers are more susceptible to mass losses 

(Andersen, 2003; Essen-Gustavsson & Borges, 1986; Kosek et al., 2006). Fiber type 

grouping has been suggested to occur, by which type II myofibers would suffer the greatest 

denervation and would consequently be reinnervated by motor units from type I muscle 

fibers, eventually changing their myosin heavy chain (MHC) isoform expression to type I 

MHC (Andersen, 2003; Jakobsson et al., 1988; Larsson, 1983). Nonetheless, a few reports 

have contradicted this line of thought by showing similar relative distributions of type I 

and type II fibers in young and old individuals, or even greater percentages of type II fibers 

(Frontera et al., 2000; Lexell, 1995). Furthermore, analysis of vastus lateralis in older 

individuals revealed a substantial proportion of hybrid myofibers that express type I and 

type IIa MHC isoforms (28.5%), which is significantly greater than in young (1-5%) 



 

3 

(Andersen et al., 1999). Considering the ambiguous results in the literature, Andersen 

(2003) argues that there may be a window around 60 years of age where there is 

denervation of type II fibers and reinnervation that leads to type I fiber grouping. As age 

progresses, type I fibers degenerate as well, reestablishing the proportion of type I and type 

II fibers. 

Besides the reductions in muscle mass, sarcopenic changes are often associated 

with increases in adipose tissue infiltration and reductions in the myofibers’ density 

(Marcus et al., 2010; Ryan & Nicklas, 1999). Interestingly, work from our laboratory 

suggests that the aforementioned sarcopenic changes are not experienced similarly through 

all musculature of the lower limb. The proximal muscles of the hip appear to be the most 

susceptible to adipose infiltration and reductions in muscle density (Inacio et al., 2014). 

Furthermore, previous observations have exposed an age-dependent decline in 

myofiber shortening velocity, excitation-contraction (E-C) uncoupling and cross-bridge 

kinetics (Delbono et al., 1995; G. A. Power et al., 2016; Trappe et al., 2001). 

 

C. Aging and Functional Decline 

Altogether, the described neuromuscular age-related changes result in functional 

impairments. Muscular force output starts declining as early as 50 years of age, having a 

steeper decline after 70 years (Kallman et al., 1990). However, and perhaps more relevant 

than the strength decays alone, aging brings further reductions in muscular power, which 

has been associated with the ability to prevent falls (Clark et al., 2011; McNeil et al., 2007; 

Metter et al., 1997; Suetta et al., 2004). In fact, speed of execution appears to be a limiting 

factor among older individuals (Pojednic et al., 2012). Rate of force development (RFD) 
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has been considered a crucial factor for power production, as it modulates the force output 

in the initial phase of muscle contraction (0-200ms) and determines the maximal force and 

velocity in fast movements (Aagaard & Andersen, 1998; Aagaard et al., 2002; Aagaard et 

al., 1994). Concurrently, the rate of electromyographic (EMG) activity rise has also been 

positively associated with increased power production (Clark et al., 2013). It appears that 

the rate of EMG rise (rate of activation) may be targeted for further analysis as a mechanism 

for improvements in RFD and muscular power. 

 

D. Aging and Exercise Training 

Exercise training is the most common strategy to maintain and increase physical 

performance in young adults. Considering the neuromuscular changes associated with 

healthy aging, exercise training could be used to counteract such alterations. Aging is 

inevitable, even for master athletes, but the rate of decline can be reduced and even reverted 

(to a certain extent) through exercise training (Kenney et al., 2008). When different 

performance measures were analyzed to determine the relevance to functional 

independence among community-dwelling older individuals, peak muscle power was the 

strongest measure to predict functional dependency (Foldvari et al., 2000). Furthermore, 

those who had a smaller power output were 2 to 3 times at greater risk for functional 

impairments (Bean et al., 2003). Thus, it seems that the most appropriate type of exercise 

training for the aforementioned senescent functional impairments is some variation of 

regular resistance training that targets power production. Resistance training has not only 

been shown to prevent neuronal denervation, but also increases muscle strength, neural 

drive resulting in greater RFD and consequent power production, contractile impulse and 



 

5 

EMG amplitude (Aagaard et al., 2002; Kanda et al., 1996; Suetta et al., 2004). However, 

early resistance exercise training interventions had a major limitation regarding its effects 

in power production, it lacked the focus on high speed of execution (Reid & Fielding, 

2012). High-velocity resistance training has been shown to produce twice the 

improvements in lower extremity muscle power than traditional strength training (Marsh 

et al., 2009). With the same methodological paradigm, another group found those older 

individuals who underwent a high-velocity resistance training experienced 84% further 

increases in leg press power than slow-velocity resistance training (Fielding et al., 2002). 

Similarly, Caserotti et al. (2008) studied the effect of explosive heavy-resistance training 

in octogenarians for 12 weeks, with a training regimen of twice a week and a resistance of 

75-80% of 1RM, and found approximately 30% increases in muscular power output. 

Ultimately, these increases in power production, as a function of the high-velocity 

resistance training, have been linked with improvements in balance and functional 

measures (Bottaro et al., 2007; Orr et al., 2006).  

 

E. Aging and Balance 

Balance and mobility are also affected by the aging process, which raises serious 

concerns as it can ultimately lead to the occurrence of a fall (Maki et al., 1994; Tinetti et 

al., 1988). In fact, one out of three adults over 65 years of age loses balance and falls each 

year (Hausdorff et al., 2001; WHO, 2012). Its related injuries are a major health care 

concern as the individual’s quality of life is substantially reduced, being associated with 

increased morbidities and mortality (Alexander et al., 1992; CDC, 2012; Englander et al., 

1996; Hornbrook et al., 1994; Stevens, 2006). As an attempt to clarify the multifactorial 
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characteristic of the problem of falls, the World Health Organization (WHO-Europe, 2004) 

has identified several risk factors that may contribute to the occurrence of falls, such as, 

environmental hazards, footwear/clothing and inappropriate assistive devices (extrinsic 

factors). Among some intrinsic factors, WHO has also identified gender, ethnicity, 

medication, visual impairments, peripheral neuropathy, arthritis, depression, incontinence 

and history of falls (WHO-Europe, 2004). 

During everyday activities, individuals may encounter several situations where 

balance is perturbed. As a common response to postural challenges, one often performs 

protective stepping. However, the ability to recover balance through protective stepping is 

altered with aging. Older individuals, more frequently require a greater number of steps to 

recover balance, which has also been linked with increased risk for future falls (M. L. Mille 

et al., 2005). While these postural challenges can occur in any direction, it appears there is 

a directional vulnerability in the balance control. Upon postural challenges in the medio-

lateral (M-L) direction, older individuals use more steps than younger adults to recover 

balance (Maki et al., 1994; M. L. Mille et al., 2013a; M. L. Mille et al., 2005; Rogers & 

Mille, 2003). Furthermore, older adults often use a stepping strategy that is not 

biomechanically optimal, i.e. in lateral balance perturbations older people experience a 

greater incidence of cross-over steps than lateral steps (Rogers & Mille, 2003). This type 

of protective stepping often takes more time to complete and results in a smaller base of 

support and increased incidence of limb collisions, which substantially increases the 

likelihood of a fall (Rogers & Mille, 2003). Even in forward protective stepping, the frontal 

plane control is diminished in those who recover balance through multiple stepping (Maki 

et al., 1994). In addition, upon the first protective step, when individuals have a more 
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anteriorly positioned center of mass (COM), reduced margins of stability, greater forward 

trunk lean and reduced torque production at the hip and knee during the swing phase, they 

often require multiple steps to recover balance (Carty, Barrett, et al., 2012; Carty, Cronin, 

et al., 2012; Hsiao & Robinovitch, 2001). Overall, these stepping characteristics may affect 

the ability to arrest the linear momentum of the body, resulting in multiple protective steps 

(Schulz et al., 2005). Furthermore, Robinovitch et al. (2013) published observational study 

on the circumstances of falls in long-term care facilities. Not surprisingly, the greatest 

incidence of falls was attributed to poorly controlled weight transfers. Perhaps the time 

events focused on by most studies are “too late” to accurately identify crucial 

characteristics that lead to the different stepping responses. Focusing the analysis before 

the step occurs may prove to be more informative regarding the origin of such different 

recovery responses. In fact, unpublished work from our laboratory shows that during the 

weight transfer phase of an induced successful single lateral step, older individuals who 

have not fallen in the previous year are able to control the center of pressure (COP) up to 

the lateral limits of their base of support (BOS) prior to step release. In contrast, those who 

reported at least one fall in the past 12 months tend to release the induced lateral step 

substantially earlier, when COP is comfortably far from the limits of the BOS. One 

interpretation may be that these individuals have a reduced ability to rapidly control their 

COM, especially under conditions where the lower limbs are being loaded at an extremely 

fast rate. Considering that hip abductors are crucial for modulation of motion in the frontal 

plane (Hilliard et al., 2008), this early release of the induced single lateral step may be 

indicative of existing neuromuscular limitations in the hip abductors that ultimately impair 

rapid force production, i.e. muscular power. 
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F. Induced and voluntary stepping 

Although, induced stepping is often used to analyze the effects of aging on balance, 

or even to investigate characteristics that discriminate between individuals at higher and 

lower risk for falls (Carty, Barrett, et al., 2012; Carty, Cronin, et al., 2012; Hilliard et al., 

2008; Hsiao & Robinovitch, 2001; M. Mille et al., In press; M. L. Mille et al., 2005; Owings 

et al., 2001; Rogers et al., 2001; Rogers & Mille, 2003; Schulz et al., 2005; Yungher et al., 

2012), some attention has also been devoted to gait. Aging and greater fall risk tend to lead 

to increased stride-time and step-width variability, as well as, altered contributions from 

musculature mediating medio-lateral motion and control of the center of pressure (COP) 

(Hausdorff et al., 2001; Kurz et al., 2013; Lim et al., 2012). In addition, older adults show 

slower forward voluntary step initiation (Rogers et al., 2003), and delayed medio-lateral 

force control, rate of force development (RFD) and execution time in situations where they 

are required to perform an unexpected adjustment in the foot landing location (Tseng et al., 

2009; Young & Hollands, 2012). Similar changes, such as, longer weight transfer phase 

and longer movement duration, have also been see in older individuals while stepping 

down backwards (Michel-Pellegrino et al., 2008). Furthermore, choice step reaction time 

(CSRT) appears to be a stronger predictor of falls than simple step reaction time, where 

older adults are slower than younger adults (Cohen et al., 2011; Lord & Fitzpatrick, 2001; 

Pijnappels et al., 2010). In part, it may be explained by increased errors during anticipatory 

postural adjustments (APAs) experienced by older individuals (Cohen et al., 2011). 

Nonetheless, exercise training appears to be an effective method for improving voluntary 

stepping execution times in older individuals (Melzer et al., 2009). 
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Moreover, a timing conflict between induced and voluntary stepping appears to 

exist (Rogers & Mille, 2016). While individuals at higher risk for falls are the fastest to 

initiate an induced step, during volitional stepping, the same individuals are the slowest in 

performing voluntary reaction time stepping (Melzer, Kurz, et al., 2010; Rogers et al., 

2001). Thus, utilizing voluntary stepping as means to assess balance impairments may be 

as valuable as induced stepping, and potentially, with greater clinical applicability. 

 

G. Neuromuscular enhancement 

Transcranial brain stimulation has been investigated for a few decades (Ellis & 

Colville, 1958; Levy et al., 1984; Segura et al., 1988). Due to being an effective, non-

invasive and painless method to modulate cortical excitability, transcranial direct current 

stimulation (tDCS) specifically has received increasing interest over the last couple 

decades (Nitsche et al., 2002; Priori et al., 1993; Rothwell, 1991). tDCS consists of the 

application of a weak electrical current (0.5–2mA) to the scalp of the subject, where the 

placement of the positive (anode) and negative (cathode) electrodes depends on the purpose 

for that particular stimulation (Bindman et al., 1962). In addition, the resultant effects are 

polarity dependent (Miranda et al., 2006). While cathodal tDCS (c-tDCS) appears to result 

in a hyperpolarization of the cortico-spinal neuron’s resting membrane potential, anodal 

stimulation (a-tDCS) leads to a depolarization and consequent increase in cortico-spinal 

excitability (Nitsche et al., 2002; H. A. Power et al., 2006). These results have been shown 

in upper as well as lower extremities without side effects (Hummel et al., 2006; Jeffery et 

al., 2007). Furthermore, a-tDCS leads to a reduction in short-interval cortical inhibition 

(SICI) (Nitsche et al., 2005), similar to what has been observed with strength training 
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(Goodwill et al., 2012; Weier et al., 2012). In fact, it appears that even a submaximal 

contraction performed immediately after tDCS is able to increase motor evoked potentials 

(MEPs) by two-fold (Kim & Ko, 2013). tDCS has been used for a multitude of purposes, 

such as, improvements in visual performance (Olma et al., 2013), motor learning (Kuo et 

al., 2008; Lefebvre et al., 2012), memory (Fregni et al., 2005), motor performance (Gomes-

Osman & Field-Fote, 2013), and even depression (Martin et al., 2013). a-tDCS has also 

shown to be effective in enhancing upper and lower extremity muscular endurance and 

force production, in healthy individuals and individuals with stroke (Cogiamanian et al., 

2007; Hummel et al., 2006; Tanaka et al., 2009; Tanaka et al., 2011) through increases in 

cortical drive and inter-muscular coherence (H. A. Power et al., 2006). Nonetheless, the 

effects of tDCS appear to be mostly acute, with after-effects lasting only up to a couple 

hours (Cogiamanian et al., 2007; Hummel et al., 2006; H. A. Power et al., 2006; Tanaka et 

al., 2009; Tanaka et al., 2011). 

 

Hence, this dissertation will be composed of three different studies that will provide 

insightful information about mechanistic age-related changes in medio-lateral balance 

control and methodologies for improving said changes, by investigating: 

1 – The effects of aging on hip maximal isometric performance, the weight transfer 

phase during medio-lateral balance recovery and voluntary stepping performance; 

2 – How a hip resistance exercise power training program can attenuate the 

aforementioned age-related maximal and functional performance impairments; 

3 – If a non-invasive form of brain stimulation, transcranial direct current 

stimulation, can modulate hip maximal voluntary isometric contraction performance. 
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CHAPTER II. AGE-RELATED NEUROMECHANICAL CHANGES IN 

PRE-STEP WEIGHT TRANSFER IMPAIR LATERAL BALANCE 

FUNCTION. 

 

A. Abstract 

Background. Aging brings about challenges in the ability to recover from balance 

perturbations through protective stepping, especially in the lateral direction through 

compromised lateral weight transfers. Furthermore, aging affects the ability to initiate 

stepping voluntarily, in particular when individuals are faced with a choice. Previous work 

has suggested that stepping may be affected by impaired muscle composition and 

performance of the hip abductors (AB) in older adults. 

Aims. Determine the effects of aging in hip neuromuscular performance during the 

weight transfer phase of an induced lateral stepping task at different initial limb pre-loads. 

In addition, to investigate the relationship between hip abductor-adductor (AB-AD) 

neuromuscular performance during an isolated maximal effort task, with the performance 

of induced lateral stepping at different initial limb pre-loads, and with the performance of 

forward and lateral voluntary stepping. 

Methods. 15 younger adults (29.1±1.1 yrs) and 15 older adults (71.3±0.9 yrs) 

performed hip AB-AD isometric maximal voluntary contractions (IMVC) at 30o of hip AB. 

Motorized lateral waist-pull perturbations were applied during three different initial step-

side limb-loading conditions (50% body weight (BW), 65% BW, and 80% BW) to mimic 

different instances of the weight transfer phase. Participants were instructed to recover their 

balance using a single lateral step. In addition, voluntary forward and lateral (older adults 

only) simple (SRT) and choice reaction time (CRT) stepping tasks were performed. Kinetic 
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(two AMTI force plates), full body kinematic (VICON) and electromyographic (EMG) 

data were collected. Analyses of the induced stepping task were performed only on the 

successful single lateral step trials. Between-group comparisons for lateral step incidence 

were performed by an independent samples t-test and a mixed effects model was used for 

the IMVC and stepping tasks. The selected associations used Spearman’s correlation. 

Significance was set at p<0.05. 

Results, Older adults had significantly lower hip IMVC AB (38%)-AD (31%) peak 

torque (p<0.05), lower hip AB rate of torque development (RTD) (66%, p<0.05) and 

decreased rate of activation of the hip AB (48-67%) and AD (58%). During the lateral 

induced stepping task, older individuals had a lower incidence of successful single lateral 

steps (by 22-50%), initiated weight transfer phase later (30-36ms, p<0.05) and lifted the 

stepping foot later (48-78ms, p<0.05) than younger adults. Consequently, lateral and 

downward CoM momentum at step lift-off were 23-59% greater (p<0.05), and step-side 

peak rate of vertical force development (RFD) (70-177%), hip AB net joint torque (31-

74%) and power (64 %) were larger (p<0.05) in the old versus young. In contrast, younger 

individuals showed greater (p<0.05) rate of hip AB activation (60-109%). Lastly, the hip 

AB-AD IMVC neuromuscular performance was positively associated with incidence of 

single lateral induced steps (p<0.05), negatively related with forward voluntary stepping 

CRT Weight Transfer Duration (p<0.05), as well as with the performance of lateral 

voluntary stepping SRT and CRT. 

Conclusions. Older individuals showed reduced maximal isometric hip muscle 

performance, which was associated with the performance in the voluntary stepping tasks, 

especially in the lateral direction. Nonetheless, they were still able to execute single lateral 
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recovery steps independent of initial limb loading condition, though less often than younger 

adults. Faced with a delayed weight transfer phase, older adults appear to accomplish the 

lateral recovery step through much greater hip output that approached their maximum 

capacity. These observations and the reduced rate of hip neuromuscular activation may 

have an important contribution to the reduced incidence of such a stable stepping strategy 

and ultimately prevent falling. 

 

B. Introduction 

Falls in advancing age can be considered a global epidemic, as one third of 

individuals over 65 year falls every year, with potentially severe consequences to overall 

health and increased financial burden (Hausdorff et al., 2001; WHO, 2012). When balance 

is perturbed a common strategy used to arrest momentum and prevent a fall is protective 

stepping. However, there seems to be an age-related vulnerability in the lateral direction 

where older individuals require more steps to recover balance (Maki et al., 1994; M. L. 

Mille et al., 2013b; M. L. Mille et al., 2005) and often use cross-over or medial stepping 

strategies, instead of the more stable lateral steps, frequently used by young adults (Rogers 

& Mille, 2003). A recent report showed that poorly controlled weight transfers accounted 

for more falls than trips and slips combined, which may contribute to the aforementioned 

age-related changes in protective stepping strategies (Robinovitch et al., 2013). 

Voluntary step initiation is also altered with aging. Older adults have longer onset 

latencies (Rogers et al., 2003), impaired medio-lateral force control and rate of force 

development (RFD) (Tseng et al., 2009; Young & Hollands, 2012). These impairments 

become more pronounced when individuals are challenged with a choice step reaction time 
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(CRT) task, which makes this particular task an even stronger predictor of future falls 

(Cohen et al., 2011; Lord & Fitzpatrick, 2001; Pijnappels et al., 2010). 

These age associated impairments during balance recovery and voluntary stepping 

potentially share a common culprit. The musculoskeletal system undergoes strong 

structural and functional sarcopenic changes (Marcus et al., 2010; Ryan & Nicklas, 1999). 

However, it appears that not all muscle groups of the lower limbs are affected by aging to 

the same degree. The proximal muscles of the hip appear to be the most vulnerable to 

adipose infiltration, reductions in the quality of the muscle fibers and consequently show 

compromised hip abductor performance (Hilliard et al., 2008; Inacio et al., 2014). These 

muscle groups are particularly important during the weight transfer phase and lateral 

balance recovery, as they are crucial for modulation of center of mass (CoM) motion in the 

lateral direction and have been shown to be a strong predictor of future falls (Hilliard et al., 

2008). 

Hence, this study’s main objectives and hypothesis are as follow: 

Specific Aim 1: Determine the effects of aging in hip kinetics and muscle activation 

patterns during the weight transfer phase of an induced lateral stepping task at different 

initial limb pre-loads. 

Ha: Before lift-off, older individuals will show lower hip abduction-adduction net 

joint power, rate of force development and muscle rate of activation than younger adults. 

 

Specific Aim 2: Determine the relationship between isolated hip abductor-adductor 

peak torque, rate of force development and neuromuscular activation, and the performance 
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of induced lateral stepping at different initial limb pre-loads, and with the performance of 

forward voluntary stepping. 

Ha1: Older individuals will show lower isometric maximal voluntary contraction 

(IMVC) peak torque, rate of torque development (RTD) and rate of activation of the hip 

abductors-adductors than younger individuals. 

Ha2: IMVC peak torque, RTD and rate of activation of hip abductors-adductors 

will be positively associated with incidence of single lateral steps in induced stepping, and 

inversely related with step onset latency and execution times of voluntary stepping. 

 

C. Methods 

This study recruited fifteen young adults (29.1±1.1yrs, n=8 females) and fifteen 

otherwise healthy community dwelling older individuals (71.3±0.9yrs n=6 females) from 

the Baltimore/Washington metropolitan areas (Table 1). Exclusion criteria consisted of the 

following: 1) cognitive impairment (Folstein Mini Mental Score Exam < 24); 2) sedative 

use; 3) non-ambulatory; 4) any clinically significant functional impairment related to 

musculoskeletal, neurological, cardiopulmonary, metabolic, or other general medical 

problem; 6) Centers for Epidemiological Studies Depression Survey score greater than 16; 

7) BMI over 35; and 8) no history of seizures neurosurgery. All subjects provided written 

informed consent that was approved by the research ethics committee from the Institutional 

Review Board of University of Maryland, Baltimore and the Baltimore Veteran’s 

Administration Research and Development prior to participation. 
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Table 1. Participant demographics. 

  
Young Adults 

(n=15) 
  

Older Adults 

(n=15) 

Age (years) 29.1±1.1   71.3±0.9 

Height (m) 1.74±0.03  1.70±0.02 

Weight (kg) 70.0±3.6  80.4±4.1 

BMI 23.0±0.7     27.7±1.1 * 

    
Data presented as Mean ± SEM. 
* significantly different from young adults. 

 

1. Isolated maximal effort 

The isolated maximal effort protocol consisted of bilateral Isometric Maximal 

Voluntary Contractions (IMVCs) of hip abduction (3 sets on each limb) and adduction (3 

sets on each limb) on an isokinetic device (BIODEX System 4). Subjects were instructed 

to push as hard and as fast as possible for 5 seconds, with 1:30 mins of rest between sets. 

Testing was performed with the leg positioned at 30˚ of hip abduction while standing in a 

custom built stabilization frame to facilitate control of upright alignment (Johnson, Mille, 

Martinez, Crombie, & Rogers, 2004). Additionally, verbal encouragement, as well as 

visual feedback from the torque recordings was provided during the task to reinforce the 

volitional maximal contraction. 

 

2. Stepping protocol general procedures 

Considering older adults have poorer protective stepping performance, two testing 

sessions were conducted in order to minimize the potential novelty effects that may impact 

the individuals’ stepping behavior. Older participants performed all testing protocols in 
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both sessions, but the first served only for familiarization purposes. All data collection was 

performed on the second testing session. 

During the stepping protocol, subjects wore a safety harness to prevent falling, and 

a waist-pull belt that was secured around the subject’s waist. Additionally, the subjects 

stood with one foot on force platform A and the other on force platform B (Figure 1a), on 

a paper sheet with tracings of their feet to ensure between-trial standardization of the initial 

stance during testing. Inter-individual stance standardization were based on an adaptation 

from Mcllroy and Maki (McIlroy & Maki, 1997), where stance width was set at 10% of 

the subject’s height (distance between calcaneus posterior midpoints) and the foot 

placement angle (angle of distal end of hallux in relation to same foot’s calcaneus posterior 

midpoint) was set at 30˚ (Figure 1b). 

To reduced fatigue during the stepping protocol, mandatory resting periods were 

applied halfway through the testing protocols and whenever the participant requested. 

 

 

 

 

 

 

 

Figure 1. Illustration of the subject’s initial position for the stepping protocol with one foot in 

each force plate (a) and for the standardization of stance (b). 

 

a) b) 
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The stepping protocol consisted of an initial “balance tolerance limit” (BTL) 

assessment (Yungher et al., 2012), a single lateral induced stepping task with different 

initial limb pre-load conditions and a forward voluntary stepping task followed by a lateral 

voluntary stepping task (older individuals only). The induced stepping tasks was performed 

via a computer-controlled robotic puller that applied pulls at the subjects’ waist. 

 

3. BTL assessment 

The BTL assessment consisted of a total of 40 waist-pulls (5 trials x 2 sides x 4 

pulling magnitudes) with the purpose of assessing the magnitude that results in an average 

of more than one protective stepping response (Yungher et al., 2012). The waist-pulls were 

delivered via a computer-controlled robotic puller located behind the participant and had 

the following characteristics: 

 all levels had an initial acceleration of 900 cm.s-2; 

 level 1 – displacement (d) = 6.7 cm and velocity (v) = 18 cm.s-1; 

 level 2 – d = 9 cm and v = 27 cm.s-1; 

 level 3 – d = 11.3 cm and v = 36 cm.s-1; 

 level 4 – d = 13.5 cm and v = 45 cm.s-1; 

During the BTL assessment, subjects was instructed to react naturally and prevent 

themselves from falling. 
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4. Lateral induced stepping 

In the single lateral induced stepping task with different initial limb pre-load 

conditions, subjects were instructed to recover balance with a single lateral step. In order 

to prevent a short lateral protective step that could potentially lead to multiple recovery 

steps, a step target area was located at 55-65% of subject’s leg length (Yungher et al., 

2012). This portion of the protocol comprised 5 trials x 2 sides x 3 initial limb pre-load 

conditions (combined 30 trials). The waist-pulls were randomly delivered by the same 

computer-controlled robotic puller as in the BTL assessment and feedback on the pre-

loaded limb weights was provided via a screen that supplied online force plate information 

(Figure 2).  

 

Figure 2. Computer controlled puller robot and visual feedback set-up for the lateral induced 

stepping task with different initial pre-loads. 

 

Prior to the pull, subjects were asked to shift their weight to the appropriate side to 

match 50%, 65% and 80% of the participant’s body weight (Figure 3). The lateral waist-

pulls were triggered once the target body weight distribution was achieved for at least 
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50ms. To increase the likelihood of achieving an elevated percentage of induced steps, all 

trials were performed at one magnitude above the previously calculated BTL. In order to 

reduce anticipation and postural adaptation to a specific direction, a total of 12 catch trials 

(2 trials x 2 sides x 3 loading conditions) were randomly introduced, with the same 

magnitude but opposite to the pre-loaded side. 

 

 

Figure 3. Lateral induced stepping task with different initial pre-loads. 

 

5. Voluntary stepping  

The forward voluntary stepping task was performed for a total of 20 trials. 

Participants were instructed to step forward as fast as they can upon a visual “go” cue, 

while knowing the correct stepping leg beforehand (simple reaction time (SRT), 5 trials x 

2 sides). In an additional 10 trials (choice reaction time (CRT), 5 trials x 2 sides) subjects 

were instructed to “follow the lights” and step forward as fast as they can upon a visual 
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“go” cue, as they had no prior knowledge of the correct stepping limb (Figure 4). After 

completing the forward voluntary stepping protocol, older individuals performed the lateral 

stepping task. 

 

Figure 4. Forward and lateral (older adults only) voluntary stepping tasks. 

 

In the BTL assessment, sides and magnitudes were randomized for each individual. 

The same randomization process was applied to the sides and initial limb pre-load 

conditions during the induced stepping task. In the voluntary stepping trials the 

randomization was applied to the SRT and CRT trials. 
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6. Data Collection 

a) Isolated maximal effort 

The hip abductor-adductor (AB-AD) isometric maximal voluntary contraction 

(IMVC) task was performed on a BIODEX System 4 isokinetic dynamometer (BIODEX, 

Shirley, NY). 

 

b) Kinetic recordings 

During the stepping protocol, kinetic data was captured by two AMTI force 

platforms (AMTI, Watertown, MA) at a collection frequency of 600Hz.  

 

c) Kinematic recordings 

Full body kinematic data were recorded via a motion capture system (VICON, Los 

Angeles, CA). Reflective markers, detectable by the motion capture system, were placed 

bilaterally on the foot (first metatarsal, hallux, fifth metatarsal and calcaneus), ankle (lateral 

and medial malleoli), knee (lateral and medial femoral condyles), hip (greater trochanter 

of the femur, PSIS and ASIS), shoulders (acromions) and head (midpoint and center of 

parietal bones and most lateral point of temporal bones). Thus, a seven segment model was 

created (bilateral foot, shank, thigh and HAT (head+arms+trunk)). Motion capture data 

was collected at a sampling rate of 120Hz. 
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d) Electromyographic (EMG) recordings 

The muscle activation patterns were recorded using a NORAXON Telemyo DTS 

wireless EMG system (NORAXON, Scottsdale, AZ). The differential electrodes were 

placed on properly prepared skin and positioned in accordance with established guidelines 

to minimize skin impedance and maximize signal conduction (De Luca, 1997; Hermens et 

al., 2000). This study targeted the gluteus medius (Gmed), tensor fasciae latae (TFL), and 

adductor magnus (ADD) (Figure 5). Raw EMG signals were collected at 1500Hz. 

 

Figure 5. Vertical ground reaction force (Fz) and electromyography signals from the tensor 

fasciae latae (TFL), gluteus medius (Gmed) and adductor magnus (ADD) during a representative 

induced lateral stepping trial. 
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Kinetic, kinematic and EMG data collection onset was synchronized through an 

external trigger. 

 

7. Data Analysis 

In the IMVC task, the rate of torque development (RTD) was calculated as the first 

derivative of the initial torque production, i.e. the steepest slope of torque generation. Peak 

torque was normalized to the each individual’s height · weight. 

All data analyses for the induced lateral stepping task with different initial pre-loads 

targeted the weight transfer phase by focusing in the interval from the onset of the lateral 

balance perturbation and the instant of lateral step lift-off (Figure 6). 

 

Figure 6. Weight transfer phase interval for data analyses. 

 

Kinetic and kinematic data were low pass filtered at 16.5Hz, as it has been 

suggested to provide best results in inverse dynamics computations (van den Bogert & de 

Koning, 1996). 

Weight transfer onset 
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Vertical ground reaction force rate of force development (RFD) was calculated as 

the first derivative of the stepping foot’s vertical force that led to the peak vertical force 

before lift-off. 

Weight transfer onset was defined as the instant where the vertical ground reaction 

force of the stepping foot was at least 3SD above the initial 100ms. 

Lift-off was defined as the instant where the stepping foot’s vertical ground reaction 

force equaled zero. 

Center of mass (CoM) lateral momentum was calculated by multiplying each 

individual’s mass with the CoM’s lateral velocity. The vertical CoM momentum used the 

same method, but with vertical CoM velocity. 

Estimated net joint torque was calculated for the frontal plane through inverse 

dynamics, derived from Newton-Euler equations of motion for determining net inter-

segmental joint reaction forces and torques using a bottom-up approach (Enoka, 2002; 

Winter, 1992) where the model of each body segment is described as: 

 

𝑃𝑡 − 𝐷𝑡 − (𝐹𝐷𝑦 · 𝑑𝐷𝑧) + (𝐹𝐷𝑧 · 𝑑𝐷𝑦) − (𝐹𝑃𝑦 · 𝑑𝑃𝑧) + (𝐹𝑃𝑧 · 𝑑𝑃𝑦) = 𝐼 · 𝛼 

 

I- moment of inertia of the body segment; 

α- angular acceleration of the body segment; 

Dt- distal torque; Pt- proximal torque; 

FDy- y component of force at the distal end of the body segment; 

FDz- z component of force at the distal end of the body segment; 

dDy- y component of the distance from the CoM to the distal end of the segment; 

dDz- z component of the distance from the COM to the distal end of the segment; 
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FPy- y component of the force at the proximal end of body segment; 

FPz- z component of the force at the proximal end of body segment; 

dPy- y component of the distance from the CoM to the proximal end of the segment; 

Pz- z component of the distance from the CoM to the proximal end of the segment. 

Estimated net joint power was calculated as (Enoka, 2002; Winter, 1992): 

 

𝑁𝑒𝑡 𝑗𝑜𝑖𝑛𝑡 𝑝𝑜𝑤𝑒𝑟 = 𝑁𝑒𝑡 𝑗𝑜𝑖𝑛𝑡 𝑇𝑜𝑟𝑞𝑢𝑒 · ω 

 

ω- joint angular velocity. 

Estimated net joint torques and power were normalized to the each individual’s 

height · weight. 

The biomechanical model assumes that segments are rigid bodies with uniform 

mass distribution and stable inertial properties. In addition, the model assumes that all 

forces produced by the joint elements pass through one specific point (joint center) and that 

any friction in the joints is negligible. Segmental inertial properties were based on previous 

work (Winter, 1992). This method uses a bottom-up approach where the ground reaction 

forces function as input of kinetic data to the first segment in the chain (foot). 

The raw EMG signal from each muscle was high pass filtered (25Hz) to remove 

potential movement artifacts, full-wave rectified and low-pass filtered (6Hz butterworth 

4th order) for smoothing purposes. 

The neuromuscular onset latencies were determined when the EMG normalized 

amplitude increased 3SD above the baseline (Clark et al., 2013). Baseline was defined by 

the mean EMG amplitude of 100ms prior to the activation onset. 
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Rate of activation was defined as (Clark et al., 2013): 

 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 =
Δ EMG amplitude

Δ 𝑡𝑖𝑚𝑒 (𝑠)
 

8. Statistical analyses 

Statistical analyses were executed by SPSS v.22 (IBM, Armonk, NY). 

An independent samples t-test was used to determine the between-group 

comparisons for the incidence of single lateral steps during the induced lateral stepping 

task. Between-group comparisons and gender effects for the IMVC and stepping protocol 

performance variables were performed with a mixed effects model that incorporated fixed 

as well as random factors. A Shapiro-Wilk test for normality was performed and exposed 

some main outcome variables that do not fit this distribution. Hence, the selected 

associations were calculated with Spearman’s correlation coefficients (r). The coefficient 

of determination (r2) was calculated for the significant associations by squaring the 

correlation coefficient (r). Significance was set at p<0.05. 

 

D. Results 

1. Isolated maximal effort 

Normalized peak hip abductor (AB) and adductor (AD) torques were significantly 

reduced 38.4% and 30.8% respectively, in older individuals compared to young adults 

(Figure 7, p<0.05). 
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Figure 7. Normalized peak hip torque in young and older adults during the isolated IMVC task . 

* significantly different from older adults (p<0.05). 

 

Older adults showed a further 65.7% reduction in hip AB rate of torque 

development (RTD) (p<0.05). Hip AD RTD only showed a similar non-significant trend 

(p>0.05, Figure 8). 

 

Figure 8. Hip rate of torque development (RTD) in young and older adults during the isolated 

IMVC task . * significantly different from older adults (p<0.05). 
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Similarly, the rate of activation (RActv) of the tensor fasciae latae (TFL), gluteus 

medius (Gmed) and adductor magnus (ADD) were significantly lower in the older group 

(67%, 48.3% and 57.7% respectively, p<0.05) (Figure 9). 

 

Figure 9. Neuromuscular rate of activation (RActv) of Tensor Fasciae Latae (TFL), Gluteus 

Medius (Gmed) and Adductor magnus (ADD), in young and older adults during the isolated 

IMVC task . * significantly different from older adults (p<0.05). 

 

2. Lateral induced stepping 

Independently of the initial pre-load, older adults show lower incidences of 

single lateral steps than their younger counterparts, ranging from approximately 

20% in the 50%BW and 65%BW conditions, to about 50% less lateral steps in the 

80%BW initial pre-load (p<0.05, Table 2). 

In addition, the older adults group initiated the weight transfer phase about 

30ms later than the young individuals (p<0.05 in the 50%BW and 65%BW 

conditions, Figure 10 A), and lifted the stepping foot off the floor 48-78ms later 

independently of the pre-load condition (p<0.05, Figure 10 B). 
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Table 2. Incidence of single lateral steps in young and older adults during the lateral induced 

stepping task at different initial pre-loads. 
 

  Lateral step incidence (%) 

 Young Adults  Older Adults 

(n=15) (n=15) 

50% BW 92.5±3.2      73.3±8.0 * 

65% BW 94.0±2.9     65.3±7.4 * 

80% BW 85.4±4.0      43.4±8.6 * 

 
Data presented as Mean ± SEM. * significantly different from young adults (p<0.05). 

 

 

Figure 10. Onset of the weight transfer phase (A) and stepping foot’s time to lift-off (B) in young 

and older adults during the lateral induced stepping protocol at different initial pre-loads. * 

significantly different from young adults (p<0.05). 

A) 

B) 
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Lateral momentum of the center of mass (CoM) at the instant of lift-off was greater 

in older individuals for the 50% initial pre-load (p<0.05) and marginally significant at 

65%BW (p=0.06) (Figure 11 A). At 50% pre-load condition, older adults also experienced 

larger downward CoM momentum at lift-off (p<0.05, Figure 11 B). 

 

Figure 11. Lateral CoM momentum (A) and Downward CoM momentum (B) at the instant of lift-

off, in young and older adults during the lateral induced stepping protocol at different initial pre-

loads. * significantly different from young adults (p<0.05). ** p=0.06. 
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Vertical ground reaction force rate of force development (RFD) of the older 

individuals was 70.1-176.8% larger than in the younger adults on all pre-load conditions 

(p<0.05, Figure 12). 

 

Figure 12. Vertical ground reaction force rate of force development (RFD), in young and older 

adults during the lateral induced stepping protocol at different initial pre-loads. * significantly 

different from young adults (p<0.05). 

 

Older adults performed significantly greater estimated hip abductor torque than the 

younger group at 50%BW and 65%BW conditions (p<0.05, Figure 13 A) and greater hip 

abductor positive power at 50% pre-load, representing energy generation and concentric 

muscular activity (p<0.05, Figure 13 B). 
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Figure 13. Normalized net hip abductor (AB) torque (A) and power (B), in young and older adults 

during the lateral induced stepping protocol at different initial pre-loads. * significantly different 

from young adults (p<0.05). 

 

Gluteus medius (Gmed) rate of activation was diminished in older individuals 

compared to the younger group for all initial pre-loads (p<0.05, Figure 14). While tensor 

fasciae latae (TFL) tended to show the same impairments as Gmed, significant differences 

were only found in the 65%BW condition (p<0.05, Figure 14 B). 

A) 

B) 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

50% BW 65% BW 80% BW

N
o

rm
al

iz
ed

 N
et

 H
ip

 A
B

  T
o

rq
u

e

Young Older

*
*

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

50% BW 65% BW 80% BW

N
o

rm
al

iz
ed

 N
et

 H
ip

 A
B

 P
o

w
er

Young Older

*



 

34 

 

Figure 14. Neuromuscular rate of activation (RActv) of Tensor Fasciae Latae (TFL), Gluteus 

Medius (Gmed) and Adductor magnus (ADD), in young and older adults during the lateral induced 

stepping protocol at 50% (A), 65% (B) and 80% (C) initial pre-loads. * significantly different from 

young adults (p<0.05). 
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3. Associations of hip AB-AD IMVC performance and incidence of single 

lateral balance recovery steps, and with voluntary stepping performance. 

 

IMVC hip AB and AD peak torque (PT) showed a moderate to strong positive 

association with incidence of lateral steps explaining 26-38% of the observed variance (r2 

= 0.26- 0.38), particularly at 65% and 80% pre-load conditions (p<0.05, Table 3). IMVC 

hip AB RTD positively associated with incidence of lateral steps, independently of the pre-

load condition and showed a coefficient of determination (r2) of  0.23 - 0.25 (p<0.05, Table 

3). 

Furthermore, Tensor Fasciae Latae (TFL), Gluteus Medius (Gmed) and Adductor 

magnus (ADD) rate of neuromuscular activation (RActv) showed a moderate to strong 

correlation with the incidence of lateral steps in all limb pre-loads, explaining 18 – 66% of 

its variance  (r2 = 0.18 – 0.66, p<0.05, Table 3). 

 

Table 3. Spearman correlation coefficients (r) between the incidence of single lateral steps at the 

different initial pre-loads and IMVC abductor (AB) and adductor (AD) peak torque (PT) and rate 

of torque development (RTD), Tensor Fasciae Latae (TFL), Gluteus Medius (Gmed) and Adductor 

magnus (ADD) Neuromuscular rate of activation (RActv). 
 

Incidence of 

Lat. Steps 

IMVC 

AB PT 

IMVC 

AB RTD 
  

IMVC 

AD PT 

IMVC 

AD RTD 
  

TFL 

RAct 

Gmed 

RAct 

ADD 

RAct 

50% 0.30 0.48*  0.19 0.21   0.48*   0.50*   0.42* 

65%   0.53* 0.67*    0.65* 0.31   0.81*   0.76*   0.79* 

80%   0.60* 0.67*     0.58* 0.27    0.75*   0.71*   0.71* 
 

* represents significant correlation (p<0.05). 

 

IMVC hip AD PT, as well as TFL, Gmed and ADD RActv were inversely 

associated with the weight transfer duration of the choice reaction time task (CRT) during 
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forward voluntary stepping and explained 14 – 25% of the observed variance (r2= 0.14 – 

0.25, p<0.05, Table 4). 

For lateral voluntary stepping, IMVC hip AB RTD had a strong negative correlation 

with simple reaction time task (SRT) onset latency and weight transfer duration and a 

moderate  inverse association with CRT onset latency (r2= 0.48 – 0.64, p<0.05, Table 4). 

While IMVC hip AD PT was only significantly correlated with forward CRT and lateral 

SRT weight transfer duration (r2= 0.14 – 0.36), hip AD RTD showed moderate to strong 

negative associations with SRT and CRT onset latency and weight transfer durations, with 

a coefficient of determination (r2) of 0.40 – 0.61 (p<0.05, Table 4). Gmed RActv in the 

IMVC task was inversely correlated with SRT weight transfer phase and CRT onset 

latency, and ADD RActv demonstrated a strong negative correlation with SRT weight 

transfer duration, explaining 25 – 35% of the existing variance (r2= 0.25 – 0.35). 
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Table 4. Spearman correlation coefficients (r) between the Voluntary Stepping performance 

(simple (SRT) and choice (CRT) reaction time tasks) and IMVC abductor (AB) and adductor (AD) 

peak torque (PT) and rate of torque development (RTD), Tensor Fasciae Latae (TFL), Gluteus 

Medius (Gmed) and Adductor magnus (ADD) Neuromuscular rate of activation (RActv). 
 

Voluntary Stepping 
IMVC 

AB PT 

IMVC 

AB RTD 

IMVC 

AD PT 

IMVC 

AD RTD 

TFL 

RAct 

Gmed 

RAct 

ADD 

RAct 

F
o

rw
ar

d
 

SRT Onset 

Latency 
-0.22  -0.15 0.02 -0.33 -0.01 -0.21 -0.21 

        
SRT Weight 

Transfer Duration 
-0.0002 -0.06 0.09 -0.17 -0.06 -0.13 -0.08 

                        

CRT Onset 

Latency 
-0.12 -0.29 -0.05 -0.34 0.10 -0.23 -0.25 

        
CRT Weight 

Transfer Duration 
-0.25 -0.36   -0.38* -0.23  -0.37*  -0.50*   -0.44* 

         

                  

L
at

er
al

 

SRT Onset 

Latency 
-0.36   -0.71* -0.32   -0.69* -0.25 -0.48 -0.37 

        
SRT Weight 

Transfer Duration 
-0.50   -0.80*   -0.60*   -0.78* -0.43   -0.59*   -0.74* 

                        

CRT Onset 

Latency 
-0.51   -0.69* -0.29   -0.63* -0.32   -0.53* -0.48 

CRT Weight 

Transfer Duration 
-0.07 -0.48 -0.32   -0.68* -0.13 -0.50 -0.36 

 

* represents significant correlation (p<0.05). 

E. Discussion 

This study is among the first to analyze how aging affects hip neuromuscular 

contributions to medio-lateral balance control in perturbation-induced and voluntary 

stepping. Specifically, during the weight transfer phase, a critical time interval preceding 

stepping foot’s lift-off that contributes to determining the type of protective stepping 

strategy used for balance recovery. 
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1. Isolated maximal effort 

As hypothesized, younger individuals showed greater maximal hip neuromuscular 

performance than older adults. Although the aging impairments in maximal hip abduction-

adduction (AB-AD) peak torque production were relatively large, the observed declines in 

maximal rate of neuromuscular activation (RActv) and hip AB rate of torque development 

(RTD) were even greater. These findings highlight the importance of neuromuscular RTD 

and RActv that are crucial for muscular power generation (Aagaard et al., 2002), which 

degrades further than strength with advancing age with implications for balance control 

(Metter et al., 1997; Suetta et al., 2004). 

2. Lateral induced stepping 

In the induced lateral stepping task, the results did not support the proposed 

hypothesis that older individuals would produce reduced neuromuscular output in order to 

recover balance through a lateral step. When faced with an induced lateral stepping task 

where participants were required to use the lateral stepping strategy to recover their 

balance, younger adults were far more successful than older individuals. Older adults 

demonstrated a timing delay in the initiation of weight transfer and stepping foot lift-off 

when compared to younger adults. Potentially due to this timing delay, older individuals 

had greater lateral and downward body momentums at lift-off (50% initial pre-load). This 

relationship only showed a trend for the 65%BW condition and was not observed at 

80%BW on the stepping foot. The latter condition appeared to be an extreme condition 

where the CoM is already so close to the lateral limits of the BoS, resulting in very little 

time to perform the weight transfer preceding the lateral step. Hence, the weight transfer 
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phase in this specific pre-load condition seems to influence the CoM momentum of young 

and older individuals in a similar fashion. 

The neuromuscular control during the induced lateral balance task was also 

markedly different between young and older adults. Older adults showed substantially 

reduced hip AB RActv in all pre-load conditions, once again reinforcing the importance of 

the AB musculature in medio-lateral CoM control. This age-related neuromuscular 

impairment is likely an important contributor to difficulties with lateral balance recovery 

and may potentially explain the delayed timing of the weight transfer phase observed 

among older individuals. 

 

3. Associations of hip AB-AD IMVC performance and incidence of single 

lateral balance recovery steps, and with voluntary stepping performance. 

As hypothesized, the incidence of lateral steps was positively associated with hip 

AB-AD peak torque and AB RTD, particularly when the lateral perturbations were applied 

with the center of mass (CoM) closer to the limits of the base of support (BoS) (65% and 

80% pre-load conditions). Moreover, the hip AB-AD RActv appeared to be of even greater 

importance for the success of the induced lateral stepping, as it consistently showed 

moderate-to-large positive associations with the lateral step incidence in all weight transfer 

conditions. 

The associations between isometric maximal voluntary contraction (IMVC) task 

performance and the voluntary stepping tasks are less clear, but still show similar patterns. 

Here again, maximal RActv of the hip AB-AD musculature appeared to be particularly 

relevant for the weight transfer duration of the forward SRT and the lateral CRT onset 



 

40 

timing. Additionally, the strong inverse correlation between hip AB-AD RTD and lateral 

voluntary stepping SRT and CRT onset latencies and weight transfer duration reinforces 

the fundamental role of the hip musculature, in both forms of stepping. 

4. Conceptual model for aging effects on medio-lateral weight transfer control 

and single lateral step incidence 

Considering the aforementioned maximal neuromuscular performance 

impairments, the observed weight transfer timing delay and the imposed lateral stepping 

requirement, the older adults’ solution to accomplish the task was to increase their hip AB 

torque and power generation, but they were still limited by their impaired hip RActv. 

Considering their overall limited maximal hip AB-AD performance, especially in hip AB 

RTD and RActv, exerting such a larger hip joint output during the weight transfer phase, 

may have required them to perform closer to their maximum capabilities. Ultimately, this 

may limit their ability to use the lateral stepping strategy to recover balance, compatible 

with the observed lower incidences of successful single lateral protective steps (Figure 15). 

In this regard, there have been previous reports on impaired function in older individuals 

that identified a similar “over taxation” of the neuromuscular system during activities of 

daily living (Hortobagyi et al., 2003; Reeves et al., 2009). 
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Figure 15. Conceptual model for weight transfer control and single lateral step incidence. 

 

5. Limitations 

Among some limitations of this study, the older group had a higher proportion of 

males. However, gender seemed to affect the outcome variables similarly in both groups. 

Therefore, although possible, it is unlikely that the different gender distribution played a 

part in the observed results. In addition, in the induced lateral stepping task individuals 

were asked to only use the lateral stepping strategy. With advancing age there is a shift in 

preferred protective stepping strategy from the lateral step (more stable but more 

demanding), to a cross-over or even medial stepping strategies (less stable but less 

demanding) (Addison et al., 2016). Hence, the imposed lateral stepping strategy was most 

likely different from what the older individuals would have naturally performed if no 
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instruction was provided. Although this study did not compare the responses at the different 

body weight distributions during the induced lateral stepping task, future questions should 

be developed in this direction, as it may provide further mechanistic insight on lateral 

balance control deficits during the weight transfer phase. 

 

F. Conclusions 

Under an induced lateral stepping task where individuals had to perform a single 

lateral recovery step, older adults showed reduced hip abductor-adductor rate of 

neuromuscular activation, delayed onset of the weight transfer phase and delayed lift-off 

of the stepping foot. In order to compensate for these limitations and accomplish the task, 

these individuals dramatically increased their vertical rate of force development, hip 

abductor torque and power productions. Nonetheless, their incidence of lateral steps was 

far lower than younger individuals’. Considering that older adults showed lower maximal 

hip abductor-adductor peak torque, rate of torque development and rate of neuromuscular 

activation, exerting such a high hip output to recover balance with a lateral step might place 

them in a position where they are operating close to their maximum capabilities, ultimately 

affecting their optimal use of this more stable stepping strategy. 
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CHAPTER III. EFFECTS OF HIP AB-AD POWER TRAINING IN THE 

NEUROMECHANICAL CONTROL OF THE WEIGHT TRANSFER 

PHASE DURING LATERAL BALANCE PERTURBATIONS. 

 

A. Abstract 

Background. Aging brings about neuromuscular changes that lead to performance 

impairments, especially in rate of force development and power production, affected 

mobility, function and balance recovery. Furthermore, the proximal muscles of the hip that 

are crucial during the lateral weight transfer phase, appear to be disproportionately affected 

by aging, with significantly greater adipose infiltration, decreased muscle fiber density and 

decreased hip abductor performance. Strength training has been commonly used to mitigate 

such aging declines. However, the existing interventions appear to have limited 

effectiveness in improving balance and reducing fall risk. As an alternative, power training 

has been shown to lead to greater performance and functional improvements than strength 

training, but it’s unknown whether it can improve medio-lateral balance control. 

Aim. Investigate the effects of 8 weeks of hip abductor-adductor (AB-AD) power 

training on performance of an isolated IMVC task, induced lateral stepping at different 

initial limb pre-loads and forward and lateral voluntary reaction time stepping in older 

individuals. 

Methods. 18 older adults were divided into a hip strength training (ST, n=8, 

71.3±0.9 yrs) or a hip power training group (PT, n=10, 29.1±1.1 yrs). Both resistance 

exercise groups performed hip AB-AD exercises, tri-weekly for 8 weeks, at a regimen of 

3 set of 10 repetitions at 75% 1RM. While ST group performed each repetition at a slow 

pace (2s concentric, 3 seconds eccentric), the PT group performed every repetition with 



 

44 

maximal execution speed. All participants performed the short physical performance 

battery (SPPB) and the four step square test (FSST), and hip AB-AD isometric maximal 

voluntary contractions (IMVC) at 30o of hip AB. Motorized lateral waist-pull perturbations 

were also applied during three different initial step-side limb-loading conditions (50% body 

weight (BW), 65% BW, and 80% BW) to mimic different instances of the weight transfer 

phase, where participants were instructed to recover their balance using a single lateral 

step. Lastly, both groups also performed voluntary forward and lateral simple (SRT) and 

choice reaction time (CRT) stepping tasks. Pre-post comparisons on clinical measures and 

lateral step incidence were performed by a paired samples t-test, while a mixed effects 

model was used for the IMVC and stepping tasks. Significance was set at p<0.05. 

Results. SPPB and FSST did not change as a function of PT or ST. In the IMVC 

task, PT group increased significantly hip AB-AD peak torque (14% and 18% respectively, 

p<0.05), AB-AD rate of torque development (RTD) (39% and 31% respectively, p<0.05) 

and rate of neuromuscular activation (RActv) of the hip AB (37%-81%, p<0.05) and AD 

(52%) (p<0.05). During the lateral induced stepping task, PT group increased incidence of 

successful single lateral steps at 80%BW pre-load (by 43%, p>0.05). Weight transfer onset 

was not affected by either training programs, but PT reduced stepping foot lift-off time by 

27ms at 50%BW condition (p<0.05). PT also significantly decreased downward 

momentum at 80% pre-load (32%, p<0.05). Rate of vertical force development (RFD) was 

not affected by either training program. PT showed significant increases for all pre-load 

conditions in hip AB net torque (49%-61%, p<0.05) and power (21%-54%, p<0.05), as 

well as hip AB-AD RActv (17%-50% and 39%-62% respectively, p<0.05). Lastly, PT 

significantly decreased the onset latency (13ms, p<0.05) and increased weight transfer 
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duration (38ms, p<0.05) during forward voluntary SRT. During lateral voluntary SRT and 

CRT, onset latency was reduced by PT (16ms and 28ms respectively, p<0.05). PT also 

significantly increased weight transfer duration of the CRT during the lateral voluntary 

stepping task (16ms, p<0.05). 

Conclusions. Hip AB-AD power training was an effective form of resistance 

training that not only showed significant improvements over strength training in maximal 

hip neuromuscular performance, but also in medio-lateral balance control during induced 

lateral stepping and forward/lateral voluntary stepping tasks. These findings have 

important implications for understanding lateral balance function with aging, and may help 

develop more appropriate forms of exercise training for improved balance and reductions 

in fall risk. 

 

B. Introduction 

Healthy aging is responsible for an array of changes that occur in the nervous and 

skeletal muscle systems. For instance, structural changes in the nervous system lead to 

significant decreases in “neural drive” (Aagaard et al., 2010; Kanda et al., 1996; Kido et 

al., 2004; McNeil et al., 2005) and selective denervation of type II muscle fibers, which are 

responsible for high intensity and velocity contractions (Campbell et al., 1973; Lexell & 

Downham, 1991; Tam & Gordon, 2003). In addition, changes in skeletal muscle protein 

metabolism lead to muscle fiber atrophy (Andersen, 2003) and overall reductions in muscle 

mass, classically known as sarcopenia (Goodpaster et al., 2001). These sarcopenic changes 

are often accompanied by increased adipose tissue infiltration and reduced quality of the 

muscle fibers (Marcus et al., 2012; Marcus et al., 2010; Ryan & Nicklas, 1999). 
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Consequently, muscular force and especially power decay with advancing age 

(Kallman et al., 1990; Metter et al., 1997). Similar age-associated declines have been 

observed for rate of force development (RFD) and rate of neuromuscular activation 

(RActv) (Aagaard & Andersen, 1998; Aagaard et al., 2002; Clark et al., 2013). 

Overall, these structural and performance neuromuscular impairments lead to 

functional decline, deficits in balance control and increased fall risk (Aagaard et al., 2002; 

Clark et al., 2011; Clark et al., 2013; Suetta et al., 2004). Additionally, compared with other 

muscle groups of the lower limbs, it appears that the hip musculature is particularly 

susceptible to these sarcopenic changes and consequently, further hip AB performance 

declines (Hilliard et al., 2008; Inacio et al., 2014). These local changes have a profound 

effect on medio-lateral balance control, especially during the lateral weight transfer phase 

of voluntary and protective stepping, as this musculature is responsible for modulating 

center of mass (CoM) motion in the frontal plane (Addison et al., 2014; M. L. Mille et al., 

2013b; Robinovitch et al., 2013; Rogers et al., 2003). 

Strength training has been frequently used to mitigate the aforementioned age-

induced declines. This form of resistance training is able to improve to a certain extent 

muscle strength, rate of force development, neural drive, muscular activation patterns and 

functional performance in older adults (Aagaard et al., 2002; Kanda et al., 1996; Lopes et 

al., 2016; Ramirez-Campillo et al., 2014; Suetta et al., 2004). Nonetheless, strength training 

programs have been considerably unsuccessful at improving balance and reducing fall risk 

(17-36% effective), potentially due to the lack of emphasis in high velocity movements 

(Ishigaki et al., 2014; Reid & Fielding, 2012; Sherrington et al., 2008). In fact, individuals 

with significantly impaired muscular power have been shown to be 2 to 3 times at greater 
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risk for functional and balance impairments (Bean et al., 2003; Cheng et al., 2014). 

Furthermore, muscular power has been shown to be a potent predictor for functional 

independence and balance impairments (Foldvari et al., 2000; Han & Yang, 2015; McNeil 

et al., 2007). 

Recently, power training has received increased attention as safe alternative to 

strength training. By focusing on maximal speed of execution, this modality of resistance 

training is able to elicit increases in muscle size and type IIa myofibers population and 

especially larger neural drive (Hakkinen et al., 1998; Hakkinen et al., 2002). Consequently, 

power training is able to improve muscular strength similarly to strength training, but lead 

to further gains in muscular power, rate of force development, rate of neuromuscular 

activation and functional performance (Bottaro et al., 2007; Lopes et al., 2016; Nogueira 

et al., 2009; Reid et al., 2008; Sayers & Gibson, 2010) (Figure 16). 
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Figure 16. Age-related neuromuscular, performance and functional impairments and the 

effects of strength and power training.          represents strength training improvements;               

.      represents power training improvements;          mechanisms not yet fully understood; 

+ represents improvements; ++ represents larger improvements than strength training 

(Inacio, 2016).  
 

Nonetheless, very few studies investigated the effects of power training on balance 

recovery (Cadore et al., 2014; Orr et al., 2006; Pamukoff et al., 2014). Moreover, it remains 

unclear whether power training can improve medio-lateral balance control and reduce fall 

risk. 

Hence, the purpose and hypotheses for this study are stated as: 

Specific Aim: Investigate the effects of 8 weeks of hip abductor-adductor (AB-

AD) strength and power training on performance of an isolated IMVC task, induced lateral 
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stepping at different initial limb pre-loads, and forward and lateral voluntary stepping in 

older individuals. 

Ha: Older individuals who receive hip power training will demonstrate increased 

hip kinetics and muscle activation patterns and incidences of single laterally induced steps, 

as well as, improved step onset latency and execution time of voluntary steps. 

 

C. Methods 

Eighteen otherwise healthy community dwelling older individuals were recruited 

from the Baltimore/Washington metropolitan area and randomly assigned to either a hip 

strength training group (ST, n=8 (3 males), 71.3±0.9 yrs) or a hip power training group 

(PT, n=10 (5 males), 29.1±1.1 yrs) (Table 5). Exclusion criteria consisted of the following: 

1) cognitive impairment (Folstein Mini Mental Score Exam < 24); 2) sedative use; 3) non-

ambulatory; 4) any clinically significant functional impairment related to musculoskeletal, 

neurological, cardiopulmonary, metabolic, or other general medical problem; 6) Centers 

for Epidemiological Studies Depression Survey score greater than 16; 7) BMI over 35; and 

8) no history of seizures or neurosurgery. All subjects provided written informed consent 

that was approved by the research ethics committee from the Institutional Review Board 

of University of Maryland, Baltimore and the Baltimore Veteran’s Administration 

Research and Development prior to participation. 
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Table 5. Participant demographics. 

  

Power Training 

(n=10)   

Strength Training 

(n=8) 

Age (years) 72.1±1.3  71.6±1.7 

Height (m) 1.69±0.02  1.66±0.04 

Weight (kg) 77.5±4.9  74.6±4.0 

BMI 27.2±1.5  27.1±1.2 
 

Data presented as Mean ± SEM. 

 

All participants underwent the previously described hip isometric maximal 

voluntary contraction (IMVC) task, the balance tolerance limit assessment (BTL) 

(Yungher et al., 2012) induced lateral stepping task at different initial pre-loads (50%, 65% 

and 80% of body weight on the stepping foot) and forward and lateral voluntary simple 

(SRT) and choice reaction (CRT) stepping tasks. 

The two testing visits used in the first study served as baseline for the current study, 

where the first served only for familiarization purposes and the second for baseline data 

collection. After the exercise intervention period all participants underwent one post-

training testing session that replicated the baseline sessions. The methods for the exercise 

intervention and clinical measurements are described below. 

 

1. Exercise training intervention 

Following a similar training paradigm as Caserotti et al. (2008), the hip abductor-

adductor (AB-AD) strength training (ST) and power training (PT) groups exercised tri-

weekly for 8 weeks, where they performed hip AB and AD exercises in a regimen of three 

sets of 10 repetitions. The resistance level was set at 75% of the subject’s one maximal 
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repetition (1RM) and reassessed every other week to maintain the exercising load at a 

progressively challenging level. While the ST group performed each repetition at a slower 

of approximately 2s concentric and 3s eccentric action, the PT group performed every 

repetition at maximal speed of execution. 

 

2. Data Collection 

All participants performed the Short Physical Performance Battery test (SPPB) 

(Guralnik et al., 1994) and the Four Step Square Test (FSST) (Dite & Temple, 2002) at 

baseline and in the post-training testing session. 

For the baseline and post-training testing sessions this study used the same kinetic, 

kinematic and electromyography (EMG) data collection methods as described in detail in 

the previous study. 

In addition, both ST and PT groups performed the hip AB-AD exercises while 

standing in a pneumatic KEISER Functional Trainer machine (KEISER, Fresno, CA). This 

system is particularly beneficial for power training as it is classified as isoinertial. In 

contrast to weight machines that work against gravity, this pneumatic air compression 

system allows for a fairly stable resistance throughout the range of motion (RoM) 

independently of the speed of execution. 

 

3. Data Analysis 

The outcome variables investigated in the present study have also been detailed in 

the previous study and consisted of: peak torque, rate of torque development (RTD) and 
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rate of neuromuscular activation (RActv) for the IMVC task; the induced lateral stepping 

task at different initial pre-loads investigated weight transfer onset, stepping foot lift-off 

time, lateral and downward center of mass (CoM) momentum, rate of vertical ground 

reaction force development (RFD), estimated net hip torque and power and RActv; onset 

latency and weight transfer duration were analyzed for forward and lateral voluntary SRT 

and CRT. 

 

4. Statistical analyses 

Statistical analyses for this study were executed by SPSS v.22 (IBM, Armonk, NY). 

Paired samples t-test was used for pre training – post training comparisons on SPPB 

and FSST clinical tests, as well as for the incidence of single lateral steps during the 

induced lateral stepping task. Pre training – post training comparisons and gender effects 

for the performance variables during the IMVC and stepping protocols were performed 

with a mixed effects model that treated the training groups and the performing trials as 

fixed effects and individuals as random factors. Significance was set at p<0.05. 

 

D. Results 

1. Clinical measurements 

When looking at individual subject data, in the PT group only 4 participants had a 

SPPB score lower than 12 at baseline (3 scored 11 and 1 scored 4). After the 8 weeks of 

training, the 3 participants that had a score of 11, increased it to 12 and the last subject 
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experienced an increase of SPPB score to from 4 to 7, for an improvement average of 1.5 

points. FSST for these 4 individuals showed an average 900ms improvement. 

In the ST group, only one participant scored less than 12 (10 SPPB score) at 

baseline. After ST, this individual increased SPPB score to 12 and improved FSST by 

1.59s. 

Collectively, for the short physical performance battery (SPPB), hip power training 

(PT, 10.8±0.9 and 11.4±0.6, pre and post respectively) and hip strength training (ST, 

11.8±0.3 and 12.0±0.0, pre and post respectively) did not result in significantly improved 

scores (p>0.05). 

Similarly, PT (8.9±0.7 and 8.4±0.6, pre and post respectively) nor ST (7.8±0.4 and 

7.5±0.2, pre and post respectively) improved significantly the time to complete the four 

step square test (FSST) (p>0.05). 

 

2. Isolated maximal effort 

Hip abductor-adductor (AB-AD) PT resulted in a significant increase in hip 

abduction (14%) and adduction (18%) maximal peak torque (p<0.05, Figure 17 A). No 

significant strength training (ST) effects were found for the same performance variables 

(Figure 17 A). 

Hip AB (39%) and AD (31%) rate of torque development (RTD) also improved 

significantly as a function of PT (p<0.05) but not ST (Figure 17 B). 
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Figure 17. Normalized peak hip torque (A) and power (B) in power training (PT) and strength 

training (ST) during the isolated IMVC task . * significantly different from pre-training (p<0.05). 

 

Maximal effort rate of neuromuscular activation (RActv) of tensor fasciae latae 

(TFL) and adductor magnus (ADD) was significantly greater after PT (81% and 52% 

respectively, p<0.05, Figure 18). The observed PT induced improvements in Gluteus 

medius (Gmed) RActv were marginally significant (37%, p=0.057, Figure 18). ST didn’t 

seem to result in any significant changes from pre-training (Figure 18). 
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Figure 18. Neuromuscular rate of activation (RActv) of Tensor Fasciae Latae (TFL), Gluteus 

Medius (Gmed) and Adductor magnus (ADD), in power training (PT) and strength training (ST) 

during the isolated IMVC task . * significantly different from pre-training (p<0.05). ** p=0.057. 

 

3. Lateral induced stepping 

While incidence of single lateral steps was not affected by ST in any pre-load 

condition (p>0.05), PT significantly increased the incidence of single lateral recovery steps 

by 43% in the 80% pre-load condition (p<0.05) and showed a trend for significance at the 

65%BW (p=0.066) and 50%BW (p=0.093) conditions (Table 6). 

Table 6. Incidence of single lateral steps in hip power training (PT) and hip strength training (ST) 

during the lateral induced stepping task at different initial pre-loads. 
 

  PT (n=10)   ST (n=8) 

 Lateral step incidence (%)  Lateral step incidence (%) 

  Pre Post   Pre Post 

50% BW   70.0±11.3 81.0±9.8**  80.0±6.5 81.3±7.4 

65% BW 62.0±9.0     76.0±10.1***  78.8±9.5   68.8±15.2 

80% BW   39.1±10.6 56.0±10.9*     55.0±10.9   57.4±12.7 

      
Data presented as Mean ± SEM. * significantly different from pre-training (p<0.05). ** p=0.093. 

*** p=0.066. 

0

50

100

150

200

250

300

350

400

450

TFL Gmed ADD

R
A

ct
 (

u
V

/s
)

PT_Pre PT_Post ST_Pre ST_Post

*

*

**



 

56 

Weight transfer onset was not affected by either hip exercise training group 

(p>0.05, Figure 19 A), and time to stepping foot’s lift-off was significantly shorter (27ms) 

in the PT group only during the 50%BW condition (p<0.05, Figure 19 B). ST did not 

change weight transfer onset nor stepping foot lift-off times (p>0.05, Figure 19). 

 

 

Figure 19. Onset of the weight transfer phase and time of lift-off in power training (PT) and 

strength training (ST) during the lateral induced stepping task at different initial pre-loads.  
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Lateral momentum of the center of mass (CoM) at lift-off only showed non-

significant trends for reduction in the 50%BW and 80%BW conditions (p=0.096 and 

p=0.066 respectively) after PT (Figure 20 A). 

PT lead to a 32% decrease in downward CoM momentum at lift-off in the 80% pre-

load condition (p<0.05), with a non-significant decrease at 50%BW (p=0.096, Figure 20 

B). 

ST did not significantly affect lateral or downward CoM momentum at the instant 

of the stepping foot’s lift-off in any pre-load conditions (p>0.05, Figure 20). 
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Figure 20. Lateral (A) and Downward (B) CoM momentum at the instant of lift-off, in power 

training (PT) and strength training (ST) during the lateral induced stepping task at different initial 

pre-loads. ** p=0.096. *** p=0.066. 
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ST resulted in a significant decrease in rate of vertical ground reaction force 

development (RFD) by 26% at 50% pre-load condition (p<0.05, Figure, 21). Neither ST 

nor PT led to any further changes in vertical RFD (p>0.05, Figure, 21). 

 

Figure 21. Vertical ground reaction force rate of force development (RFD), in power training (PT) 

and strength training (ST) during the lateral induced stepping task at different initial pre-loads. 

 

PT significantly increased net hip AB torque (49%-61%, Figure 22 A) and power 

(21%-54%, Figure 22 B) in all pre-load conditions (p<0.05). Surprisingly, ST had the 

opposite performance to PT. ST decreased hip peak torque at 50% and 65%BW conditions, 

and also decreased hip muscular power at the 50 pre-load (p>0.05, Figure 22). 
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Figure 22. Normalized net hip abductor (AB) torque (A) and power (B), in power training (PT) 

and strength training (ST) during the lateral induced stepping task at different initial pre-loads. * 

significantly different from pre-training (p<0.05). 

 

PT resulted in significant increases in RActv on all limb load conditions for tensor 

fasciae latae (TFL, 22%-50%) and adductor magnus (ADD, 39%-62%) (p<0.05, Figure 23 

A, B, C). Gluteus medius (Gmed) significantly improved RActv after PT for 50%BW 

(33%) and 80%BW (43%) conditions (p<0.05, Figure 23 A, C). ST significantly decreased 

ADD RActv at the 80%BW condition (p>0.05, Figure 23 C). 
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Figure 23. Neuromuscular rate of activation (RActv) of Tensor Fasciae Latae (TFL), Gluteus 

Medius (Gmed) and Adductor magnus (ADD), in power training (PT) and strength training (ST) 

during the lateral induced stepping task at 50% (A), 65% (B) and 80% (C) initial pre-loads. * 

significantly different from pre-training (p<0.05). 
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4. Voluntary stepping 

In the forward direction, onset latency became shorter (13ms, p<0.05) and weight 

transfer duration longer (38ms, p<0.05) during the simple reaction time task (SRT) as a 

function of hip PT (Figure 24 A). No effects were observed for the ST group (p>0.05, 

Figure 24 A). 

In the lateral voluntary stepping task, PT and ST decreased similarly the onset 

latencies during the SRT (16ms) and the choice reaction time task (CRT, 13ms and-28ms, 

ST and PT respectively) (p<0.05) PT also resulted in increased weight transfer duration in 

the CRT (16ms, p<0.05, Figure 24 B). 
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Figure 24. Onset latency and weight transfer duration, in power training (PT) and strength 

training (ST) during forward (A) and lateral (B) voluntary simple (SRT) and choice (CRT) 

reaction times stepping tasks. * significantly different from pre-training (p<0.05). 
 

E. Discussion 

The present work may represent a pioneering study in exercise interventions, as it 

suggests that, for lateral balance recovery, hip abductor-adductor (AB-AD) power training 

(PT) is a viable and possibly more effective alternative than strength training (ST). 

 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

SRT Onset
Latency

SRT Weight
Transfer Duration

CRT Onset
Latency

CRT Weight
Transfer Duration

Ti
m

e(
s)

Pre_PT Post_PT ST_Pre ST_Post

*

*

0.00

0.05

0.10

0.15

0.20

0.25

0.30

SRT Onset
Latency

SRT Weight
Transfer Duration

CRT Onset
Latency

CRT Weight
Transfer Duration

Ti
m

e(
s)

Pre_PT Post_PT ST_Pre ST_Post

*

* *
*

* 

A) 

B) 



 

64 

1. Isolated maximal effort 

As expected from previous reports (Bottaro et al., 2007; Hakkinen et al., 1998; 

Nogueira et al., 2009; Reid et al., 2008), 8 weeks of hip AB-AD PT were able to 

significantly increase hip AB-AD maximal isometric performance, through improvements 

in peak torque, and even greater increases in rate of torque development (RTD) and rate of 

neuromuscular activation (RActv). 

This form of resistance training has been shown to result in muscular hypertrophy 

and increased proportion of type IIa myofibers (Hakkinen et al., 1998; Hakkinen et al., 

2002). Although speculative, these muscular structural changes would contribute to the 

observed improvements in maximal strength. Nonetheless, with only 8 weeks of training, 

it is more likely that neural adaptation played a bigger part. Due to the inherent emphasis 

on maximal speed of execution, PT significantly increased maximal RActv of the involved 

musculature, a fundamental marker of neural drive (Aagaard et al., 2002). This 

phenomenon results from an adaptation of the nervous system to the high velocity 

requirements that does not appear to be elicited to the same degree through traditional 

strength training (Fielding et al., 2002). Neural drive leads to improvements in maximal 

strength, but more importantly, is crucial for rate of force development (RFD)/RTD and 

the development of muscular power. Considering that impairments in muscle power 

generation have been associated with decreased mobility and function, and increased fall 

risk (Bean et al., 2003; Foldvari et al., 2000; Skelton et al., 2002), the PT used in this study 

appears to be an effective form of exercise training that not only increases the maximal 

capabilities of the hip AB-AD musculature, but also may generate the necessary 

neuromuscular adaptations for improved balance recovery. 
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2. Lateral induced stepping 

With the induced lateral stepping task, the PT group significantly increased the 

incidence of single lateral steps by almost 50% at the most challenging pre-load condition, 

with similar trends for 50%BW and 65%BW conditions. 

The increases in lateral step incidence experienced by the PT group do not seem to 

be accomplished by changes in timing, as the onset of weight transfer phase did not change 

and the time to step lift-off was just slightly shorter. The only training-induced changes to 

vertical RFD were experienced by the ST group. In addition, the aforementioned increases 

in incidence of single lateral recovery steps do not seem to be explained by the lateral center 

of mass (CoM) behavior at step lift-off, as 8 weeks of PT only lead to non-significant trends 

for a lower lateral CoM momentum. 

Nonetheless, after PT, downward CoM momentum was significantly reduced at 

lift-off for the 80%BW condition and showed a similar trend for 50% pre-load. 

Furthermore, individuals produced notably greater hip AB torque, hip AB power and AB-

AD RActv. In contrast, ST individuals decreased ADD RActv at 80%BW, which does not 

appear to benefit their incidence of single lateral steps. 

The increased maximal hip AB-AD neuromuscular capacity elicited by PT 

enhanced induced lateral stepping by substantially increasing hip AB-AD neuromuscular 

performance during the weight transfer phase and increasing the incidence of single lateral 

steps (Figure 25). 
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Figure 25. Conceptual model for the effects of hip AB-AD power training on the weight transfer 

control and single lateral step incidence. 

 

During the weight transfer phase of induced medio-lateral stepping, ST showed 

opposite effects than those demonstrated by the PT group. ST had increased CoM 

downward momentum, and decreased vertical RFD, hip ADD RActv, hip AB torque and 

power. Considering these decreases in neuromuscular performance and the fact that ST did 

not show significant improvements in their maximal hip capacity, the results of the 

incidence of lateral steps are not surprising. Although PT improved hip AB-AD maximal 

isometric neuromuscular performance, it is possible that the same dosage of training but 

with a focus on strength (ST) did not generate enough exposure to elicit improvements. 

Furthermore, ST may have reinforced neuromuscular mechanisms of force production that 

become conflicting to those required during medio-lateral balance control, contributing to 

the observed decreases in neuromuscular performance during the lateral balance recovery 

Weight Transfer Phase 

Hip AB-AD Rate of Activation 

 

Stepping foot’s Lift-off 

Incidence of Single Lateral Steps 

Hip AB neuromuscular output 

Hip AB-AD 

Power Training 

+ 

+ + 
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task. In this regards, this evidence may corroborate the fact that strength training is 

potentially ineffective for balance improvements. 

 

3. Voluntary stepping 

Forward voluntary step initiation has a particularly large medio-lateral component 

during the lateral weight transfer, often referred to as anticipatory postural adjustments 

(APAs), as individuals need to shift body weight to the stance limb in order to lift the 

stepping foot (McIlroy & Maki, 1999). The weight transfer duration in this particular type 

of step increases with aging, driven by impaired control of the center of pressure (CoP) and 

delayed medio-lateral force control (Kurz et al., 2013; Melzer, Krasovsky, et al., 2010). 

These age-related impairments are quite often accompanied with delayed APA onset 

(Melzer & Oddsson, 2004). In the present study, the weight transfer durations on the 

forward simple reaction time task (SRT) were delayed after PT. Considering the substantial 

maximal performance improvements observed in the hip musculature as a function of PT, 

it’s unlikely that this weight transfer delay is due to a decline in performance. A similar 

delay occurred during the lateral choice reaction time task (CRT). Although PT may have 

led to a greater incidence of APA errors common under CRT tasks (Cohen et al., 2011; 

Sparto et al., 2014), it’s plausible that the greater maximal hip AB-AD capacity allowed 

participants to perform a more vigorous weight transfer with greater excursion of the CoP 

and CoM, resulting in increased weight transfer times. 

While PT significantly reduced onset latency for forward SRT, both training groups 

improved onset latency of SRT and CRT during lateral voluntary stepping. Voluntary 

stepping onset latency has been shown to be a strong predictor of future falls, especially in 
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the CRT condition (Lord & Fitzpatrick, 2001). Although the benefits of PT for medio-

lateral balance recovery surpassed those of ST, these two modalities of hip resistance 

training lead to similar improvements in lateral voluntary step onset latencies. Our findings 

may suggest that the neuromuscular requirements to accomplish and improve lateral 

voluntary stepping can attained by ST, while the induced lateral stepping task demands 

further neuromuscular enhancements only elicited with PT. Furthermore, only PT resulted 

in improved onset latency during forward voluntary stepping. Forward voluntary stepping 

often requires a robust medio-lateral weight transfer that is not seen during lateral voluntary 

stepping (Sparto et al., 2014). Therefore, ST group might have seen improvements in the 

less demanding of the task voluntary stepping tasks. 

 

4. Clinical measurements 

Although neither PT nor ST showed any significant improvements in SPPB and 

FSST, the individual data analyses may be more informative. We observed a clear ceiling 

effect on these clinical tests, as the majority of participants in both groups already had a 

maximal SPPB score and considerably fast FSST at baseline. However, the individuals in 

the PT and ST groups who did not have a maximal SPPB score at baseline, improved their 

scores on both clinical tests as a function of the resistance training. 

The fact that the PT and ST study sample was so highly functional to begin with, 

reinforces the robustness of the effects of PT over ST, which may be further beneficial for 

other lower functional/clinical populations. 
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5. Limitations 

A limitation of this study was the unbalanced proportion of male and females in the 

ST group. However, the statistical analysis showed similar gender effects in both groups. 

Additionally, the small sample size could have affected some of the statistical analysis. 

Although the vast majority of main outcome dependent variables had enough statistical 

power, some of the secondary measures, such as CoM momentum and weight transfer 

latencies, showed non-significant trends that potentially would have benefited from a larger 

sample size. Furthermore, PT and ST were different at baseline in a few outcome measures. 

This may have affected the observed results, especially those experienced by the ST group. 

Lastly, the allocation of individuals in the PT and ST groups initially followed a 

randomization scheme. Due to logistical limitations related to the study completion, the 

randomization schedule was broken after participant 9 (of 18). This could have introduced 

selection bias in the training groups and potentially affect the outcomes. Nonetheless, all 

participants were volunteers that became aware of the study through a journal 

advertisement. Hence, the recruitment of participants was done without the study team’s 

prior knowledge about those individuals (random extraction from the overall population), 

potentially minimizing the effects of selection bias. 

 

F. Conclusions 

Hip AB-AD power training (PT) was shown to be a viable and superior alternative 

to strength training (ST) for enhancing maximal hip neuromuscular performance, but more 

importantly, to improve medio-lateral balance in induced and voluntary stepping. 

Although, overall ST did not result in significant improvements, PT resulted in significant 



 

70 

improvements in isolated maximal hip neuromuscular performance. These maximal hip 

AB-AD performance improvements had a significant impact in the ability to recover lateral 

balance through a single lateral step. PT increased the incidence of single lateral steps, by 

dramatically increasing hip AB torque, AB power and AB-AD rate of neuromuscular 

activation. Furthermore, the observed maximal hip AB-AD improvements after PT also 

affected voluntary stepping performance, by reducing onset latencies in a simple and 

choice reaction time tasks. The samples high functional level led to ceiling effects in SPPB 

and FSST, but those who had a window for improvement showed increases in their clinical 

scores, independently of the training group. Even with such a high functional level, only 

PT resulted in substantial improvements in maximal hip AB-AD neuromuscular 

performance and medio-lateral balance control in induced and voluntary stepping. These 

findings have potentially important implications for the understanding of lateral balance 

function with aging and can help to guide more effective forms of exercise training 

interventions for improving balance and reducing fall risk. 
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CHAPTER IV. ACUTE EFFECTS OF TRANSCRANIAL DIRECT 

CURRENT STIMULATION (tDCS) ON HIP NEUROMUSCULAR 

PERFORMANCE. 

 

A. Abstract 

Background. Brain stimulation has been historically used to modulate neuronal 

excitability. Specifically transcranial direct current stimulation (tDCS) has received 

considerable investigational interest over the last 20 years. It has been used in a multitude 

of purposes, from pain management to motor learning, and has also been shown to increase 

force output. Nonetheless, its ability to modulate hip musculature performance is unknown. 

Aim. Determine the acute effects of tDCS on hip abductor-adductor (AB-AD) 

neuromuscular performance during a hip AB-AD isometric maximal voluntary contraction 

(IMVC) task in older individuals. 

Methods. 14 older adults (72.6±1.2 yrs) underwent two sessions of tDCS separated 

by at least 24h, where they would receive 20mins of anodal or cathodal tDCS over the leg 

representation on the primary motor cortex (M1). The tibialis anterior (TA) was used as a 

surrogate for lower limb cortical tract excitability. After tDCS participants performed hip 

AB-AD and ankle dorsi-flexion (DF) isometric maximal voluntary contractions (IMVC) at 

30o of hip AB and 0o of ankle plantar flexion. Comparisons were performed between both 

tDCS sessions, plus a “no stimulation” session previously collected. A mixed effects model 

was used for between-session comparisons with Bonferroni correction. Significance was 

set at p<0.05. 

Results. Cortico-spinal excitability was significantly decreased by cathodal tDCS 

(17%, p<0.05). After cathodal tDCS, hip AB peak torque was significantly smaller than 
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anodal tDCS and “No Stimulation” (12% and 8% respectively, p <0.05). Compared to 

cathodal and “No Stimulation” conditions, hip AB rate of torque development increased 

significantly after anodal tDCS (55% and 28% respectively, p<0.05). 

Conclusions. While c-tDCS resulted in decreased cortico-spinal excitability, 

anodal showed only a trend for enhanced neural drive. Nonetheless, tDCS was able to 

modulate maximal hip abductor peak torque and especially, enhance hip abductor rate of 

torque development through a-tDCS. These tDCS driven enhancements have implications 

for medio-lateral balance control. 

 

B. Introduction 

Transcranial direct current stimulation (tDCS) is a non-invasive and painless form 

of brain stimulation that modulates cortical excitability. It consists of the application of a 

weak electrical current (0.5–2mA) through a positive (anode) and negative (cathode) 

electrode (Bindman et al., 1962). Furthermore, tDCS seems to be polarity dependent 

(Miranda et al., 2006). Anodal stimulation (a-tDCS) leads to depolarization of the neuronal 

resting membrane potential and consequently, increased cortico-spinal excitability, while 

cathodal tDCS (c-tDCS) show opposite effects (Nitsche et al., 2002; H. A. Power et al., 

2006). 

tDCS has been used for a multitude of purposes, from pain management and 

depression to motor learning that often require different electrode montages (An et al., 

2017; Fricova et al., 2016; Samaei et al., 2017). Although most montages assume unilateral 

anode placement (Fricova et al., 2016; Hendy & Kidgell, 2013; Olma et al., 2013), Kaski 

et al. (2012) dedicated substantial effort to develop an electrode montage that would target 
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bilaterally the lower limbs. Based on evidence from MRI studies (Lagerlund et al., 1993) 

and three-dimensional probabilistic anatomic correlation techniques (Okamoto et al., 2004) 

the authors selected Cz (Figure 26 A) of the international 10-20 system (Klem et al., 1999) 

for placement of the anode. 

Furthermore, a-tDCS appears to be an effective method to acutely (effects lasting 

only up to a couple hours) enhance muscular endurance and force production 

(Cogiamanian et al., 2007; Tanaka et al., 2009; Tanaka et al., 2011).  These enhancements 

seem be driven by reductions in short-interval cortical inhibition (SICI), increased inter-

muscular coherence and augmented neural drive (Hummel et al., 2006; Nitsche et al., 2005; 

H. A. Power et al., 2006). These mechanisms for improved performance may be of critical 

importance to function and balance control, especially the increases in neural drive. This 

neural component is fundamental for rate of force/torque development (RFD/RTD) and 

increases in muscular power, which have been shown to be strongly associated with 

declines in function and increased fall risk (Foldvari et al., 2000; Han & Yang, 2015; 

McNeil et al., 2007). 

To the best of our knowledge, the ability of tDCS to modulate hip abductor-

adductor (AB-AD) neuromuscular performance has not previously been studied. 

Therefore, the aim and hypothesis for this study are: 

Specific Aim: Determine the acute effects of neuromuscular enhancement through 

transcranial direct current stimulation (tDCS) on hip abductor-adductor (AB-AD) 

neuromuscular performance during a hip AB-AD isometric maximal voluntary contraction 

(IMVC) task, in older individuals. 
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Ha: Neuromuscular enhancement will result in increased hip AB-AD peak torque, 

RTD and rate of neuromuscular activation (RActv). 

C. Methods 

Fourteen otherwise healthy community dwelling older individuals (72.6±1.2 yrs) 

were recruited from the Baltimore/Washington metropolitan area (Table 7). Exclusion 

criteria consisted of the following: 1) cognitive impairment (Folstein Mini Mental Score 

Exam < 24); 2) sedative use; 3) non-ambulatory; 4) any clinically significant functional 

impairment related to musculoskeletal, neurological, cardiopulmonary, metabolic, or other 

general medical problem; 6) Centers for Epidemiological Studies Depression Survey score 

greater than 16; 7) BMI over 35; and 8) no history of seizures. All subjects provided written 

informed consent that was approved by the research ethics committee from the Institutional 

Review Board of University of Maryland, Baltimore and the Baltimore Veteran’s 

Administration Research and Development prior to participation. 

 

Table 7. Participant demographics. 

  
Older Adults 

(n=14) 

Age (years) 72.6±1.2 

Height (m) 1.69±0.03 

Weight (kg) 78.6±4.6 

BMI 27.6±1.3 

  

Data presented as Mean ± SEM 
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This study was performed in 2 sessions separated by at least 24h. In each session, 

older individuals received tDCS for 20 minutes while resting on a chair, followed by the 

isometric maximal voluntary contraction (IMVC) protocol (described in detail in chapter 

II). 

1. tDCS electrode montage 

Anode (10x4cm saline-soaked sponge) and cathode (4x4cm saline-soaked sponge) 

placement were adapted from previous work (Hummel et al., 2006; Kaski et al., 2012; 

Tanaka et al., 2009). While the cathode was placed centrally in the forehead, the anode 

required a complex method to determine its location (Figure 26 B). Using Brainsight 

(Rogue Research, Montreal, Canada) to navigate over the participant’s head, the procedure 

initiated centrally over the Cz (international 10-20 system, Figure 26 A) and moved 

laterally and along the mid-sagittal line in 1 cm grid points, using transcranial magnetic 

stimulation (TMS) to elicit motor evoked potentials (MEPs) until the “hot spot” of the 

muscle of interest was located (Tanaka et al., 2009). 

 
Figure 26. Illustration of a) the Cz location from the international 10-20 system, and b) the 

tDCS anode (positive) and cathode (negative) electrode placements during the 

neuromuscular enhancement protocol. 
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Once the “hot spot” was located by eliciting at least 5/10 MEPs, 10 recordings were 

performed to assess the MEP size. After the 20 mins of tDCS, the changes in cortico-

excitability were assessed again with TMS and Brainsight by eliciting MEPs (10x) in the 

same previously determined “hot spots” (Figure 27). Considering the small representation 

area in the M1 for the hip musculature, this study used tibialis anterior (TA) as a surrogate 

for the hip musculature (Tanaka et al., 2009) (Figure 28). 

 

 

Figure 27. Timeline of transcranial direct current brain stimulation protocol. 

 

 

Figure 28. Representative muscle evoked potential (MEP) of the tibialis anterior (TA) elicited 

with TMS. 
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2. Data Collection 

tDCS was applied by an iontophoresor (Chattanooga Ionto, Salt Lake City, Utah) 

that delivered a constant current of 2mA for 20 minutes. Anodal and cathodal sessions 

shared the same methodology, but with reversed current between the electrodes. The order 

of the cathodal and anodal sessions was randomized for each individual. Transcranial 

magnetic stimulation (TMS) was performed via a Magstim 200 stimulator (Whitland, 

Carmarthenshire, UK) using a double cone coil. 

This study utilized the same isolated hip AB-AD IMVC protocol and 

electromyography (EMG) data collection methods, as described in detail in chapter II. In 

addition, IMVC ankle dorsi-flexion (DF) was added to the hip AB-AD IMVC protocol and 

performed while seated at 0º of ankle dorsi-flexion, but only to the preferred side. The 

preferred side was determined by asking which foot would the participant use to kick a 

ball, or to squash a bug. 

TMS elicited MEPs were measured with surface electromyographic (EMG) 

differential electrodes placed bilaterally over the TA muscles, using the same established 

guidelines as described in chapter II (De Luca, 1997; Hermens et al., 2000). 

 

3. Data Analysis 

This study used the same outcome variables for the hip AB-AD IMVC protocol 

detailed in chapter II. In addition, MEP size was calculated using a custom MATLAB 

program, as the peak-to-peak EMG amplitude elicited with TMS. 
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4. Statistical analysis 

Outcome variables from the isolated IMVC protocol were compared between 

anodal and cathodal sessions, as well as with the testing session from chapter II (“No 

Stimulation”). In this particular session all participants performed the same IMVC protocol 

without any form of brain stimulation. Ankle dorsi-flexion (DF) was not performed at the 

“No Stimulation” session. 

Statistical comparisons between anodal, cathodal and “No Stimulation” sessions 

were performed with a mixed effects model. Post-hoc Bonferroni correction was applied 

to control for multiple comparisons. Significance was set at p<0.05. 

 

D. Results 

When MEPs elicited on the left and right TA muscles were combined, anodal tDCS 

(a-tDCS) appeared to elicit expected cortico-spinal excitability effects in 50% of the 

participants. Whereas cathodal tDCS (c-tDCS) showed a higher response rate of 71%. The 

tDCS effects experienced in each leg differed. After a-tDCS only five participants showed 

similar effects in both legs and six participants after c-tDCS (Table 8). 
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Table 8. tDCS responders and non-responders based on changes in TA MEP size after tDCS. 
 

 

 

1. Cortico-spinal excitability 

The combined (left and right) TA MEP size after a-tDCS only showed a non-

significant trend for increased cortico-spinal excitability (p>0.05, Figure 29). 

After c-tDCS, there is a significant decrease (17%) in combined TA MEP size of 

the TA muscles (p<0.05, Figure 29). 

 

 Anodal tDCS   Cathodal tDCS 

Participants Left Right   Combined  Left Right   Combined 

16                

17                

19                

24                

25                

26                

29                

30                

32                

34                

36                

39                

42                

43                

  Non-responders   = 50%   Non-responders   = 29% 

    - Expected Effect   

    - Opposite Effect   

    - No Effect   
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Figure 29. Tibialis anterior (TA) muscle evoked potentials (MEP) pre and post anodal tDCS (a-

tDCS) and cathodal tDCS (c-tDCS). * significantly different from pre c-tDCS (p<0.05). 

 

2. Isolated maximal effort 

c-tDCS significantly decreased normalized hip AB peak torque compared with a-

tDCS (12%) and “No Stimulation” (8%) (p<0.05, Figure 30 A). 

a-tDCS compared with “No Stimulation” only resulted in a non-significant trend 

for larger normalized peak AB torque (p=0.076, Figure 30 A). 

Hip AD and ankle DF normalized peak torque was not modulated by tDCS (p>0.05, 

Figure 30 A). 

a-tDCS significantly increased IMVC hip AB rate of torque development (RTD) 

compared with “No Stimulation” (28%) and c-tDCS (55%) conditions (p<0.05, Figure 30 

B). 

c-tDCS did not affect Hip AB RTD compared with “No Stimulation”, and hip AD 

and ankle DF did not appear be modulated by tDCS (p>0.05, Figure 30 B). 
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Figure 30. Normalized peak torque (A) and rate of torque development (RTD, B) during the 

isolated IMVC task without tDCS (baseline), after anodal tDCS and after cathodal tDCS. * 

significantly different (p<0.05). ** p=0.076. 
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Tensor fasciae latae (TFL), gluteus medius (Gmed), adductor magnus (ADD) and 

tibialis anterior (TA) RActv did not show any tDCS related effects (p>0.05, Figure 31). 

 

Figure 31. Neuromuscular rate of activation (RActv) of Tensor Fasciae Latae (TFL), Gluteus 

Medius (Gmed), Adductor magnus (ADD) and Tibialis anterior (TA), during the isolated IMVC 

task without tDCS (baseline), after anodal tDCS and after cathodal tDCS. * significantly different 

(p<0.05). 

 

E. Discussion 

This study is among the first to show evidence of neuromuscular modulation of the 

hip musculature through transcranial direct current stimulation (tDCS), having potentially 

useful implications for balance recovery and functional mobility. 

Past reports have demonstrated a large inter-individual variability and high 

percentage of non-responders after tDCS (Lopez-Alonso et al., 2014; Madhavan et al., 

2016; van Asseldonk & Boonstra, 2016). The present study observed a similarly large 

incidence of individuals that did not respond as expected to tDCS, especially after anodal 

(a-tDCS). This may have contributed to the lack of significant increase in MEP size 
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(cortico-spinal excitability marker) after a-tDCS. In contrast, the more stable responses to 

c-tDCS potentially helped to attain significant decreases in MEP size. 

Although a-tDCS did not appear to result in enhanced cortico-spinal excitability, 

hip AB peak torque was significantly different between a-tDCS and c-tDCS, and hip AB 

RTD showed significant improvements after a-tDCS. These contradictory results might be 

explained by the fact that cortico-spinal excitability was assessed through eliciting MEPs 

of the TA, a surrogate for the hip musculature. Consequently, not capturing the actual 

cortico-spinal excitability changes experienced by the hip abductors. Additionally, 

Abdelmoula et al. (2016) showed improved submaximal elbow-flexor time to failure after 

a-tDCS, even in the absence of changes in cortico-spinal excitability. Therefore, it is also 

possible that the same phenomenon is occurring in our study. 

The improvements in hip AB RTD after a-tDCS, might be associated with the 

mechanisms elicited by this form of stimulation. a-tDCS increases cortico-spinal 

excitability through depolarization of the neuronal resting membrane potential leading to 

increased neural drive, fundamental for RTD (Nitsche et al., 2002). 

Nonetheless, neither a-tDCS nor c-tDCS modulated hip adductors (AD) or ankle 

dorsi-flexion (DF). A recent study that investigated the effects of a-tDCS on wrist 

reciprocal inhibition, suggests that this specific stimulation affects agonists and antagonists 

in opposing fashion, which may explain in part our current findings (Lackmy-Vallee et al., 

2014). 

Despite the anodal-induced increases in hip AB RTD, no effects were found for 

rate of neuromuscular activation (RActv) in any of the hip AB-AD muscles or ankle dorsi-

flexor. Although a-tDCS may lead to increased neural drive, it seems that RActv (the 
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steepest slope of the initial EMG rise) was not sensitive to these enhancements. RTD 

improvements are not only dictated by enhanced RActv, but also through increased EMG 

amplitude, which has been reported to change as a function of a-tDCS (Aagaard et al., 

2002; Krishnan et al., 2014). EMG amplitude might have provided further insight into the 

neuromuscular mechanisms leading to the anodal-enhanced hip AB RTD. 

Inter-individual variability might have been a limiting factor in this study. Although 

there have been reports of increased performance without increased cortico-spinal 

excitability, half of the participants did not respond as expected to a-tDCS which may have 

affected the outcome measures. 

Furthermore, the selected electrode montage is a potentially greater limitation. 

Placing the anode on both hemispheres over the M1 representation of the lower limbs might 

have resulted in some form of inter-hemispherical interaction that resulted in different 

effects experienced by each leg. This might explain the different between-leg responses, 

especially after a-tDCS. In fact, a-tDCS has been show to increase cortico-spinal 

excitability of the non-dominant hand when applied to the non-dominant hemisphere, but 

decrease excitability to the same hand when applied to the opposite hemisphere (Sohn et 

al., 2012). Perhaps a simpler unilateral montage would have led to clearer results. 

The fact that the hip AB showed enhanced performance as a function of a-tDCS, 

especially in RTD, may have potential implications for lateral balance recovery. For 

instance, hip AB performance, especially hip RTD, is crucial for medio-lateral balance 

control due to its intrinsic relation to the development of muscular power, a strong predictor 

of functional decline and fall risk among older adults. 
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F. Conclusions 

Despite the large inter-individual variability in response to tDCS, c-tDCS resulted 

in decreased cortico-spinal excitability, while anodal stimulation showed only a trend for 

enhanced neural drive. Nonetheless, tDCS was able to modulate maximal hip abductor 

peak torque. In particular, a-tDCS proved effective at enhancing hip abductor maximal rate 

of torque development. These results may be of clinical importance due to the contributions 

of the hip abductor musculature in medio-lateral balance control. 



 

86 

CHAPTER V. SUMMARY AND CLINICAL IMPLICATIONS 

 

A. Main Findings 

This dissertation proposed to evaluate how aging affects hip abductor-adductor 

(AB-AD) maximal neuromuscular performance and medio-lateral balance control during 

the weight transfer phase of induced lateral stepping and voluntary stepping tasks (chapter 

II). Furthermore, this work investigated how these age-related performance and balance 

declines can be affected by a hip AB-AD power training (PT) program (chapter III), and if 

hip AB-AD maximal performance can be modulated with non-invasive brain stimulation 

(transcranial direct current stimulation (tDCS)) (chapter IV). 

1. Age-related changes on hip AB-AD neuromuscular performance and medio-

lateral balance control during the weight transfer of induced lateral stepping 

and forward/lateral voluntary stepping. 

As expected, advancing age leads to impaired maximal hip AB-AD neuromuscular 

performance, evidenced by reduced hip AB-AD peak torque and especially impaired 

maximal rate of neuromuscular activation (RActv) and hip AB rate of torque development 

(RTD). The declines in rate of force development (RFD)/RTD and RActv are of critical 

importance for medio-lateral balance control as these measures are fundamental for the 

development of muscular power. 

When balance was perturbed laterally and individuals had to recover using a single 

lateral step, younger adults show a significantly larger incidence of this specific stepping 

strategy. This incidence of lateral steps was positively associated with hip AB-AD peak 

torque and AB RTD, particularly when the center of mass (CoM) was closer to the limits 
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of the base of support (BoS) to begin with. Potentially even more relevant, the hip AB-AD 

RActv showed consistent moderate-to-large positive associations with the single lateral 

step incidence in all weight transfer conditions. Furthermore, maximal RActv and RTD of 

the hip AB-AD musculature were at least moderately associated with components of 

voluntary forward and lateral simple reaction time (SRT) and choice reaction times (CRT) 

stepping tasks, reinforcing the fundamental role of the specific musculature in medio-

lateral balance control during induced and voluntary stepping. 

Surprisingly, the age-associated lower incidences of induced single lateral steps 

were not due to diminished hip AB-AD muscular output during the weight transfer phase. 

Compared to younger adults, older individuals had markedly reduced AB-AD RActv 

during the weight transfer phase and showed a timing delay in the initiation of weight 

transfer and stepping foot lift-off. These changes may result in the observed slightly greater 

lateral and downward momentums at lift-off. Faced with this decline in neural drive and 

the timing delay, older adults significantly increased muscular output, specifically RFD, 

hip AB torque and power, but were still often unsuccessful in completing the task. 

Considering the observed age-related maximal hip AB-AD performance 

limitations, especially in hip AB RTD and RActv, by exerting a larger hip AB output during 

the weight transfer phase of the lateral induced stepping task, older adults appeared to be 

operating closer to their maximum capacity. When online control estimates for the required 

movement is inaccurate, the observed “over taxation” limits the individual’s ability to 

compensate through increased muscular output. Ultimately, this may affect lateral balance 

recovery, and explain the observed lower incidences of the lateral stepping strategy. 
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2. Effects of hip AB-AD power training on hip AB-AD neuromuscular 

performance and medio-lateral balance control during the weight transfer of 

induced lateral stepping and forward/lateral voluntary stepping. 

Exercise resistance training has been a commonly used intervention to improve age-

related performance and functional declines. Although strength (ST) and power training 

(PT) have been proven to improve similarly muscular strength and functional performance 

that does not require large power contributions, PT has consistently shown larger 

performance improvements in RFD/RTD, RActv (neural drive), and muscular power. 

Consequently, functional tasks that are velocity dependent benefit significantly more from 

PT. 

In our study (chapter III), eight weeks of hip AB-AD PT resulted in greater 

improvements than ST in hip AB-AD maximal isometric peak torque, RTD and RActv. 

The latter finding has particular importance for RFD/RTD and the development of 

muscular power, which is a strong predictor of mobility and functional capacity. 

After PT, older individuals significantly increased the incidence of single lateral 

steps after being perturbed in the lateral direction. However, this improvement did not 

appear to be accomplished by changes in weight transfer timing delays that were reported 

in the previous study, nor by modulation of the vertical RFD. In addition, changes in lateral 

CoM momentum at the instant of step lift-off seemed to have little contribution to the PT-

induced increases in single lateral recovery step incidence. 

After PT, downward CoM momentum at lift-off was reduced in at least one pre-

load condition, which might have influenced the observed increase in single lateral steps. 

However, the greater contributions for single lateral step incidence appear to come from 
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the greater hip AB torque, hip AB power and AB-AD RActv generated during the weight 

transfer phase (Figure 32). 

Although the age-related weight transfer timing delays were not affected by PT, the 

increased maximal hip AB-AD neuromuscular capacity helped participants in solving the 

induced lateral stepping problem by substantially increasing hip AB-AD neuromuscular 

performance during the weight transfer phase and, consequently, increasing single lateral 

step incidence. 

 

Figure 32. Conceptual model for the effects aging and hip AB-AD power training on the weight 

transfer control and single lateral step incidence. 

 

The effects of PT were not exclusive to the maximal effort task and the lateral 

balance recovery task. PT also improved forward and lateral voluntary simple reaction time 

(SRT) and choice reaction time (CRT) tasks, specifically though improvements in onset 
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latencies in forward and lateral SRT, and lateral CRT tasks. These findings have 

significance for impacting medio-lateral balance control as voluntary stepping onset 

latency is a potent predictor of future falls, especially in the CRT condition (Lord & 

Fitzpatrick, 2001). 

SPPB and FSST did not reveal any training effects in either group likely due to 

measurement ceiling effects. 

3. Transcranial direct current stimulation (tDCS) and hip AB-AD 

neuromuscular maximal performance. 

Non-invasive brain stimulation, specifically transcranial direct current stimulation 

(tDCS), has been used in a multitude of purposes, from pain management to improvements 

in force output, but the use of this technique comes with a few challenges. In this study, 

cathodal tDCS (c-tDCS) resulted in a significant decrease in cortico-spinal excitability. In 

contrast, no significant increase in cortico-spinal excitability was observed after anodal 

tDCS (a-tDCS), potentially due to several individuals not responding as expected to this 

specific stimulation. 

Hip AB peak torque was significantly different between a-tDCS and c-tDCS, and 

even though there were no statistically significant changes in cortico-spinal excitability 

after a-tDCS, hip AB RTD showed significant improvements after a-tDCS. 

As previously reported, it is possible that the improvements in hip AB RTD induced 

by a-tDCS may be attributable to neural changes not captured in this study. Furthermore, 

the selected bi-hemispheric electrode montage may have modulated the agonist and 

antagonist muscles differently, explaining the lack of changes in the hip adductors (AD) 

and ankle dorsi-flexors (DF). 
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Surprisingly, no effects were found for rate of neuromuscular activation (RActv) in 

any of the hip AB-AD muscles or ankle dorsi-flexor. While RActv (the steepest slope of 

the initial EMG rise) was not sensitive to tDCS, EMG amplitude might have provided 

further insight into the neuromuscular mechanisms leading to the anodal-enhanced hip AB 

RTD. 

 

B. Future Research Directions 

Considering the findings from the first study, a logical approach would be to target 

a less functional population and for instance, focus on older individuals at low and high 

risk for falls. This could provide added information about a population that is especially 

susceptible to neuromuscular declines, functional imbalance and falls. Furthermore, the 

existing evidence for age-associated muscle composition declines, in particular in the 

proximal muscles of the hip, has been associated with reduced central activation of the 

skeletal muscle (Yoshida et al., 2012). However, the origin of this impairment is not fully 

understood. Some animal models of muscle dystrophy have shown substantial impairments 

in neuromuscular signal transmission and reduced muscle activation patterns, which may 

be explained by the observed greater disruption in their neuromuscular junction (NMJ) 

morphology (Pratt et al., 2013). Although this study focused on an animal model from a 

particular pathological condition, developing an animal model focused on the effects of 

aging and intramuscular adipose tissue on the neuromuscular signal transmission, 

activation patterns and especially, the NMJ morphology, could provide further insight on 

the mechanisms by which aging and muscle composition affects the neuromuscular 

components. 
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The intervention study provided insight on the power training-induced changes in 

hip abductor-adductor maximal performance and mechanistic neuromuscular control 

during medio-lateral balance task. However, muscle composition changes were 

unaddressed in these studies. This mechanism of exercise adaptation can occur alongside 

changes in neuromuscular control and also contribute to performance and functional 

improvements. While skeletal muscle imaging is a common technique that allows for 

identification of composition changes, muscle biopsies can provide further insight to the 

changes in myofiber type distribution. Considering the disproportionate hip muscle 

composition declines, a study could be devised to assess if power training induces 

regionally different muscle composition adaptations, and if it can lead to changes in the 

proportion of different myofiber types that may differently impact medio-lateral balance 

recovery. Considering that individuals at lower and higher risk for falls may adapt 

differently to power training, an intervention study could also assess how these populations 

change their neuromuscular performance and muscle composition as a function of this form 

of resistance training. 

Lastly, considering that the transcranial direct current stimulation (tDCS) study 

showed acute isolated maximal hip AB RTD improvements after anodal tDCS, an exercise 

training paradigm could be developed where this form of non-invasive stimulation is 

applied in every training session. These acute improvements in RTD can potentially have 

a cumulative effect throughout the training sessions and result in further improvements 

than exercise alone, ultimately having a positive effect on medio-lateral balance control. 
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C. Conclusions 

This dissertation has advanced understanding of how aging, hip abductor-adductor 

(AB-AD) power training and transcranial direct current stimulation (tDCS) affect hip AB-

AD maximal performance and medio-lateral balance control during the weight transfer of 

an induced lateral and voluntary stepping tasks.  

The aging process negatively affects maximal isometric hip AB-AD neuromuscular 

performance. When lateral balance perturbations were applied and participants instructed 

to recover balance with a single lateral step, compared to younger individuals, older adults 

showed reduced hip abductor-adductor rate of neuromuscular activation, delayed onset of 

the weight transfer phase and delayed lift-off of the stepping foot. Consequently, these 

individuals showed greater vertical rate of force development, hip abductor torque and 

power productions in order to perform the single lateral recovery step. Nonetheless, their 

incidence of lateral steps was far lower than for younger individuals’. Considering that 

aging resulted in decreased maximal hip AB-AD neuromuscular performance, exerting 

such relatively large hip muscular output during the weight transfer phase of lateral balance 

recovery, might have placed them in a position where they were operating close to their 

maximum capabilities, ultimately affecting the use of this stable stepping strategy. 

Hip AB-AD power training (PT) was used in this dissertation as a modality of 

resistance training that was viable, and led to superior effects over strength training (ST). 

PT significantly improved isolated maximal hip neuromuscular performance, which had a 

significant impact in the ability to recover lateral balance through a single lateral step. In 

fact, the PT group increased the incidence of single lateral steps by substantially increasing 

their hip AB torque, AB power and AB-AD rate of neuromuscular activation during the 
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weight transfer of the lateral balance stepping task. Furthermore, the observed maximal hip 

AB-AD improvements after PT also enhanced voluntary stepping performance, especially 

by reducing onset latencies during simple and choice reaction time tasks, which are strong 

predictors of future falls. 

Lastly, this dissertation used transcranial direct current stimulation (tDCS) as an 

alternative method to elicit acute maximal performance improvements in the hip AB-AD 

muscles. Cathodal tDCS (c-tDCS) decreased cortico-spinal excitability. However, due to 

the large incidence of non-responders, anodal tDCS (a-tDCS) only showed a trend for 

enhancing neural drive. Nonetheless, tDCS modulated maximal hip abductor peak torque 

and a-tDCS enhanced hip abductor maximal rate of torque development. These results may 

be of clinical importance due to the contributions of the hip abductors in medio-lateral 

balance control and the performance deficits in these functions with aging. 

Altogether, these findings have potentially useful and important applications to 

understand changes in of medio-lateral balance function with aging and how it can be 

enhanced. Furthermore, this information may serve to guide the development of more 

effective forms of exercise training and rehabilitation interventions that target impaired 

balance control and fall risk management. 
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