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1.1 AGEING AND FALLING 

 
The world’s population is ageing rapidly. This has a major impact on health and poses an 

economic burden on society. Among older adults, the prevalence of chronic illnesses is 

relatively high, which challenges their ability to remain independent in essential daily life 

activities (Wiener and Tilly, 2002). Falls and the consequences of falls, i.e. injuries, 

disability, inactivity and depression (Rubenstein and Josephson, 2002) are among of the 

major health-related problems in geriatric rehabilitation centers (Heinrich et al., 2010). In 

addition, the seriousness of the consequences is also increasing with advancing age 

(World Health Organization, 2012). Each year, about 33% of community-dwelling older 

adults fall at least once (Ganz et al., 2007; Tinetti et al., 1988)  

Balance impairment, particularly in mediolateral (ML) direction (frontal plane), is 

suggested to be an important risk factor for falling in older adults (Hilliard et al., 2008; 

Lord et al., 1999; Tinetti et al., 1988). For instance, incorrect weight-shifting in ML 

direction during walking or standing was described as the most common cause of falling 

in older adults that live in long-term care facilities (Robinovitch et al., 2013). Comparing 

ML balance control between young and older adults revealed that community-dwelling 

older adults are less able to actively control ML balance (Cofre Lizama et al., 2014). Less 

ability in ML balance performance is furthermore related to reduced gait stability (Cofre 

Lizama et al., 2015b), which in turn is a predictor of falls in older adults (Rispens et al., 

2014b). The ability to control dynamic balance is a key element for mobility and 

independent living (Pollock et al., 2000). Therefore, to keep older people mobile and 

independent, we need to understand the control of balance during standing and walking, 
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especially in ML direction, as balance control impairments may be a potential cause of 

falls. Knowledge of ML balance control in older adults may furthermore be important for 

the development of effective clinical interventions to prevent falls. This thesis focuses on 

hip abductor muscle function in older adults as hip abductor muscles play an important 

role in ML balance control (Chang et al., 2005) and hip muscle function might be 

strongly affected by ageing (Johnson et al., 2004). 

1.1.1 Proprioception and the effects of age on fall risk 

 
Successful balance control needs the integration of various sensory systems including 

visual, vestibular and proprioceptive inputs. Since the focus of this thesis is on hip 

abductor muscle function and proprioceptive feedback mainly derives from (hip) muscle 

spindle afference, we here focus on the effect of ageing on this specific sensory system 

with respect to balance control.   

Proprioception is defined as the perception of limb position, orientation and movement 

(Sherrington, 1906). Sensory information is derived peripherally from mechanoreceptors 

located in muscles, joint capsules, tendons, ligaments and the skin (McCloskey, 1978). 

This input provides feedback about joint position sense (JPS) and movement 

(kinesthesia), with muscle spindles imparting the most important proprioceptive input 

related to changes in muscle length (McCloskey, 1978). The Golgi tendon organ and joint 

receptors provide additional proprioceptive information about joint movement (Proske 

and Gandevia, 2012).   

Ageing negatively affects the dynamic and static sensitivity of muscle spindles, the total 

number of intrafusal muscle fibers and nuclear chain fibers per spindle (Miwa et al., 
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1995; Swash and Fox, 1972). The number of joint mechanoreceptors, such as Golgi-

tendon receptors, also declines with age (Aydoğ et al., 2006). In fact, JPS in older adults 

has been shown to be decreased in comparison to that in young adults for different lower 

limb joints such as the hip, the knee and the ankle (Bullock-Saxton et al., 2001; Hurley et 

al., 1998; Wingert et al., 2014; You, 2005).  

Proprioceptive input perceived from lower limbs is suggested to be important for balance 

control in upright standing (Diener et al., 1984; Fitzpatrick et al., 1994). For instance, 

older adults with very poor proprioceptive acuity in knee and ankle joints showed 

significantly less postural control during standing than those with very good 

proprioceptive acuity (McChesney and Woollacott, 2000). During gait, joint and muscle 

mechanoreceptors provide information to help coordinate each step and achieve the ideal 

foot placement. Therefore, an (age-related) change in proprioceptive input may directly 

affect balance control during walking and other dynamic tasks. For example, 

performance in specific tasks representing everyday activities – such as time required for 

15 m walking, standing up from a chair and ascending and descending 11 stairs – was 

decreased with increasing age and accompanying decrease of acuity of knee position 

sense (Hurley et al., 1998). This is probably why proprioceptive acuity, i.e. toe and knee 

JPS  has been found to be a predictor of falls in older adults (Lord et al., 1991; Sorock 

and Labiner, 1992). Although it seems plausible that hip muscle proprioceptive function 

specifically plays a role in ML balance control (Courtine et al., 2007; Roden-Reynolds et 

al., 2015), there is currently no specific evidence for this in the older population. 
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1.1.2 Muscle strength and the effects of age on fall risk 

 
A reduction in muscle strength is a common accompaniment of human ageing that sets in 

at the fourth decade and strongly deteriorates in the seventh and eighth decades (Larsson 

et al., 1979; Spirduso et al., 1995). Decreases in both isometric and concentric muscle 

strength with increasing age have been reported (Klitgaard et al., 1990; Ling et al., 2009). 

Muscle strength decline is highly associated with disability in postural control and with 

increased fall risk in the older population (Lord et al., 1991; Lord et al., 1994; Robbins et 

al., 1989; Whipple et al., 1987). In addition, several studies have investigated the effect of 

ageing on muscle power – the product of force and velocity – and have found a 

considerable decline in maximum power and an increase in the time to reach peak 

contraction velocity (Raj et al., 2010; Yamauchi et al., 2009). Lower limb muscle 

weakness in older adults was correlated with poor balance performance, abnormal gait 

patterns and reduced general mobility (Bassey et al., 1988; Helbostad et al., 2010). 

Moreover, reduced muscle strength and power in hip, knee and ankle muscles is highly 

correlated with an increased risk of falls in older adults (Lord et al., 1994; Pijnappels et 

al., 2008a; Robbins et al., 1989; Whipple et al., 1987).  

1.1.3 Additional risk for falls in older populations with joint 

arthroplasty 

 
A common disease with increasing age is osteoarthritis (OA). Total hip arthroplasty 

(THA) is currently a common surgical and effective intervention for the treatment of end-

stage hip OA (Felson et al., 2000). THA provides a relatively safe and long-term solution 

to the pain, immobility and disability associated with the condition, and allows patients to 
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perform most of their normal daily activities (Schmalzried et al., 1998; Wylde et al., 

2009). However, despite such improvements, lower leg strength and mobility of patients 

after THA are lower than those of the general population (Bennett et al., 2008; Sicard-

Rosenbaum et al., 2002). It has been reported that THA patients after surgery show less 

hip extension, a decrease in hip flexor, extensor and abductor moments and lower hip 

mechanical power during walking compared to their healthy peers (Perron et al., 2000; 

Tanaka, 1993).  Also, asymmetrical loading between left and right legs and a more 

variable gait pattern has been shown after THA (Madsen et al., 2004). As a consequence, 

patients after THA might be exposed to a higher risk of falling during everyday activities 

than healthy adults. This has indeed been reported by (Ikutomo et al., 2015), who showed 

that the most common causes of falls after THA were tripping and loss of balance and 

that fallers had lower physical function and walking capacity in terms of duration of 

walking than non-fallers.  

Older patients with knee OA who have undergone total knee arthroplasty (TKA) also 

have an increased risk of falling compared with their healthy peers (Levinger et al., 2011; 

Matsumoto et al., 2012). They walk with less hip extension but do not differ in hip flexor, 

abductor and adductor moments after surgery or from their healthy peers (Saari et al., 

2005). Also, during level and obstructed walking, TKA patients’ ability in balance 

control was the same as the ability of control groups (Mandeville et al., 2008).  

Patients after THA did still have some difficulties in balance control compared to the 

healthy control group (Majewski et al., 2005; Nallegowda et al., 2003). Therefore, hip 

muscles might be more important than knee muscles in balance control. This hypothesis 

suggests that patients with THA might be exposed to a higher risk of falling after surgery 
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than patients with TKA. As of yet, risk of falling after lower limb joint arthroplasty has 

not been systematically compared between these two groups of patients.  

1.2  MEDIOLATERAL BALANCE CONTROL  

 
Balance control, in particular in the ML direction, is essential for standing and walking in 

humans. However, as described above, there is a substantial decline in older adults’ hip 

muscle function, which can reduce the ability to maintain ML balance and increase the 

risk of falls with advancing age. That being said, two questions emerge: what are the 

(mechanical) requirements for ML balance to be maintained, and what factors can limit 

ML balance control with age? This thesis aims to shed light on the mechanical 

requirements of ML balance control and the limiting factors related to hip abductor 

muscle function for ML balance control in older adults. 

1.2.1 Mechanical requirements for mediolateral balance control 

 
During activities such as standing or walking we try to maintain the vertical projection of 

the center of mass (COM) within the base of support (BOS) using balance control 

mechanisms (Winter, 1995b). In standing, the BOS remains stationary and only the COM 

changes over time. In this case, maintaining balance requires controlling the COM over 

the BOS. In gait, however, both the BOS and COM are changing over time. In the frontal 

plane, the vertical projection of the COM is moving laterally during the single support 

phase, before the subsequent foot placement of the swing leg sets a new BOS. Even if the 

COM is located above the BOS, balance may be challenged when the COM velocity is 

directed outward. Vice versa, when the vertical projection of the COM is outside of the 
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BOS, but its velocity is directed inward, balance may not be challenged. Hence, in the 

dynamic situation of locomotion, the original definition of balance control is insufficient 

(Iqbal and Pai, 2000; Pai and Patton, 1997). To this end, the margin of stability (MOS) 

was proposed by Hof and coworkers (Hof et al., 2005) as a measure of the status of 

dynamic stability. It takes both the position and velocity of the COM into account with 

respect to the boundary of the BOS. In this sense, the risk of balance loss in the frontal 

plane increases when the MOS decreases or ML spatiotemporal characteristics of the 

COM exceeds the boundary of the ML BOS. 

In the frontal plane, balance control during walking becomes more apparent when 

looking at step width. Older adults normally walk with wider steps than young adults 

(Dean et al., 2007; Schrager et al., 2008) and walking with narrow step width increases 

the risk of falling in older adults (Ko et al., 2007). Narrowing step width – and hence 

BOS - might decrease the older adults’ ability to control balance during walking. Indeed, 

Yong and Dingwell (2012) showed that walking with a narrower step width in young 

adults decreased their lateral gait stability in terms of smaller ML MOS. Unfortunately, it 

is unknown whether similar or possibly even more pronounced effects can be expected in 

older adults due to their reduced hip muscle function. Schrager and coworkers (Schrager 

et al., 2008) did show that older individuals walk with larger ML COM displacement and 

velocity, and this was more pronounced when narrowing the BOS (Schrager et al., 2008). 

Although this finding suggests that older adults utilize a more conservative strategy by 

taking wider steps to enhance balance control, these authors did not directly quantify ML 

gait stability in their study. In addition to the studies and findings described above, this 

thesis will further explore the associations between step width and ML COM kinematics 
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in young and older adults in several experimental conditions, such as a narrowed step 

width and a constrained ML COM displacement. It also aims to answer whether and how 

hip abductor muscles play a role in meeting these mechanical requirements for balance 

control. This role and possible age-related limitations of hip abductor muscle function is 

addressed in the next section. 

1.2.2 Hip abductor muscle function in mediolateral balance 

control 

 
The hip abductor muscle group consists of the gluteus medius (GMed), gluteus minimus 

(GMin) and tensor fascia lata (TFL) muscles (Figure 1.1). Both GMed and GMin muscles 

arise from the external iliac surface. The distal insertion site for the GMed and GMin 

muscles is a tendinous insertion onto the greater trochanter of the femur. The TFL 

originates proximally along the iliac crest and is inserted into the iliotibial band (Flack et 

al., 2012) Hip abductor muscles are innervated by the superior gluteal nerve, originated 

from lumbosacrale segments (L4-S1) (Flack et al., 2012; Gottschalk et al., 1989). 

The hip abductor muscles are essential for ML balance control in older adults (Chang et 

al., 2005). For instance, hip abductor/adductor joint torques are involved in regulating 

ML postural sway during standing and controlling lateral weight shifts (Winter, 1995a, b). 

During gait, ML balance can be regulated by controlling trunk movement through hip 

abductor muscle activity around the hip of the stance leg (Apkarian et al., 1989; Winter, 

1995b). 
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 The GMed muscles control the pelvis and hence trunk orientation against gravity in the 

single support phase during walking (Gottschalk et al., 1989; Semciw et al., 2013) by 

generating a hip abduction moment during the stance phase (Pandy et al., 2010). Indeed, 

electromyography studies showed GMed muscle activity during stance (Lyons et al., 

1983; Semciw et al., 2013). The GMed muscles also contribute to initiating hip abduction 

in late stance, after which the TFL muscles primarily abduct the hip joint during the 

swing phase of gait (Gottschalk et al., 1989). Another important mechanical function of 

the hip abductor muscles is to medially accelerate the body COM during the stance 

phase; this acceleration contributes to counteracting the lateral COM acceleration as 

induced by gravity (Pandy et al., 2010) (Figure  1.2). 

In addition to controlling COM kinematics during stance, hip abductor muscles 

furthermore control the ML BOS during the swing phase (Rankin et al., 2014). Previous 

observational studies have shown a positive correlation between frontal plane trunk COM 

position and acceleration and width of the subsequent step (Hurt et al., 2010; Wang and 

Srinivasan, 2014), suggesting that the ML trunk COM kinematics are used to guide the 

A) B) 

Figure 1.1.  Hip abductor muscles A) gluteus medius and minimus and B) tensor fascia lata 

with their origin and insertions. 
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Figure 1.2. double-pendulum model of the body in the frontal plane. The hip abductor 

muscles apply a net abductor moment, Mabductor, at the hip, which applies an equal 

and opposite medially-directed force to the leg on the ground (Fground reaction). The body 

COM is accelerated medially by hip abductor muscles (Acc abductor) to counteract 

lateral COM acceleration (Adopted from: Pandy et al 2010).  

Acc 

 

subsequent BOS in ML direction. However, the observational nature of these studies does 

not exclude the opposite causality, i.e. trunk kinematics are controlled in relation to 

planned previous foot placement. This thesis is partly aimed at gaining further knowledge 

on this association between the control of BOS and trunk COM kinematics in ML 

direction, including the role of hip abductor muscles.  

 

 

 

 

  

 

 

 

 

 

1.2.3  Age effect on hip abductor muscle function in ML balance 

control  

 
As age-related decline in hip abduction/adduction isometric and isokinetic torque 

production is evident (Johnson et al., 2004), it can be expected that this decline has 

negative consequences on ML gait control in older adults. This hypothesis is investigated 

in this thesis. One approach to experimentally induce a muscle impairment is by means 

of local muscle fatigue. Muscle fatigue is defined as an acute impairment in the ability to 
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produce maximum force (Enoka and Stuart, 1992). Age-related changes in the 

neuromuscular system –muscle fiber atrophy (Proctor et al., 1995), loss of muscle fibers 

(Lexell et al., 1983), a decrease in the number of motor neurons/motor units (Brown et al., 

1988), and slowing of muscle contractile properties (Vandervoort and McComas, 1986)– 

explain the reduction in muscle force capacity and increasing fatigability in older adults 

compared to young adults (Jones, 1985). Therefore, muscle fatigue can be used to 

experimentally study the function of the muscles as well as the effect of impairment of 

these muscles in older populations. Hip abductor muscle fatigue is known to increase 

postural sway velocity in both the sagittal and frontal planes during unipedal stance in 

young adults (Bisson et al., 2011), indicating a decline in postural control in static 

standing due to impaired/fatigued hip abductor muscles. However, the effect of hip 

abductor muscle fatigue on balance control in gait, especially in older populations, is still 

unknown and is investigated in this thesis, as a means to understand the function of the  

hip abductor muscles and the consequences of age-related hip abductor impairments in 

balance control during gait in older adults.  

Although muscle fatigue, by definition is mainly related to a decline in muscle force, 

there is some evidence that muscle fatigue also negatively affects the acuity  of 

proprioceptive information derived from the fatigued muscle (Enoka and Stuart, 1992; 

Forestier et al., 2002; Miura et al., 2004).  Therefore, in addition to strength decline, 

induced hip abductor muscle fatigue in older adults may also affect proprioceptive acuity 

of these muscles.  

As proprioceptive input derived from hip abductor muscle spindles is negatively affected 

by age, as described above in 1.1.1, a lower proprioceptive acuity might contribute to ML 
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balance control impairment. The isolated contribution of sensory input from the hip 

abductor muscles for balance control in the frontal plane has been investigated by 

measuring postural responses to mechanical vibration in young adults during standing 

(Courtine et al., 2007; Roden-Reynolds et al., 2015). Muscle vibration activates the 

muscle spindle afferent fibers, which usually evokes shortening of the vibrated muscle 

(Goodwin et al., 1972a), coined the “tonic vibration reflex”. In addition, illusory 

sensations of lengthening of the vibrated muscles usually trigger actions to counteract the 

associated illusory movement (Goodwin et al., 1972b). So either a tonic vibration reflex 

or a counteracting action of illusory muscle lengthening would cause unilateral 

contraction of the vibrated hip abductor muscles. One would expect that unilateral 

vibration of hip abductor muscles during stance would result in an acceleration of the 

body COM towards the contralateral side (Pandy et al., 2010). Indeed, these previous 

studies on young adults showed that hip abductor muscle vibration induced a 

contralateral postural response in bipedal stance (Courtine et al., 2007; Roden-Reynolds 

et al., 2015). However, neither of these studies reported any ipsilateral or contralateral 

changes in hip joint kinematics or kinetics to explain the postural changes with respect to 

the role of hip abductor muscles in controlling balance during bipedal stance. During gait, 

the effect of mechanical vibration of hip abductor muscles on gait kinematics has been 

studied in different phases of gait in young adults (Roden-Reynolds et al., 2015). Roden-

Reynolds and coworkers found that hip abductor vibration during the stance phase, 

including the double-support phase, resulted in a more medial placement of the 

contralateral foot and a smaller ML MOS, whereas vibration during the swing phase 

resulted in a more lateral placement of the ipsilateral foot and decreased sacrum 
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displacement with a larger ML MOS. Although these studies clearly demonstrate the 

importance of abductor proprioceptive input in young adults while standing and walking, 

this role may be different in older adults, since peripheral afference and descending input 

are differently integrated at the spinal cord level in older adults compared to young adults 

(Monaco et al., 2010).  Therefore, the question what the importance of isolated hip 

abductor muscles afference in ML balance control in older adults is remained open and is 

addressed in this thesis. 

1.3 AIM AND OUTLINE OF THIS THESIS 

The general aim of this thesis is to investigate the role of hip abductor muscles function 

in ML balance control during standing and walking in older adults. Three main objectives 

are addressed:  

1. Does hip impairment following arthroplasty affect the risk of falling in older 

adults? 

2. How is ML balance controlled in gait in older adults? 

3. What is the role of hip abductor muscle strength and proprioceptive acuity in 

ML balance control in older adults? 

For the first objective, fall risk in older patient populations after hip or knee arthroplasty 

was investigated and compared to answer the question whether older patients with hip 

impairment, i.e. patients that underwent a THA, are exposed to a higher risk of falling 

than older patients with knee impairment, i.e. patients that underwent a TKA, in daily life 

activities. If so, this indicates that the functioning of the hip may be related to falling and 
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possibly affects balance control during standing and walking. In Chapter two, a 

questionnaire study is described on the prevalence and consequences of falling in older 

patients after unilateral THA or TKA and on the comparison of fall risk between these 

patient groups. 

The second objective was investigated by two experimental studies on the effects of 

either restricting the ML BOS or restricting the ML COM excursion. In Chapter three, 

the effect of narrowing the BOS in ML direction on the body COM kinematics and, 

consequently, the ML MOS was investigated in both young and older adults. In Chapter 

four, the effect of constraining the COM kinematics by wearing a thoracolumbar trunk 

orthosis on the BOS and MOS in ML direction is studied in young adults only. It was 

also studied whether and how hip abductor muscles regulate the COM over the BOS, by 

measuring the joint kinematics. 

Finally, the third objective regarding to the role of hip abductor muscles (i.e., muscle 

strength and proprioception) in ML gait and balance control in older adults was addressed 

in four experimental studies. In Chapter five, the reliability of a method to assess hip 

abductor proprioception in terms of joint position sense in older adults was studied. Then, 

in Chapter six, hip abductor position sense and muscle strength were investigated as 

possible limiting factors in ML balance control during ML weight-shifting tasks by 

tracking a predictable visual, predictable mechanical and unpredictable mechanical 

targets. In Chapter seven, the role of hip abductor muscle function in gait of older adults 

was studied by investigating the effect of unilateral hip abductor muscles fatigue on hip 

position sense as well as gait characteristics. In Chapter eight, the role of hip abductor 

proprioception was studied by investigating the effect of mechanical vibration of the hip 
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abductor muscles in bipedal stance, and in the early stance and late stance phases of gait 

in older adults.  

Finally, in Chapter nine, the findings of these studies and conclusions about the role of 

hip abductor muscles in mediolateral balance control in older adults are generally 

discussed in the epilogue. 
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Older patient who underwent lower limb surgery suffer from muscle weakness, gait and 

balance impairments, which might increase their fall risk. We determined the prevalence 

and consequences of falling in older patients after unilateral total hip (THA) or knee 

(TKA) arthroplasty and compared fall risk between groups. To do so, orthopaedic 

patients over 65 years of age were recruited if they received either a unilateral primary 

THA (n=209) or TKA (n=127) in the preceding 3-18 months. Validated questionnaires 

were used to assess the number of falls since their joint replacement, the presence of 

potential determinants of falls, as well as physical injuries, physical activity and 

functional decline as direct consequences of their last fall after surgery. The results 

showed that in the THA group, 31% fell and in the TKA group 20% fell at least once in 

the 3-18 months since surgery, which was significantly different. THA patients showed 

an adjusted 1.93 times (95% CI [1.11, 3.35]) higher odds of falling compared to TKA 

patients. This result was not confounded by a difference in time since surgery between 

groups. More than half of all fallers reported physical injuries as a consequence of their 

last fall since surgery. Physical and functional activities declined on average by 26% and 

16%, respectively in the THA group and 30% and 22%, respectively in the TKA group. 

In conclusion, older patients with a unilateral THA have a significantly higher risk of 

falling 3-18 months after surgery compared to patients with a unilateral TKA. 
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2.1 INTRODUCTION 

The ageing population faces an increased risk of falling and thus of fall consequences. 

About 33% of community-dwelling older adults fall annually (Ganz et al., 2007; Tinetti 

et al., 1988) and falls can result in injuries, disability, inactivity, depression (Rubenstein 

and Josephson, 2002) or even death (Stel et al., 2004). Falls also place a substantial 

economic burden on society, with main direct costs associated with fractures and hospital 

stay (Heinrich et al., 2010). Risk factors for falls in older adults include previous falls, 

mobility impairments and medication (Pijnappels et al., 2008b; Tinetti et al., 1988; van 

Dieen and Pijnappels, 2008).  

A specific population of older adults that is expected to encounter many of the risk 

factors for falling are those who underwent surgery at their lower extremities. Total hip 

arthroplasty (THA) and total knee arthroplasty (TKA) are currently common surgical and 

effective interventions for the treatment of end-stage osteoarthritis (OA) (Felson et al., 

2000). The total number of THA’s and TKA’s yearly performed is estimated at 600,000 

in the U.S. (Wilson et al., 2008). In the Netherlands, the total number of TKA’s and 

THA’s performed was estimated at 35,280 in 2005 and is expected to increase to 53,914 

in 2030 (Otten et al., 2010). After surgery, these patients suffer from muscle weakness, 

gait and balance impairments (Benedetti et al., 2003; Mandeville et al., 2008; Nallegowda 

et al., 2003) that might give rise to a relatively increased risk for falling. 

About 36% of the patients reported to have fallen in a period of one year and at least one 

year after THA (Ikutomo et al., 2015). For TKA, 24% of the older patients fell in the 3 

months prior to surgery and 46% of these continued to fall post-operatively (Swinkels et 



Chapter 2   

28 

al., 2009). Besides these studies, not much is known about falling after THA and TKA. 

Therefore, the first objective of the present study was to determine the prevalence of 

falling and its consequences in older orthopedic  patients up to 18 months after primary 

and unilateral total hip or knee replacement, only due to OA. 

THA patients walk with less hip extension during late stance, with lower hip flexor, 

extensor and abductor moments and with less hip mechanical power (Perron et al., 2000; 

Tanaka, 1993). Patients after TKA also walk with less hip extension but show no 

differences in hip flexor, abductor and adductor moments compared to their healthy peers 

(Saari et al., 2005). During level and obstructed walking, TKA and control groups walked 

and crossed over an obstacle similarly in terms of controlling the center of mass within 

the base of support (Mandeville et al., 2008). In addition, the impairment in hip 

mechanical power may be responsible for a poor trunk control during body weight 

transfer in walking in patients after THA (Loizeau et al., 1995). Therefore, hip muscle 

impairment might be more important than knee muscle impairment in terms of balance 

control during walking. This hypothesis suggests that after THA, patients might be 

exposed to a higher risk of falling than after TKA. To our knowledge, however, risk of 

falling after lower limb joint arthroplasty has not yet been systematically compared 

between these two groups of patients. This comparison could provide more insight in the 

importance of two main lower limb joints due to sever OA in terms of balance 

impairments and in developing fall prevention programs specifically directed at this 

patient group. Therefore, the second objective of the present study was to determine 
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whether older patients that received a primary THA because of OA have a higher risk of 

falling compared to older patients that received a primary TKA because of OA. 

2.2 METHODS 

2.2.1 Study design and study population 

A retrospective cohort study was conducted at the orthopedic  outpatient department of 

the Medical Centre Alkmaar in the Netherlands. The hospital’s electronic database was 

used to search for all patients who received a total hip or total knee arthroplasty due to 

OA in the period August 2012 – November 2013 at an age of 65 years or older. Patients 

were sent a questionnaire by mail in February or March 2014, 3 to 18 months after their 

surgery. Patients who had not responded 4 weeks later received a reminder by mail. As 

assessed by this questionnaire, eligible patients were those for whom the knee or hip 

arthroplasty was the first and only arthroplasty in their lower extremities.  

2.2.2 Demographic characteristics 

Demographic information was assessed by the questionnaire and included age, gender, 

marital status, nationality, BMI and medical history. 

2.2.3 Outcomes 

Using the questionnaire, the patients were asked to report the number of falls since their 

last joint replacement. Patients were identified as a faller when they reported at least one 

fall since surgery. A fall was defined as an unintentional change in position resulting in 

coming to rest at a lower level or on the ground (Gibson et al., 1987).  
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In addition, we assessed the direct consequences of the last fall after the surgery, in terms 

of physical injuries such as fractures, joint dislocation and open wounds. Patients were 

also asked whether their last fall had caused them to become less active or whether their 

fall had caused them to have difficulties in performing activities such as walking stairs, 

standing up from a chair or using their own or public transport (Stel et al., 2004).  

2.2.4 Predictors 

Patients were identified as either a primary unilateral THA or a primary unilateral TKA 

patient, based on the hospital’s database and a question in the questionnaire on other 

lower limb joint replacements. 

2.2.5 Potential confounders 

We assessed the presence of potential determinants of falls in the previous three months 

and in the total period after surgery as they potentially might bias the association between 

type of arthroplasty (THA or TKA) and falling. This part of the questionnaire was based 

on validated questionnaires on fall risk factors for recurrent falling, including the LASA 

(Longitudinal Ageing Study Amsterdam) risk profile (Peeters et al., 2010; Pluijm et al., 

2006) and the Combined Amsterdam and Rotterdam Evaluation of Falls Triage 

Instrument (CTI) (Boele van Hensbroek et al., 2009). Respondents were asked 

specifically about age, gender, BMI, having a pet, mobility in the past 3 months since the 

patients answered the questionnaire (experience of walking difficulties, use of walking 

aids, experience of balance difficulties, sensitivity or pain in the lower extremities 

including hip, knee, ankle and foot, leg muscle strength and joint stiffness), use of alcohol, 
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visual aids and impairments, urinary problems, dizziness and medication. For the 

analyses, age was dichotomized using the median value (74 years) as cut off point. BMI 

was dichotomized into normal weight and overweight using a cut-off point of 25 based 

on the World Health Organization (WHO) definition (Organization, 2000).  

Fear of falling (FoF) was assessed using the Falls Efficacy Scale-International (FES-I) 

questionnaire (Kempen et al., 2007). For the analyses, FES-I scores were dichotomized 

into low and high FoF based on a cut-off value of 22 which appeared to differentiate 

between low and high concern in a previous study (Delbaere et al., 2010). 

Quality of life (QoL) was assessed using the EQ-5D (Group, 1990; Hurst et al., 1994), 

which resulted in an index score based on Dutch tariffs (Lamers et al., 2006) with higher 

scores indicating a better QoL. The VAS score for general health was also analysed 

separately. Both the index score and the VAS score were dichotomized with the median 

values as cut-off points (0.84 and 80, respectively). 

2.2.6 Missing value analysis 

Analyzing the patterns of missing values showed that all available variables in the 

questionnaire showed missing values. Of all subject, 36% had least one missing value 

over all variables and of all values 3% were missing. The variable ‘Fear of falling’ had 

the most missing values with 8% missing and ‘having a pet’ had the least missing values 

with 0.9%. As the table of missing values pattern showed a non-monotone pattern for 

missing values, a Mersenne twister random number generator and multiple imputation 
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method (Markov chain Monte Carlo) with 5 times imputation were used to impute the 

missing data values (Rubin, 1976, 1996). 

2.2.7 Statistical analysis 

First, descriptive analyses were used to describe the prevalence of falls and its 

consequences in both joint replacement groups. 

Second, Univariate binary logistic regression analyses were performed to determine 

whether the potential confounders were associated with type of arthroplasty (THA/TKA) 

and/or falling at least once after surgery, resulting in crude Odds Ratios (OR) and their 

95% confidence intervals (CI). In a third step, to arrive at an unbiased estimate of the 

association between THA/TKA and falling in older adults, the crude OR for THA/TKA 

was adjusted for confounding. Potential confounders that showed a univariate association 

with falling after surgery at a p-value lower than 0.25 were selected and considered to be 

a confounder if they changed the regression coefficient of THA-TKA more than 10% 

when included in the regression model (Hosmer Jr and Lemeshow, 2004). To prevent 

multi-collinearity in the final regression model, correlation coefficients were explored 

between all identified confounders and THA/TKA. When substantial correlations (>0.6) 

were found between the predictor variables, the variable with the strongest association 

with falling was included for further analysis. In the final multiple regression model, 

THA/TKA and the confounders identified were analyzed in association with the outcome 

variable falling after surgery. The overall fit of the final logistic regression model was 

quantified by Nagelkerke’s R2 (RN2), which can be interpreted as R2 in linear regression 
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(Nagelkerke, 1991). Statistical analyses were performed with IBM SPSS Statistics 20.0 

(IBM Corporation, Armonk, NY, USA) and p <0.05 was accepted as being significant. 

2.2.8 Ethics and registration 

The local Medical Ethics Committee (METC Noord-Holland, The Netherlands; 

NL42395.094.12 / M012-027) approved the study protocol and written informed consent 

was obtained from the patients. 

2.3 RESULTS 

2.3.1 Participants 

In total, 780 patients received THA or TKA between August 1, 2012 and December 1, 

2013. At follow-up in February 2014, 15 patients had passed away and 28 patients had 

received both a THA and a TKA in this period. The remaining 737 patients were sent a 

questionnaire of which 554 patients (75%) responded. The main reasons for not 

participating were an insufficient knowledge of the Dutch language and Alzheimer’s 

disease. After excluding patients who had more than one prosthesis in their lower limbs, 

209 patients with unilateral THA and 127 patients with unilateral TKA were included for 

analyses (Figure 2.1). 

2.3.2 Non-response analysis 

There were no significant differences with respect to gender, age, the time between 

surgery and administration of the questionnaire, and the ratio of THA to TKA between 

respondents and non-respondents. 
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2.3.3 Descriptive data 

Among the 209 patients who received THA, 87 patients (42%) were older than 75 years. 

Among the 127 patients who received TKA, 42 patients (33%) were older than 75 years. 

The mean time between surgery and follow-up was not different between groups (375 

(SD 112) days in the THA group and 376 (SD 108) days in the TKA group). The 

demographic characteristics and medical history of both patient groups are reported in 

Table 2.1. 

2.3.4 Falling 

In the total group, 52 (16%) patients reported to have fallen at least once 3 months before 

surgery, among which 40 (20%) patients with hip OA and 12 (10%) patients with knee 

OA. Similarly, 87 (27%) of all patients and 63 (31%) of the THA patients and 24 (20%) 

of the TKA patients fell at least once 3-18 months after the surgery (Table 2.2), which is 

a significantly different prevalence. As a consequence of their (last) fall after surgery, 37 

fallers (59%) with THA suffered from injuries, mainly bruises (25%), open wounds 

(13%) and upper limb fractures (9%). Thirteen fallers (54%) with TKA were injured after 

their (last) fall, with mainly bruises (29%), muscles strains (12%) and sprains (12%).  

On average, 26% of fallers with THA reported a decline of physical activities since their 

last fall, including less walking (24%), bicycling (27%), gardening (24%), sports 

activities (32%) and household activities (22%). Similarly, 29% of fallers with TKA 

reported a decline in their physical activities since their last fall, i.e. walking, bicycling, 

gardening, sports activities and household activities (29% for each of these activities). 
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Database 

N=780 

 

Excluded (total=43): 

 Deceased                                n=15 

 Received both THA & TKA    n=28 

 

TKA 

N=252 

 

THA 

N=485 

 

TKA 

N=196 

 

THA 

N=358 

 

Non-response 

n=56 

Non-response 

n=127 

TKA 

N=127 

 

THA 

N=209 

 

Excluded 

Arthroplasty >1     n  =149 

Excluded 

Arthroplasty >1     n  =69 

With respect to functional activities, cutting toenails (25%), walking outside (22%) and 

using own or public transportation (16%) were three activities with the highest rate of the 

decline in fallers after THA. The most declined functional activities after the last fall in 

patients with TKA were climbing stairs (29%), rising from a chair, cutting toenails and 

walking outside (25% for each of these activities). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Flow diagram of included patients. TKA = total knee arthroplasty, THA =  total hip 

arthroplasty 
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Table 2.1. Descriptive characteristics of the study population (TKA = total knee arthroplasty, THA 

= total hip arthroplasty). 

variables THA 

(n=209) 

TKA 

(n=127) 

Total 

(n=336) 

p-value 

Gender 

Male 77 (37%) 39 (31%) 116 (34%) 0.34 

Female 132 (63%) 88 (69%) 220 (66%) 

Age group 

Mean (SD) (years) 75.1 (6.4) 73.1 (5.2) 74.3 (6.0) <0.01 

65-75 122 (58%) 85 (67%) 207 (62%) 0.13 

76-85 87 (42%) 42 (33%) 129 (38%) 

Time between surgery and follow-up 

Mean (SD) (days) 375 (112) 376 (108) 376 (111) 0.93 

BMI 

Mean (SD) 26.5 (3.7) 28.3 (5.3) 27.2 (4.5) <0.01 

<24.99 normal 81 (39%) 37 (29%) 118 (35%)  

25-30 overweight 93 (44%) 53 (41%) 146 (43%)  

>30 obese 35 (17%) 37 (29%) 72 (22%)  

Nationality 

Dutch 203 (97%) 124 (98%) 327 (97%) 1.00 

Non-Dutch 6 (3%) 3 (2%) 9 (3%)  

Marital status 

Single 11 (6%) 3 (2%) 14 (4%) 0.23 

Married/couple 144 (69%) 83 (66%) 227 (67%)  

Divorced 7 (4%) 10 (8%) 17 (5%)  

Widow/widower 44 (21%) 31 (24%) 75 (22%)  

Medical history 

Diabetes 27 (13%) 18 (14%) 45 (13%) 0.61 

Parkinson’s disease 3 (1%) 2 (2%) 5 (1%) 0.38 

High blood 

pressure 
84 (40%) 58 (46%) 142 (43%) 

0.30 

Stroke 5 (2%) 5 (4%) 10 (3%) 0.51 

Heart attack 7 (3%) 4 (3%) 11 (3%) 1.00 

Eye disorders 29 (14%) 17 (13%) 46 (14%) 1.00 

Thyroid disorders 16 (8%) 12 (9%) 28 (8%) 0.68 

Cancer 14 (7%) 7 (5%) 21 (6%) 0.81 
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Table 2.2. Fall history before and after THA (total hip arthroplasty) and TKA (total knee 

arthroplasty. 

 Type of surgery Total number p-value 

 THA TKA   

Fallen at least once 3 months before surgery  

Yes 40(20%) 12(10%) 52 (16%) 
0.027 

No 161(80%) 107(90%) 268(84%) 

Fallen at least once after surgery  

Yes 63 (31%) 24(20%) 87 (27%) 
0.038 

No  142(69%) 98(80%) 240 (73%) 

 

2.3.5 Association between THA/TKA and falling 

The potential confounders are listed in Table 2.3, including their associations with type of 

arthroplasty (THA/TKA) and falling. Gender, experience of walking difficulties, use of 

walking aids, experience of balance difficulties, sensitivity in the lower extremities, 

urinary problems, FoF and perceived QoL were associated with falling with a p-value 

lower than 0.25 and thus further explored for confounding the association between 

THA/TKA and falling. As experience of walking difficulties, FoF and QoL changed the 

regression coefficient of THA/TKA more than 10%, these variables were included in the 

final regression model (Table 2.4). This regression model showed that patients who 

received a THA had a 1.93 (95% CI [1.11, 3.35]) higher chance of falling at least once 

after surgery as compared to patients who received a TKA. 

2.4  DISCUSSION 

The aims of this study were to identify the risk of falling after unilateral lower limb joint 

arthroplasty due to osteoarthritis in older orthopedic patients and a difference in fall risk 

between THA and TKA patients. We found that 31% of the patients with a unilateral 
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THA and 20% of the patients with a unilateral TKA fell at least once 3-18 months after 

the surgery. Patients over 65 years old with a unilateral THA had a significant 1.93 times 

higher chance of falling at least once in 3-18 months after surgery compared to patients 

with a unilateral TKA. 

2.4.1 Fall prevalence in orthopedic  patients 

Falls are common incidents especially in older adults, which can have major problems for 

health consequences, health care costs and quality of life (Heinrich et al., 2010; Tinetti et 

al., 1988). These consequences might be exacerbated in a more fragile population with 

muscle weakness, gait or balance impairments such as older orthopedic patients 

(Benedetti et al., 2003; Mandeville et al., 2008; Nallegowda et al., 2003). To explore 

possibilities for more effective and efficient approaches towards fall prevention in these 

patients, their fall prevalence first needs to be determined. We found that a significantly 

larger proportion of the THA patients (31%) fell compared to the TKA patients (20%) 

during 3-18 months after surgery. Similar proportions are reported in the literature 

(Ikutomo et al., 2015; Swinkels et al., 2009).  

More than half of our respondents reported physical injuries as a consequence of their 

falls. Patients who received THA mostly suffered from bruises, open wounds and upper 

limb fractures, while patients who received TKA mainly suffered from bruises, muscle 

strains and sprains. Similarly, Stel and co-workers reported that 68% of healthy older 

adults suffered physical injuries from falls, mostly bruises and open wounds (Stel et al., 

2004). In agreement with other studies (Stel et al., 2004; Tinetti et al., 1988), the 

respondent fallers reported a decline in functional activities. 
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Walking outside was one of the major activities declined in both our THA and TKA 

groups and this might negatively affect their social participation. Physical activities, 

including walking, cycling, gardening, sport activities and household activities, declined 

on average in 25%-29% of fallers in both THA and TKA patients. The level of physical 

activity decreased by 15% in community-dwelling older adults as a consequence of 

falling in a previous study (Hill et al., 1999). The higher percentage observed in our study 

might be due to a less strong and healthy orthopedic population compared to an average 

community-dwelling older population. 

This finding underlines the importance of incorporating fall prevention programs in the 

rehabilitation of older orthopedic patients before and after lower limb surgery. It is, 

however, not clear yet what the content of such fall prevention programs should be. In the 

present study, validated questionnaires where used to assess risk factors for falling. 

Besides the need for visual aids, use of walking aids and experiencing balance and 

walking difficulties in the last 3 months since answering the questionnaire were 

significantly associated with falling after surgery (Table 2.3). Although this might partly 

be the consequence of falling, it might also indicate the need for specifically improving 

control of balance during standing and walking for instance by physical training.  

2.4.2 Difference in fall risk between THA and TKA groups 

When comparing the fall prevalence of the two orthopedic patient groups, we revealed 

that the risk of falling for THA patients was significantly 1.93 times higher than for TKA 

patients. 
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Table 2.3. Associations of potential confounders with both type of arthroplasty (THA (total hip 

arthroplasty) / TKA (total knee arthroplasty)) and falling, indicated by univariate odds ratios (95% 

confidence intervals (CI)). 

 Arthroplasty 

(THA/TKA) 

Fall (faller/non-

faller) 

Gender (male/female) 1.29 (0.81,2.08) 0.64 (0.37,1.10)* 

Age (>74 /=< 74) 1.42 (0.9, 2.24) 0.91 (0.55, 1.50) 

BMI (>25 /=<25) 0.65 (0.40, 1.05) 0.91 (0.54, 1.53) 

Pet (yes/no) 1.04 (0.58,1.84) 0.93 (0.48,1.77) 

Walking difficulty in the last 3 months (yes/no) 0.85 (0.53,1.36) 2.31 (1.38, 3.85)* 

Use of walking aids (yes/no) 0.94 (0.57,1.57) 1.83 (1.06, 3.16)* 

Balance difficulty in the last 3 months (yes/no) 1.02(0.61,1.71) 2.20 (1.27, 3.79)* 

Lower limb pain in the last 3 months (yes/no) 0.59 (0.37, 0.93) 1.15 (0.70, 1.90) 

Pain in the hip in the last 3 months (yes/no) 2.12 (1.19, 3.77) 0.86 (0.47, 1.57) 

Pain in the knee in the last 3 months (yes/no) 0.27 (0.17, 0.44) 0.92 (0.55, 1.55) 

Pain in the ankle in the last 3 months (yes/no) 1.16 (0.47, 2.82) 1.02 (0.38, 2.71) 

Pain in the foot in the last 3 months (yes/no) 1.02 (0.51, 2.03) 0.93 (0.43, 2.00) 

Less sensitivity in the lower limb in last the 3 

months (yes/no) 

0.64 (0.39, 1.06) 1.43 (0.83, 2.48)* 

Less sensitivity in the hip in the last 3 months 

(yes/no) 

2.25 (0.72, 7.02) 1.10 (0.38, 3.19) 

Less sensitivity in the knee in the last 3 months 

(yes/no) 

0.35 (0.18, 0.68) 1.51 (0.75, 3.04) 

Less sensitivity in the ankle in the last 3 months 

(yes/no) 

1.68 (0.43, 6.45) 1.07 (0.27, 4.14) 

Less sensitivity in the foot in the last 3 months 

(yes/no) 

0.92 (0.46, 1.81) 1.09 (0.52, 2.30) 

Less muscle strength in one of the legs in the last 

3 months (yes/no) 

0.63 (0.40, 0.99) 1.30 (0.78, 2.17) 

Joint stiffness in the last 3 months (yes/no) 0.41 (0.25, 0.66) 1.14 (0.68, 1.91) 

Daily use of alcohol (yes/no) 1.30 (0.80, 2.15) 1.06 (0.61, 1.83) 

Able to read a newspaper (yes/no) 0.53 (0.24, 1.14) 0.97 (0.39, 2.39) 

Visual problems in the last 3 month (yes/no) 0.93 (0.49, 1.76) 1.44 (0.73, 2.83) 

Need for use of visual aids (yes/no) 1.44 (0.47, 4.38) 0.67 (0.67, 0.77)* 

Urinary problems (yes/no) 1.09 (0.67, 1.77) 1.52 (0.90, 2.55)* 

Regular experience of dizziness (yes/no) 0.61 (0.27, 1.35) 1.51 (0.64, 3.53) 

Use of medication (yes/no) 0.60 (0.32, 1.11) 1.02 (0.53, 1.96) 

Fear of falling (FES>22/FES=<22) 1.31 (0.83, 2.07) 1.38 (0.82, 2.31)* 

Time between surgery and follow-up 1.00 (0.99, 1.00) 1.00 (0.99, 1.00) 

Quality of life (EQ-5D index score=<0.87 / EQ-

5D index score>0.87) 

0.68 (0.43, 1.09) 1.59 (0.93, 2.72)* 

VAS score EQ-5D (Vas score =< 80/ Vas score > 

80) 

0.64 (0.40, 1.03) 0.93 (0.55, 1.56) 

*p-value for fallers vs. Non-fallers was lower than 0.25 
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Table 2.4. Final logistic regression model with the crude and adjusted odds ratios, and 95% 

confidence intervals (CI) for the association between type of arthroplasty (THA (total hip 

arthroplasty) / TKA (total knee arthroplasty)) and falling once after surgery (n=327). 

variables Crude OR 95% CI  Adjusted OR 95% CI 

Joint arthroplasty 

      THA 1.81 1.06 , 3.09  1.93 1.11 , 3.35 

      TKA 1.00   1.00  

Walking difficulties 

       yes -- --  1.86 0.99 , 3.52 

       no -- --  1.00  

Health status 

  EQ-index=<0.87 -- --  1.70 0.86, 3.37 

EQ-index>0.87 -- --  1.00  

Fear of falling      

     FES>22 -- --  0.85 0.45 , 1.59 

     FES<=22 -- --  1  

EQ-index: Quality of life assessed by the EQ-5D; FES: Fear of falling assessed the 

Falls Efficacy Scale-International 

 

Muscle weakness and loss of lower body strength is a well-known risk factor for falling 

(Tinetti et al., 1988). However, muscle weakness around hip and knee joints might have 

different effects on risk of falling. Two years after a hip replacement due to OA, hip 

muscle deficits are still observed, whereas muscles acting around the knee were fully 

recovered, suggesting that muscles acting around the hip recover slower than knee 

extensors after THA (Rasch et al., 2010). Hip muscle weakness may be associated with 

poor trunk control and less balance control during locomotion (Loizeau et al., 1995) 

when most falls occur (Wild et al., 1981). Our results confirmed our hypothesis that older 

patients after THA due to OA may fall more often than patients after TKA due to OA.  

For clinical implication, our findings indicate that risk of falling differs depending on the 

site of joint replacement due to OA in older orthopedic  patients. Compared to TKA, 

patients with THA should be taken into account with higher priority for fall prevention 
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programs and rehabilitation teams and patients should be cautioned about this fact that 

longer and more specific rehabilitation programs may be needed to improve their 

physical capacity and prevent falling. To develop an effective fall prevention program for 

patients after THA, further investigation is needed to understand the specific 

determinants of fall risk in this population. 

2.4.3 Strengths and limitations 

The present study is, to our knowledge, the first study that directly explored the 

importance of both the hip joint and knee joint in balance control in older orthopedic  

patients. Determinants of falls were assessed by validated questionnaires in both groups 

to be able to adjust the association between type of arthroplasty and falling after surgery 

as the crude association could be biased because of unequal division of risk factors for 

falling over the THA and TKA groups. This makes it difficult to use these questionnaire-

based risk factors as target factors for fall prevention that is specifically aimed at these 

patients groups. Further study with additional measurements like muscle strength, joint 

stiffness or balance impairment is required to answer why older patients after THA fall 

more often than older patients after TKA. 

As with other retrospective studies, patients may not correctly recall the history of fall 

which might have led to underestimation of the reported fall prevalence (Ganz et al., 

2005). However, it is unlikely that the bias in the estimation of fall prevalence is 

associated with type of arthroplasty. So we expect that recall bias did not affect our 

finding of having received a THA as a risk factor for falling. The second limitation of the 

present study is the follow-up period, which varied between 3 to 18 months. Although we 
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considered the time between surgery and follow-up as a potential confounder, it did not 

meet the criteria of being a confounder for the final regression model (Table 2.3). A 

prospective study with the same follow-up period after the surgery can specifically show 

in which time frame after the surgery the patients might have higher risks of falling. For 

instance, the risk of falling was quadrupled for the first 2 weeks after discharge from the 

hospital (Mahoney et al., 1994).  

We included patients with primary and unilateral arthroplasty only because of OA to 

specify the association of THA/TKA with fall prevalence. Therefore, our study 

population is not representative for patients who have bilateral hip or knee prostheses, 

patients who underwent revision of a previous total joint arthroplasty and patients who 

underwent hip arthroplasty because of hip fracture.  

2.5 CONCLUSION  

In conclusion, older patients with a unilateral THA have a significantly higher risk of 

falling after surgery compared to patients with a unilateral TKA. Further investigations 

are necessary to explain the difference in fall risk and to develop specific fall prevention 

programs. 



 
 

 



 
 

 

 

 

Section II 

 

 

 

 

 

 

 

 

 

 

 

 

 Mechanical requirements  

for mediolateral balance control 

 



 
 

 

 

 



 
 

 

 

 

3.  

 

Effects of narrow base gait on mediolateral 

balance control in young and older adults  
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The aim of this study was to examine the effect of narrowing step width on mediolateral 

(ML) centre of mass (COM) kinematics and margin of stability (MOS) in young and 

older adults. Fourteen young and 18 healthy older adults were asked to walk on a 

treadmill at preferred speed, stepping on projected lines at their predetermined preferred 

step width (PSW) and at a 50% narrowed step width (NSW). Linear trunk accelerations 

were recorded by an inertial sensor, attached at the level of the lumbar spine and foot 

placement was determined from force sensors in the treadmill. Mediolateral peak-to-peak 

COM displacement, COM velocity and MOS within strides were estimated. Mean ML-

COM displacement and velocity, which were significantly higher in older compared to 

young adults, were significantly reduced in the NSW condition while the variability of 

ML-COM velocity was increased in the NSW condition. A significant interaction effect 

of step width and age was found for ML-COM velocity, showing larger decreases in 

older adults in the NSW condition. Walking with NSW reduced the ML-MOS 

significantly in both groups while it was smaller in the older group. Although reductions 

of ML-COM displacement and velocity may occur as direct mechanical effects of 

reduced step width, the larger variability of ML COM velocity in the older adults 

suggests active control of ML COM movements in response to the reduced base of 

support. Given the effects on MOS, narrowing step width might challenge ML-balance 

control and lead to less robust gait especially in older adults. 
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3.1 INTRODUCTION 

Mediolateral (ML) gait stability requires regulating the center of mass (COM) position 

relative to the lateral limits of the base of support (BOS). From this perspective, the ML 

margin of stability (MOS), which considers the ML-COM  position and velocity relative 

to the lateral border of the BOS, can provide important information (Hof et al., 2005). 

Based on the simplifying assumptions of the inverted pendulum model for balance 

control (Hof et al., 2005; Winter, 1995), a smaller ML-MOS would indicate lower 

robustness to deal with sideward perturbations and hence a higher risk of instability, 

although empirical evidence to support this assumption is lacking  (Bruijn et al., 2013). In 

addition, larger kinematic variability may increase the probability of exceeding the MOS 

and increase fall risk (Toebes et al., 2012). Perturbations of gait stability often elicit 

increased step width (SW) to maintain or increase the ML-MOS (Hak et al., 2012), but as 

a trade-off increasing SW entails energetic costs (Donelan et al., 2001).  

Age-related balance impairments lead to an increased fall risk (Hausdorff et al., 2001; 

Tinetti and Kumar, 2010). In line with the above, older adults, especially older adults at 

risk of falling, often adopt an increased SW as a compensatory strategy (Maki, 1997; 

Schrager et al., 2008), while a narrow SW, among older adults, indicates increased risk of 

sideward falls (Ko et al., 2007) compared to falls in other directions. In young adults, 

walking with narrow steps reduced the MOS (Young and Dingwell, 2012). However, in 

older adults a reduced ML-COM displacement and velocity were observed when walking 

with narrow steps (Schrager et al., 2008), which might have preserved the ML-MOS, 

although this was not calculated. Such a reduction of ML-COM displacement and 
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velocity when walking with narrow steps might arise as a direct mechanical effect of the 

narrower SW, since narrower stepping would decrease the moment induced by the 

ground reaction force  and consequently reduce ML body sway (Hof et al., 2007). 

However, it may also reflect a strategy to more tightly control the COM over the 

narrower BOS. 

We aimed to investigate the effect of narrowing SW on ML-balance control in terms of 

ML-COM kinematics and ML-MOS in young and older adults. We hypothesized that 

both young and older adults would show a decreased ML-MOS with narrow SW, in spite 

of reduced ML-COM displacement and velocity.  

3.2 METHODS 

3.2.1 Participants 

Eighteen healthy, community-dwelling older adults (ten females; mean age 73 SD 4 

years; height 172 SD 10 cm; mass 63 SD 6 kg) and fourteen young adults (nine females; 

mean age 23 SD 3 years; height 174 SD 10 cm; mass 66 SD 10 kg) participated in this 

study. The local ethics committee approved the protocol (#2014-32) and participants gave 

written, informed consent before participation.  

3.2.2 Experimental protocol 

Participants walked on a split-belt treadmill (Motekforce Link, Amsterdam, The 

Netherlands) with two embedded force platforms. After a familiarization and determining 

their preferred walking speed (Mazaheri et al., 2014), they walked for 3 min to calculate 
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their preferred SW. Then they walked for 2.5 min under two SW conditions in which the 

distance between the two lines projected on the treadmill was set symmetrically relative 

to the midline of the treadmill at their preferred SW (PSW) or at 50% of the their 

preferred SW (NSW).  The participants were instructed to align the middle of their shoe 

with the line. During both trials, 3D linear accelerations of the trunk were recorded by an 

inertial sensor (Dynaport Hybrid, McRoberts B.V., The Hague, The Netherlands) 

attached at the level of the lumbar spine. A safety harness was used to support body mass 

in case of an impending fall.  

3.2.3 Data collection and analysis 

Ground reaction forces were recorded at 1000 samples/s. Subsequently, force data were 

low-pass filtered at a cut-off frequency of 5 Hz and anterior-posterior center-of-pressure 

(COP) data were used to calculate left and right heel strike (HS) and toe-off (TO) instants 

(Roerdink et al., 2008). 

SW was calculated as the distance between the ML COP during left and right single-

support phases (e.g.,  from left TO to left HS for right single-support). Mean and standard 

deviation (SD) of step time were calculated based on the intervals between heel strikes. 

The inertial sensor measured at 100 samples/s. Data were low-pass filtered at 20 Hz. 

Misalignment of the sensor relative to the vertical and direction of progression was 

corrected (Rispens et al., 2014).  

Assuming that the inertial sensor movement equals COM movement, time-series of ML-

acceleration were integrated to estimate ML-COM velocity and position (Floor-
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Westerdijk et al., 2012), which were both high-pass filtered with a cut-off frequency of 

0.1 Hz to avoid drift. Then, the peak-to-peak ML-displacement and velocity were 

calculated within a stride and the mean and SD of these parameters were calculated over 

120 strides. 

Finally, the ML-position and velocity of the sensor were used to estimate the time-series 

of the ML-extrapolated COM position (ML-xCOM) (Hof et al., 2005), using a leg length 

of 53% of total body height (Drillis et al., 1964). Assuming symmetric gait, the peak-to-

peak displacement of ML-xCOM within each stride was subtracted from the concomitant 

SWs averaged within each stride and divided by two to obtain an estimate of the ML-

MOS (Hof et al., 2005).  

3.2.4 Statistics 

There were no violations of normality and homogeneity of variance assumptions, as 

checked by  Shapiro-Wilks and Levene’s tests. To test whether SW affects the means and 

SD of ML-COM displacement and velocity, ML-xCOM and ML-MOS in young and 

older adults, two factors (conditions [NSW, PSW] × age [young, older]) mixed-design 

analyses of variance (ANOVA) were performed. If the interaction was significant, 

follow-up analyses were performed to compare SW effects between age groups. For all 

analyses, p-values < 0.05 were considered significant and statistical analyses were 

performed using IBM SPSS statistics. 
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3.3 RESULTS 

Preferred walking speed was 4.4 (SD 0.4) and 3.7 (SD 0.7) km/h in young and older 

participants, respectively, which was significantly different between groups, but mean 

step time was statistically comparable between groups and within conditions and was 

overall 0.52 (SD 0.04) s. SW was larger (p=0.020)  in older participants (Figure 3.1). In 

the NSW condition, targeted SW was 50% of the PSW, but actual SW was 60% of PSW 

in both groups. SW variability was significantly larger in the older than in the young 

adults (p=0.040), but was not affected by imposed SW or by its interaction with age 

(Figure 3.1).  

Both young and older adults walked with smaller ML-COM displacement in the NSW 

condition (p<0.001), while it was larger in older compared to young adults in both 

conditions (p=0.005). ML-COM displacement variability was also larger in older adults 

(p=0.003). All participants walked with lower ML-COM velocity in the NSW condition 

(p<0.001) and ML-COM velocity was higher in older adults in both conditions (p=0.001). 

Importantly, the older adults showed a larger reduction of ML-COM velocity in the NSW 

condition compared to the young (p=0.031). COM velocity variability was higher in 

NSW than PSW (p=0.011) and it was higher in older adults in both conditions (p=0.007)  

(Figure 3.1). 

The ML-xCOM amplitude was smaller in the NSW condition in both groups (p<0.001) 

and was larger in the older than the young adults (p=0.008). The variability of the ML-

xCOM amplitude was larger in the NSW compared to the PSW condition (p=0.005) and 

it was larger in the older adults (p=0.006). As a result, walking with narrower SW 
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reduced the ML-MOS in both groups (p<0.001), while it was significantly smaller in the 

older group (p=0.026). Variability of the ML-MOS was not affected by SW (p=0.088); 

while it was larger in older adults compared to young adults (p=0.035). (Figure 3.1). 

3.4 DISCUSSION 

We examined effects of narrowing SW on ML-COM kinematics and ML-MOS in young 

and older adults. NSW decreased ML-COM displacement and velocity in both groups, 

with larger effects on ML-COM velocity in the older group. In addition, COM kinematics 

were generally more variable in the NSW condition and in the older group. As 

hypothesized, the ML-MOS decreased with narrower SW, irrespective of age. The 

smaller mean ML-MOS with NSW, which in older adults coincided with increased ML-

MOS variability, indicates less robust gait and hence an increased risk of balance loss, 

especially in older adults.  

Our results supplement previous findings of a decrease in ML-COM displacement and 

velocity with narrower SW in older adults (Schrager et al., 2008). The larger ML-xCOM 

displacement in our older adults led to a smaller ML-MOS, which indicates that the COM 

is closer to the margin of the BOS, which may increase the risk of balance loss and 

falling (Hof et al., 2005). The observed interaction effect of age and SW on COM 

velocity suggests that older adults  used a more cautious movement strategy with lower 

COM velocity to maintain the COM within the narrower BOS in the NSW condition, yet 

the ML-MOS was slightly smaller in older adults in this condition.   
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This in combination with the increased variability in ML-COM and xCOM kinematics 

also suggests that kinematics are actively adjusted to the imposed SW. Hence, while an 

association between frontal trunk COM kinematics and subsequent SW (Hurt et al., 2010) 

suggests predictive adjustments of SW based on kinematics, the present results suggest 

that the opposite also occurs, i.e. trunk kinematics are adjusted when SW is constrained. 

The variability of SW and ML-COM kinematics were overall larger in older adults, 

possibly because of age-related neuromuscular changes that can increase sensory-motor 

noise (Shaffer and Harrison, 2007). This might explain why older adults prefer to walk 

with wider steps, to increase the ML-MOS and deal with larger ML-COM variability, 

despite associated increases in hip abductor activity (Kubinski et al., 2015) and energy 

cost (Donelan et al., 2001; Wert et al., 2010).  The larger variability in ML-COM velocity 

that we observed in both groups with NSW suggests a higher risk of ML-balance loss in 

such a condition for any age.  

Hip abductor muscles medially accelerate the COM during the stance phase (Pandy et al., 

2010). Hence, decreased hip abductor strength with ageing (Johnson et al., 2004) might 

have led to less medial acceleration of the COM and subsequently larger and faster lateral 

ML-COM displacement in the older participants, compared to their young counterparts.. 

Moreover, it suggests that older adults might even have more difficulties in controlling 

their balance if they are forced to adjust their kinematics to a smaller ML-BOS. The 

adjustment of the gait kinematics to the reduced BOS was reflected in the ML-MOS and 

its variability. In older adults in the NSW condition, the mean ML-MOS was 1.91 times 

the SD, while in the young the mean MOS was 2.5 times the SD. A mean MOS of 1.91 
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SD implies that the probability of exceeding the BOS was 2.81% for the average older 

participant. This shows that walking with a reduced BOS challenges balance in older 

adults, and indeed impaired tandem walking is not uncommon in older adults and was 

shown to be a predictor of falling (Cho et al., 2004).  

Some limitations need to be considered. First, the older adults’ preferred walking velocity 

was slightly lower than that of young adults. As gait speed does not affect the ML-MOS 

(Hak et al., 2013; Hak et al., 2012), this difference is not expected to affect our main 

results. Second, we assumed a symmetric gait pattern and averaged out any possible step-

to-step variability. Third, we used the averaged COP between HS and TO to estimate the 

BOS over steps. Although the actual BOS would be slightly larger than estimated here, 

using the lateral edges of the feet to define the BOS would likely not alter our main 

conclusions. Finally, a constant percentage of body height was assumed for leg length to 

calculate ML-xCOM in both groups; however this percentage might be underestimated in 

older adults due to an age-related decrease in spine height. If so, we slightly 

underestimated the ML-xCOM and overestimated the ML-MOS in older adults.  

3.5 CONCLUSION  

The present study indicates that balance in the frontal plane is challenged in both young 

and older adults during narrow base walking. Despite reductions of ML-COM 

displacement and velocity to keep the COM within the BOS, the smaller mean ML-MOS 

combined with the larger ML-MOS variability indicates less robust gait in the older 

adults. 



 
 

 



 
 

 

 

 

4. 

 

Effects of constrained trunk movement on 

frontal plane gait kinematics 
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Previously it has been shown that constraining step width in gait coincides with 

decreased trunk displacements. Conversely, external stabilization of the upper body in 

gait coincides with decreased step width, but this may in part be due to changes in 

passive dynamics of the leg. In the present study, trunk kinematics during gait were 

constrained without external stabilization by using an orthosis, to investigate whether step 

width and dynamic gait stability in the ML direction are changed in relation to trunk 

kinematics. Nine healthy young adults walked on a treadmill at three different speeds 

with no intervention and while wearing a thoracolumbar orthosis. Based on marker 

trajectories, trunk COM displacement, body COM displacement and velocity, step width, 

and margin-of-stability in ML direction were calculated. The results showed that the 

orthosis significantly reduced trunk and body COM displacements. As hypothesized, the 

restriction of trunk movement coincided with significantly decreased step width, while 

the margin-of-stability was not affected. These findings indicate that, when trunk 

movements are constrained, humans narrow step width, while maintaining a constant 

margin-of-stability. In conclusion, the present results in combination with previous work 

imply that in gait a reciprocal coupling between trunk kinematics and foot placement in 

the frontal plane subserves control of stability in the frontal plane. 

 

 

 

.   



Trunk movement & frontal plane gait 

61 

4.1 INTRODUCTION 

The dynamic stability of gait requires regulation of the center of mass (COM) position 

with respect to the base of support (BOS), which in the ML direction requires active 

control (Bauby and Kuo, 2000). Half of the whole body mass is located in the trunk 

segment (Jensen and Fletcher, 1994) and therefore the trunk segment needs to be 

controlled in relation to the lateral border of the BOS (Woollacott and Tang, 1997), 

which is determined by mediolateral foot placement.  

In a previous study, we showed that walking with a narrower step width coincides with 

changes in the COM kinematics, suggesting that trunk kinematics are adjusted when step 

width is constrained (Arvin et al., in press). In addition, previous studies have shown a 

correlation between frontal plane trunk kinematics during the swing phase of gait and 

control of the subsequent step width (Hurt et al., 2010; Wang and Srinivasan, 2014), 

which in turn, was shown to be correlated with swing leg gluteus medius activity (Rankin 

et al., 2014). While these findings were interpreted as indicative of foot placement being 

adjusted to trunk kinematics, the observational nature of these studies does not exclude 

the opposite, i.e. adjustment of trunk kinematics to the planned, future foot placement. 

Experimental evidence, in line with foot placement being guided based on trunk 

kinematics, was provided by studies on walking with external pelvic stabilization. This 

manipulation decreases lateral displacement of the COM and coincides with decreased 

step width and step width variability (Donelan et al., 2004; Ijmker et al., 2013; Veneman 

et al., 2008). However, the external stabilization, which couples the subject’s pelvis 

mechanically to an external rigid frame, limits pelvis movements (IJmker et al., 2014). 
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This in turn may affect the passive dynamics of the swing leg in the frontal plane, which 

could account for effects on foot placement. 

To test the effects of trunk kinematics on step width without external stabilization, we 

used a trunk orthosis in the present study to constrain trunk movement. First, we 

examined whether our experimental set-up was successful in restricting the trunk (in local 

and global reference frames) and total body COM movement (in the global reference 

frame) over a range of gait speeds. If so, we hypothesized that smaller movements of the 

trunk segment would coincide with a narrower step width. In addition, we investigated its 

effects on dynamic stability in the frontal plane, in terms of the margin of stability (MOS) 

as proposed by Hof (Hof et al., 2005). To further explain the relationship between trunk 

movement and step width, we analyzed trunk, pelvis, and hip angles.  

4.2 METHODS 

4.2.1 Participants 

Nine healthy young adults (all males, mean age 23 SD 3 years; height 1.80 SD 0.05 m; 

body mass 69 SD 4 kg) voluntarily participated in this study. They were included if they 

had no known pathology, including neurological or orthopaedic disorders that would 

interfere with gait. The local ethics committee approved the protocol and all participants 

gave their written, informed consent before participation.  
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4.2.2 Experimental protocol 

Participants were asked to walk on a treadmill (EN-BO system, Bonte technology, 

Amsterdam, The Netherlands) at speeds of 3.6, 4.4, and 5.2 km/h, in two different 

conditions. First they walked normally with no intervention (reference condition). 

Subsequently, they walked with a trunk orthosis (Aspen LSO, Aspen Medical Products, 

Long Beach, CA, USA), which restricted the trunk motion at the level of the 

thoracolumbar spine (orthosis condition; Figure 4.1). The speed trials were performed in 

order of increasing speed, and the experiment always started with the reference condition, 

followed by the orthosis condition. For all trials and conditions, the participants walked 

for 35 seconds, while the measurements were performed during the final 20 seconds. 

Before the measurement, the participants had 2.5 min to get used to each condition. 

4.2.3 Data collection 

The Optotrak LED marker clusters were attached with straps on the posterior surface of 

the heels, shanks, thighs, arms, forearms, and the thorax at the level of T1. The cluster for 

the pelvis was placed laterally at the left hand side distal to the iliac crest to avoid contact 

with the brace. The markers were tracked by two Optotrak camera systems (Optotrak
®

 

Northern Digital Inc., Waterloo, Ontario) at 50 samples/s. 

Before the trials, anatomical landmarks were digitized in an upright posture, using a 

probe with six markers. A 3D linked segment model, developed by Kingma et al 

(Kingma et al., 1996), was used to calculate the trajectories of the segments based on the 

x, y and z coordinates of the markers and anatomical landmarks. All trajectories were low 
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pass filtered with a cut off frequency of 5 Hz. The mass of each segment was estimated 

based on the segment lengths plus segment circumference (Zatsiorsky, 2002), 

anthropometric parameters and sex (Faber et al., 2013). Body COM was calculated as the 

weighted sum of segment COM over all segments.  

 
 

 

Figure 4.1. Anterior and posterior views of the trunk orthosis 

 

4.2.4 Data analysis 

The instants of right heel strike (rHS) were detected as the local minima of the right toe 

landmark vertical velocity (Pijnappels et al., 2001). For further analyses, the time-series 

in the ML direction were used to calculate the parameters in the frontal plane. The mean 

value of all variables was obtained by averaging over 20 seconds of walking, which 

contained 17 (SD 1) strides. 
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4.2.5 Trunk and whole body COM kinematics  

To test whether our experimental set-up was successful in constraining the trunk 

kinematics, the peak-to-peak amplitudes of the local (with respect to the pelvis) and 

global trunk displacements in ML direction were calculated between two subsequent rHS. 

Local trunk displacement was estimated as the relative displacement between the clusters 

on pelvis and thorax. Trunk and body COM velocity in ML direction were calculated as 

the first derivatives of the position time-series. The ML body COM position and velocity 

were used to calculate the peak-to-peak amplitudes within each stride, which were again 

averaged over strides.  

4.2.6 Step width and dynamic stability 

To test the effect of restricted trunk kinematics on foot placement and gait dynamic 

stability in frontal plane, the step width was calculated as the distance between right and 

left heel in ML direction at rHS. The extrapolated COM was calculated based on ML 

body COM position and velocity time series (Hof et al., 2005). The minimal distance 

between the heel and extrapolated COM within each stance phase was calculated and 

averaged over trials to obtain an estimate of the margin of stability (MOS) (Hof et al., 

2005).  

4.2.7 Pelvis and hip angles 

To assess how hip movements link trunk kinematics to foot placement, the local trunk 

lateral flexion angle with respect to the pelvis segment, the global pelvis tilt angle, i.e., 

the pelvis orientation in the frontal plane, and local hip abduction/adduction angles with 
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respect to the pelvis segment were calculated based on ISB recommendations (Wu et al., 

2002). Peak left and right trunk lateral flexion, pelvis up- and downward tilt and hip 

adduction and abduction angles were defined as the minima and maxima between two 

subsequent rHS. Peak angles were averaged over strides and hip angles also over left and 

right sides.  

4.2.8 Statistics  

The assumption of normality was checked by the Shapiro-Wilks test. Homogeneity of 

variance was checked using Levene’s test. No violations of these assumptions were found. 

To test whether the trunk orthosis affected the dependent variables at different gait speeds, 

two-way (conditions [reference, orthosis] × speed [3.6, 4.4, 5.2 km/h]) repeated measures 

analyses of variance (ANOVA) were performed. Bonferroni corrected post-hoc paired t-

tests were used to determine at which speeds significant differences occurred between 

conditions. For all analyses, p-values < 0.05 were considered significant and statistical 

analyses were performed using IBM SPSS statistics 21.0. 

4.3 RESULTS 

All ANOVA results are summarized in Table 4.1. 

4.3.1 Trunk and body COM kinematics 

Mediolateral trunk displacements and velocity in the global and local coordinate systems 

were significantly lower when participants walked with the trunk orthosis in comparison 

to the reference condition (Figure 4.2). For local trunk velocity an interaction between 

orthosis and speed was found, but the effect of orthosis was consistent across speeds. 
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With respect to the ML body COM kinematics, displacement and velocity were lower 

when walking with the trunk orthosis.  

Table 4.1. Results of ANOVAs for effects of orthosis and gait speed and their interaction. 

Significant p-values are printed in bold.  

  

 orthosis speed orthosis *speed 

F1,8 p F2,8 p F2,8 p 

local trunk displacement 11.9 0.009 1.2 0.322 1.0 0.380 

local trunk velocity 24.6 0.001 9.9 0.002 7.9 0.004 

global trunk displacement 8.5 0.019 49.4 <0.001 0.3 0.751 

global trunk velocity 6.17 0.038 11.5 < 0.001 6.0 0.011 

COM displacement 10.6 0.012 21.9 <0.001 2.5 0.115 

COM velocity 13.2 0.007 9.4 0.002 0.7 0.492 

step width 5.5 0.047 1.7 0.212 0.9 0.422 

Margin of Stability 0.5 0.504 40.5 <0.001 1.6 0.231 

local trunk flexion 17.7 0.003 24.5 <0.001 3.9 0.042 

pelvis tilt 17.5 0.003 22.5 <0.001 6.5 0.008 

hip adduction (stance) 3.1 0.114 34.9 <0.001 4.9 0.022 

hip abduction (swing) 3.1 0.114 2.3 0.137 0.6 0.540 

 

4.3.2 Step width and dynamic stability 

In line with our hypothesis, participants walked with significantly narrower steps in the 

orthosis condition than in the reference condition, while speed did not affect step width 

(Figure 4.3). The orthosis condition did not affect the MOS, but MOS increased slightly 

with increasing speed. These results may suggest that step width is regulated to attain a 

constant MOS in the frontal plane.  



Chapter 4 

68 

 
Figure 4.2. Group averages of peak-to peak displacement and velocity of the trunk and of the body 

COM in the frontal plane for the reference (black bars) and trunk orthosis (white bars) conditions at 

three gait speeds. The error bars indicate standard deviations. 

 

 

 

 

 

 

 

Figure 4.3. Group averages of step width and frontal plane Margin of stability for the reference 

(black bars) and trunk orthosis (white bars) conditions at three gait speeds. The error bars indicate 

standard deviations. 
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4.3.3 Trunk, pelvis and hip angles 

In line with the trunk kinematics, local trunk lateral flexion was significantly smaller in 

the trunk orthosis condition compared to the reference condition (Figure 4.4.). 

Furthermore, with the orthosis, the downward tilt of the pelvis on the swing side was 

significantly decreased. As indicated by an interaction of orthosis and speed, the 

concomitant hip adduction on the stance side was decreased at the two higher gait speeds. 

Hip abduction angles of the swing leg were not significantly affected by wearing the 

orthosis. Overall these results suggest that step width regulation was partially achieved 

through control of pelvis tilt over the stance leg, instead of modulation of swing leg 

abduction. 

 

 

 

 

 

 

 

 

 

Figure 4.4. Group averages of peak-to-peak trunk lateral bending and pelvis tilt and group averages 

of peak hip adduction in the stance phase and peak hip abduction angles in the swing phase for the 

reference (black bars) and trunk orthosis (white bars) conditions at three gait speeds. The error bars 

indicate standard deviations.  
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4.4 DISCUSSION  

4.4.1 Trunk and whole body kinematics 

The trunk orthosis successfully constrained ML trunk kinematics, in terms of angular 

movement relative to the pelvis as well as translation in the global coordinate system. 

Previous studies (Donelan et al., 2004; Veneman et al., 2008) used lateral stabilization of 

the pelvis level to stabilize movement in the frontal plane. An important difference 

between lateral stabilization and our approach using a trunk orthosis is the (absence) of 

mechanical coupling to an external support. Nevertheless, the orthosis also restricted ML 

trunk kinematics in the global coordinate system. This confirmed that our experimental 

set-up allowed examining the effect of the trunk kinematics on foot placement and 

dynamic stability in the frontal plane, while avoiding mechanical effects of the fixation 

on leg dynamics. 

4.4.2 Step width and dynamic stability 

As hypothesized, the decreased ML trunk and whole body COM displacement coincided 

with narrower steps. The present results in combination with our previous work (Arvin et 

al., in press) imply that in gait a reciprocal coupling between trunk kinematics and foot 

placement in the frontal plane subserves control of stability. This suggests that humans 

take advantage of the constrained trunk movement, possibly to lower the energy cost of 

walking by narrowing step width (Donelan et al., 2004; Ijmker et al., 2013). The constant 

MOS would then suggest that dynamic stability functions as a constraint in optimizing 

energetic costs. Ijmker et al (2013) found that lateral pelvis stabilization caused a 24% 
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decrease in step width coinciding with a 6% decrease in energetic costs. It should be 

noted that the decrease in step width shown here of about 4% was much smaller than this 

and hence it is unsure whether this would to lead a notable decrease in energy costs.  

4.4.3 Pelvis and hip angles 

Walking with the orthosis coincided with a decrease in the downward tilt of the pelvis on 

the swing side during stance phase of gait. The angular movement of the trunk and pelvis 

segments are coupled out of phase (Krebs et al., 1992). Possibly, the constrained lateral 

bending of the trunk due to the orthosis caused the reduction in pelvis drop on the swing 

side. The changes in pelvis kinematics may have contributed to changes in step width 

particularly because swing hip abduction angle was not significantly affected by wearing 

the trunk orthosis.  
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Proprioception can be assessed by measuring joint position sense (JPS). Most studies 

have focused on JPS of the knee joint while literature for other joints especially for hip 

JPS is scarce. Although some studies have evaluated proprioception of the knee joint, the 

reproducibility of methods has rarely been investigated. The aim of present study was to 

estimate intra-session reliability and agreement of an active-active JPS test for hip 

flexion/abduction and knee flexion in healthy older adults. Nineteen healthy older adults 

participated in this study. The proprioception of the hip (flexion and abduction) and knee 

(flexion) were assessed in both legs using the “active-active” reproduction technique. 

Intraclass Correlation Coefficient (ICC), standard error of measurement (SEM) and limits 

of agreement (LOA) were estimated for relative-angular-error (RE), absolute-angular-

error (AE) and variable-angular-error (VE). Reliability of our JPS test was substantial to 

almost perfect for the RE for both joints and legs (ICC values ranging from 0.75 to 0.93). 

We also found that the ICC values for AE were substantial for knee flexion and hip 

abduction of the left and right leg. The ICC results of VE showed poor reliability for hip 

and knee joints. SEM and LOA values for hip abduction were generally lower than for 

hip and knee flexion, indicating lower measurement error or more precise scores for the 

proprioception test of hip abduction. In conclusion, proprioceptive acuity of the knee and 

hip joints in healthy older adults can be reliably assessed with an active-active procedure 

in a standing position with respect to relative and absolute error. 

 

 

 

 

 

.  
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5.1 INTRODUCTION 

Proprioception is defined as the perception of limb position, orientation and movement 

(Sherrington, 1906), and is essential for muscular control, the precision of motion, 

balance, and joint stability (Lonn et al., 2000; Lord et al., 1999; Rogers and Mille, 2003). 

A large body of evidence suggests that declined proprioceptive function during the aging 

process impacted on motor coordination and balance (Bullock-Saxton et al., 2001; Lord 

and Ward, 1994; Manchester et al., 1989; Pai et al., 1997; Pickard et al., 2003). 

Proprioception can be assessed by measuring joint position sense (JPS), and it usually 

involves a procedure where a target joint position is presented to a participant who is 

required to replicate that position, either simultaneously with the contralateral joint or 

after memorization with the same joint. The difference between the presented target and 

replicated position is used as a measure of accuracy. JPS of lower extremity joints can be 

assessed by various methods. Some studies have used a non weight-bearing (WB) posture 

such as side-lying (Benjaminse et al., 2009) or sitting (Olsson et al., 2004), whereas 

assessment of proprioception in a standing posture might be more functionally relevant, 

especially in relation to falling (Andersen et al., 1995; Kiefer et al., 1998). In addition, 

the JPS can be measured with various protocols such as passive-passive (Adamovich et 

al., 1998), active-active (Felson et al., 2009) or passive-active (Good et al., 1999) testing 

paradigms, in which the limb is passively (by an examiner) or actively (by the 

participant) moved to the target position when presenting the target and when replicating 

the target position. Active positioning and repositioning require muscle contraction, 

which enhances proprioceptive acuity in comparison with passive positioning or                                                                                                                                                                                                                                                                                                                                                                                                   

repositioning (Kalaska, 1994), and also it has been shown to be more accurate and 
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repeatable (Boerboom et al., 2008; Laufer et al., 2001). Furthermore, it is likely more 

representative of the sensory experience during the natural movement patterns of daily 

life activity. With respect to the lower extremities, most studies have focused on JPS of 

the knee joint (Arockiaraj et al., 2013; Baker et al., 2002; Barrack et al., 1983; Fouladi et 

al., 2010) while literature for other joints especially for hip JPS is scarce (Benjaminse et 

al., 2009). In addition, although some studies have evaluated proprioception of the knee 

joint, the reproducibility of methods has rarely been investigated.  

Reproducibility concerns the degree to which the same results are obtained on repeated 

measurements using the same methodology in a study (de Vet et al., 2001). 

Reproducibility is used as an umbrella term for the concepts of reliability and agreement. 

Reliability parameters assess how well subjects in a group can be distinguished from each 

other, despite measurement errors and are mainly expressed using an intraclass 

correlation coefficient (ICC). Agreement parameters assess how far apart the repeated 

measurements of a test-retest design within subjects are by estimating the measurement 

error (de Vet et al., 2001). 

In order to quantify proprioception in the context of balance control during standing and 

walking, in relation to falling in older adults, we developed an active-active JPS test in a 

standing position for hip flexion, hip abduction and knee flexion. In this study, we aimed 

to estimate the intra-session reliability and agreement of this JPS test in healthy older 

adults. Our findings may indicate whether these JPS tests are suitable for detecting short-

term, (experimental) affects in future studies with older populations. 
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5.2 METHODS 

5.2.1 Participants 

Nineteen healthy older adults (14 women and 5 men; mean age 73.5 (SD 7.8) years; 

height 167.3 (SD 9.7) cm; weight 70.6 (SD 11.3) kg) voluntarily participated in this 

study. They were recruited from a database and were excluded if they had a history of 

cardiovascular problems, joint disorders, neurological deficits, lower extremity injuries 

within the last 6 months, postural instability, and vestibular or visual problems. The local 

ethics committee approved the procedure in accordance with the declaration of Helsinki 

and all participants gave their written, informed consent before participation.  

5.2.2 Procedure of joint position sense (JPS) testing 

Participants wore their shoes and were dressed in shorts and shirts during all tests. They 

stood blindfolded upright on one leg while the other leg was unsupported to be able to 

freely flex the knee and flex or abduct the hip. They were allowed to touch a horizontal 

bar located in front of them at hip height for further support and all participants used both 

hands to touch the bar throughout the measurement.  

The proprioception of the hip (flexion and abduction) and knee (flexion) were assessed in 

both legs using the “active-active” reproduction technique, which means that (1) the  

participants slowly and actively moved the segment (i.e. lower leg for knee flexion and 

entire straight-leg for hip flexion and abduction) to a target position, identified by the 

examiner on the command “STOP”. The participants responded “YES” when they 

completely stopped the leg and the examiner pressed a switch; (2) the participants had to 
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memorize the target position while holding their leg at that position for approximately 4 

s; (3) the participants were instructed to slowly return their leg to the starting position on 

the command “RETURN”, and to keep it for 3 s; and finally (4) the participants were 

asked to actively reproduce the previous segment position using the same limb within 5 

seconds. The switch was pressed by the examiner again when the participants completely 

stopped the leg and answered “YES”. During the trials, the positions of LED markers of 

the Optotrak system (Northern Digital Inc, Waterloo, Ontario, Canada) attached to the 

apex of the iliac crest, greater trochanter, lateral femur epicodyle and lateral malleolus for 

both legs, were assessed with a sample frequency of 100 Hz.  

Four trials were performed for each of the 3 tests on both limbs. The target positions of 

the four trials were randomly varied by the examiner within the range of motion (ROM) 

that the participants could perform. In practice, the knee joint proprioception was tested 

at angles from 40° to 90° flexion. The hip joint proprioception was assessed at angles 

from 10° to 40° for abduction, and 10° to 45° for flexion (see data analysis section for the 

definition of the angles). In total, each participant had to perform 24 trials (4 trials × 3 

movements of knee flexion, hip flexion and abduction × 2 legs) during 20 minutes. All 

participants were tested in two sessions (of 24 trials each) and they had a rest period of 

about 15 minutes between the first and the second session. 

5.2.3 Data analysis 

Time series of the LED marker positions were used to calculate 1) the knee angle during 

knee flexion, defined as the relative angle between the lower segment (vector between the 

knee and ankle marker) and upper segment (vector between the knee and greater 
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trochanter marker), 2) the hip angle during hip flexion and hip abduction, defined as the 

relative angle between the vector of greater trochanter and knee marker and the vector of 

greater trochanter and iliac crest marker. Time series of the joint angles were 

synchronized with the switch data. The switch was pressed for about half a second, thus 

the average angle of these 40-50 samples was defined as the angle of the knee and hip 

joints. The JPS was determined from the differences between the target and reproduced 

angle and expressed using the following parameters: (1) the absolute angular error (AE), 

which is defined as the absolute difference between the target and the reproduced angle. 

The AE represents the overall accuracy in performance without directional bias, since the 

direction of the error (positive or negative) is ignored in the AE calculation; (2) the 

relative angular error (RE), which is the signed arithmetic difference between the  target 

and reproduced angle  and accounts for accuracy with  the direction of the error. The 

mean value of the four trials was used to calculate the AE and RE, and (3) the variable 

angular error (VE), which is determined as the standard deviation of the RE. The VE 

represents the consistency of the RE within the set of 4 trials. Data were analyzed using 

MATLAB (The MathWorks, Inc., Massachusetts, USA). 

5.2.4 Statistical analysis 

To express reproducibility of the JPS measurements, intra-session  reliability and 

agreement parameters were estimated. The Intraclass Correlation Coefficient (ICC(2.k), 

absolute agreement) suggested by Shrout and Fleiss (Shrout and Fleiss, 1979) was 

calculated. As a general guideline, Landis and Koch (1998) suggested the ICC value 

between 0.2 and 0.4 as fair, 0.4 and 0.6 as moderate, 0.6 and 0.8 as substantial and from 
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0.8 to 1 as almost perfectly reliable (Landis and Koch, 1977). In addition, the standard 

error of measurement (SEM) and the mean and standard deviation (SD) of the differences 

between the first and second sessions were used to estimate the limits of agreement 

(LOA) (Bland and Altman, 1999). LOA indicates that 95% of the differences between the 

two session scores are within these intervals. SPSS version 20 was used to calculate all 

relative and absolute reliability values. 

5.3 RESULTS 

Mean and SD of two sessions for relative errors, absolute errors and variable errors are 

presented in Table 5.1. Mean reposition errors ranged from 0.36° (SD 1.2) for hip 

abduction to 4.66° (SD 2.45) for knee flexion and the mean difference between sessions 

ranged from 0.01° (SD 0.96) for hip flexion to 0.79° (SD 2.01) for knee flexion. 

5.3.1 Relative error 

Table 5.2 shows the reliability (as expressed by the ICC) and agreement (as expressed by 

the SEM and LOA) for the RE of JPS of both joints and legs. Reliability was substantial 

to almost perfect (0.75 to 0.93) for each of the joints in both legs. The value of the SEM 

ranged from 0.48° for left hip abduction to 2.71° for right knee flexion. The interval of 

the LOA was the largest for right knee flexion (-7.12° to 7.89°,) and the smallest for left 

hip abduction (-1.51° to 1.13°). 
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Table 5.1. Means and standard deviation (SD) of the two sessions of the joint position sense tests. 

 

 

5.3.2 Absolute error 

ICC values between 0.68 and 0.81 indicate a substantial reliability for the AE for hip 

abduction and knee flexion (Table 5.3). However, low ICC values were found for hip 

flexion, especially for the left leg (ICC 0.11). The SEM varied between 0.39° for left hip 

abduction and 1.68° for right knee flexion. The smallest and largest intervals of LOA for 

AE were found for right hip flexion and knee flexion, respectively.  

 

 

left right 

Mean1(SD) Mean2(SD) Mean-d(SD-d) Mean1(SD) Mean2(SD) Mean-d(SD-d) 

RE variable٭       

Hip abduction 
0.64 (1.00) 0.84 (1.11) -0.19 (0.67) 0.36(1.2) 0.63(1.51) -0.27(1.36) 

Hip flexion 
0.50(1.50) 0.63(1.23) -0.12(1.46) 0.85(0.81) 0.92(1.12) -0.07(1.01) 

Knee flexion 
2.38(2.62) 3.11(3.17) -0.73(3.1) 2.53(3.69) 2.14(3.47) 0.38(3.82) 

AE variable       

Hip abduction 
1.28 (0.67) 1.65 (0.82) -0.37 (0.54) 1.32(0.67) 1.73(1.14) -0.41(0.95) 

Hip flexion 
1.56(0.78) 1.41(0.73) 0.14(1.02) 1.52(0.44) 1.20(0.96) 0.31(0.89) 

Knee flexion 
4.32(1.44) 4.30(1.81) 0.02(2.27) 4.65(2.79) 4.05(1.95) 0.60(2.38) 

VE variable       

Hip abduction 
1.35 (0.74) 1.61 (0.97) -0.25 (0.95) 1.17(0.56) 1.59(1.18) -0.42(1.32) 

Hip flexion 
1.41(0.83) 1.42(0.72) -0.01(0.96) 1.52(0.71) 0.92(0.57) 0.59(0.76) 

Knee flexion 
4.06(1.92) 4.09(2.08) -0.03(2.93) 4.66(2.45) 3.87(1.37) 0.79(2.01) 

 RE=relative angular error;  AE=absolute angular error;  VE=variable angular error ٭

Mean1 (SD) mean and standard deviation (SD) of first session in degrees, Mean 2 (SD) mean and SD of second 

session in degrees, Mean-d (SD-d) mean and SD differences between two sessions in degrees 
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Table 5.2. Intra-session reliability and agreement for relative angular error (RE).  

 left 

 

right 

RE variable٭ ICC SEM LOA ICC SEM LOA 

Hip abduction 0.93 0.48° -1.51°, 1.13°  0.81 0.96° -2.95°, 2.39° 

Hip flexion 0.77 1.03° -2.99°, 2.74°  0.79 0.71° -2.05°, 1.9° 

Knee flexion 0.75 2.20° -6.82°, 5.36°  0.76 2.71° -7.12°, 7.89° 

 RE=relative angular error; ICC = intraclass correlation coefficient; SEM = standard error of ٭

measurement; LOA = limits of agreement 

5.3.3 Variable error 

The reliability and agreement results for VE are presented in Table 5.4. The reliability of 

the VE ranged from very low (ICC 0.06) for right hip flexion to substantial (ICC 0.73) 

for right knee flexion. The SEM was between 0.54° and 2.08° for right hip abduction and 

left knee flexion, respectively. The largest interval for the LOA was for left knee flexion 

(-5.79° to 5.73°) and the smallest one was for left hip abduction (-0.89° to 2.09°). 

Table 5.3. Intra-session reliability and agreement for absolute angular error (AE).  

 left  right 

AE variable٭ ICC SEM LOA  ICC SEM LOA 

Hip abduction 0.81 0.39° -1.45°, 0.70°  0.71 0.67° -2.26°, 1.43° 

Hip flexion 0.11 0.72° -1.86°, 2.16°  0.56 0.63° -1.43°, 2.06° 

Knee flexion 0.68 1.61° -4.49°, 4.44°  0.80 1.68° -4.06°, 5.26° 

 AE=absolute angular error; ICC = intraclass correlation coefficient; SEM = standard error of ٭

measurement; LOA = limits of agreement 
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5.4 DISCUSSION 

The objective of the present study was to estimate the intra-session  reliability and 

agreement of an active-active JPS test for hip and knee joints in a standing position in  

healthy older adults. As a relative index for reliability, the ICC results indicated that 

reliability of the JPS test was substantial to almost perfect for the RE for both joints and 

legs (ICC values ranging from 0.75 to 0.93). We also found that the AE was substantial 

for knee flexion and hip abduction of the left and right leg, although it did not show good 

reliability for hip flexion. Moreover, the AE appeared not to be comparable between the 

left and right hip. The ICC results of VE were different for hip and knee joints of the left 

and right leg. The reliability of the JPS was substantial for left hip flexion and right knee 

flexion, whereas it was poor for right hip flexion and left knee flexion. 

The difference observed in reliability of the AE between left and right hip flexion might 

be explained by exploring the limits of agreement (Table 5.3) and mean differences 

 

Table 5.4. Intra-session reliability and agreement for variable angular error (VE).  

 left  right 

VE variable٭ ICC SEM LOA  ICC SEM LOA 

Hip abduction 0.70 0.68° -2.14°, 1.62°  0.36 0.54° -0.89°, 2.09° 

Hip flexion 0.59 0.66° -1.83°, 1.81°  0.06 0.94° -3.01°, 2.17° 

Knee flexion 0.20 2.08° -5.79°, 5.73°  0.73 1.42° -3.15°, 4.73° 

 VE=variable angular error; ICC = intraclass correlation coefficient; SEM = standard error of ٭

measurement; LOA = limits of agreement 
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 (Table 5.1), which illustrate the differences of systematic and random errors of AE 

respectively. The systematic error of AE for the left hip appears less than for the right hip, 

but the random error for left hip flexion is higher than for right hip flexion as the interval 

of LOA for left hip flexion is wider in comparison with right hip flexion. Additionally, 

based on the variance components of the ICC analysis for AE, the ratio of the participants’ 

variance to the total error variance (i.e. session variance plus residual error variance) was 

0.063: 0.5 for left hip flexion, whereas it was 0.17: 0.4 for right hip flexion. Thus, the 

poor reliability of AE for left hip flexion may be mainly related to lower variance 

between participants rather than higher measurement error. In other words, participants’ 

mean responses over both sessions were close to the grand mean response which reduced 

the ICC values, compared to the already low total variance that is based on the difference 

between each score and the grand mean. The comparison among left AE, and left and 

right RE for hip flexion confirms that the low ICC value for left AE is not related to 

measurement error since the systematic and random errors of REs are comparable to left 

AE, while the reliability of the left and right hip flexion tests for RE was substantial 

(Table 5.1 to 5.3). 

With respect to ICC values, direct comparisons with previous studies could not be made 

for knee position sense, since published ICC data were derived from different JPS tests 

(Boerboom et al., 2008; Hurkmans et al., 2007; Olsson et al., 2004; Pincivero et al., 2001; 

Piriyaprasarth et al., 2008). Olsson et al. (2004) found fair to good reliability of knee 

position sense, testing knee flexion in sitting and prone position with an active-active 

technique (Olsson et al., 2004). Mendelson et al. (2004) used an electrogoniometer to 

measure knee extension and hip flexion proprioception with a passive-active reproduction 
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technique in sitting and prone position. Based on their results of intersession reliability, 

the ICC values varied from 0.51 to 0.69 for the hip and from 0.53 to 0.61 for the knee 

(Mendelsohn et al., 2004). To our knowledge, only Benjaminse et al. (Benjaminse et al., 

2009) recently studied the intra- and intersession reliability of hip proprioception for hip  

flexion/extension, abduction/adduction and internal/external rotation, but their study 

showed poor intra-session reliability (ICCs <0.32) for their JPS measurements. They 

included threshold to detect passive motion (TTDPM), force sense (FS) and active JPS 

methods. Perhaps the large number of measurements caused fatigue or reduced 

participants’ concentration, with negative effects on reliability, although they allowed 10 

minutes rest-periods between proprioception tests. The authors further suggested that the 

poor results might be due to the difficulty to maintain balance in a single-legged standing 

position with the eyes blindfolded. Based on our participants’ self-report, they could 

easily keep their balance since they were allowed to touch a horizontal bar in front of 

them with both hands.  

Although we obtained a good reliability of AE and RE of hip and knee joints, the results 

of VE showed that neither the ICC values of the hip joint, nor the ICC values of the knee 

joint were comparable for the left and right leg. For instance, the reliability of right knee 

flexion was considerable (ICC 0.73), whereas the reliability of left knee flexion was poor 

(ICC 0.2). Thus, VE did not show satisfactory results. The ratio of session variance to 

participants’ variance is relatively large for the VE of right hip flexion and left knee 

flexion (0.16:0.13 and 0.22:0.14, respectively), which means that there were relatively 

large differences between sessions in SDs within the four trials. So the reproducibility of 

the VE appeared not sufficient in our set-up. We measured JPS over a relatively large 



Chapter 5 

88 

range of motion during four trials and the target positions of first session were not the 

same as in the second session, which may have increased inconsistency of the repetitions 

within the set of four trials. Consequently, the VE is not a suitable parameter to 

characterize the proprioception with any of our knee and hip joints tests. Olsson et al. 

found the same result for VE of knee flexion in prone and sitting positions (Olsson et al., 

2004).  

In contrast with the ICC, which relates within subject variance to the total variance, 

agreement parameters (e.g. SEM and LOA) are absolute indices of repeatability of 

participants’ scores and they are more informative for clinical usage (Atkinson and Nevill, 

1998; Hurkmans et al., 2007; Weir, 2005). According to our results, the SEM value for 

hip abduction was low compared to hip and knee flexion, indicating a lower measurement 

error or more precise scores for the proprioception test of hip abduction. As already 

mentioned, the ICC value for RE was higher than for AE, but the SEM value was lower 

for AE during knee flexion, hip flexion and abduction. So this result confirms our 

previous explanation that the low ICC of AE for left hip flexion is not due to 

measurement error but to low between-subject variance. This study was performed in a 

healthy but older population. It may be expected that in healthy subject, the agreement 

parameters may become better than in patient population. Hurkmans et al. (2007) 

explored the reproducibility of knee joint proprioception in patients with knee 

osteoarthritis (OA). They concluded that within-person variability in patient group has a 

considerable impact on the level of agreement as OA subjects may be less likely to detect 

repeated knee position changes (Hurkmans et al., 2007). Therefore, further investigations 
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on patient groups are required to examine the reproducibility of our set-up in those 

specific populations.  

The LOA is useful to determine when a change in an individual’s performance as a result 

of an intervention is “real”. If the change between two measurements is outside the LOA, 

this change is likely to be the cause of the intervention and the result indicates a true 

change in subject’s performance, beyond measurement error (Rankin and Stokes, 1998). 

Compared to previous studies on knee and hip joint position sense in different groups of 

healthy and patient subjects (Barrack et al., 1983; Bennell et al., 2005; Ishii et al., 1997; 

Lin et al., 2006), the interval of the LOA in our study was rather large, especially for 

knee position sense. This indicates that our test cannot detect the small changes of knee 

proprioception over time in individuals. Rankin and Stocks (Rankin and Stokes, 1998) 

suggested that studies on LOAs need a sample set of at least 50, otherwise the LOA will 

be overestimated; so the LOA reported here might be negatively affected by our sample 

size.  

In addition to variance in proprioceptive acuity, other sources of variance such as 

standing position, movement velocity of the leg, environmental circumstances, subjects’ 

attention, and learning effects may have contributed to the variance between repeated 

tests. To minimize the impact of these potential sources of error, the protocol was 

standardized to a high degree, the examiner was trained to standardize subject positioning 

and instruction, and subjects practiced in two trials before the actual measurements. 

Based on our results, we believe that these potential sources of error did not have a major 

impact on the reproducibility of our test, although there were some limitations for this 

study. For instance, participants were verbally instructed to slowly move the limb 
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towards the target position, but the speed of movement was self-selected. In addition, the 

target positions were not pre-selected and were therefore different between sessions, 

which may have affected especially the VE. As stated above, in this study JPS was 

assessed in a healthy older population. Although JPS might have been affected by age in 

this group, it might be more affected in patient groups such as knee OA, peripheral 

neuropathy and Parkinson’s disease , who also suffer from balance loss and falls (Duman 

et al., 2012; Nallegowda et al., 2004; Song et al., 2011). This needs to be further 

examined in order to apply this method in these populations. Finally, we tested 

reproducibility for two sessions that shortly followed each other at one day. This means 

that between day reproducibility still needs to be explored to be able to apply the JPS 

tests in clinical settings in which the effects of interventions and rehabilitation programs 

are evaluated.  

5.5 CONCLUSION  

The presented active-active procedure for the assessment of knee and hip proprioception 

in a standing position in a group of healthy older adults showed substantial intra-session  

reliability and acceptable agreement for RE and the majority of AE, but not for VE. Even 

though it can be used as a reliable method for future studies to investigate the effects of 

short-term intervention, we advocate further research aiming at between day reliability 

with larger sample sizes and patient populations to optimize the presented repositioning 

tests as tools for clinical evaluation. 
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Hip abductor neuromuscular capacity: a 

limiting factor in mediolateral balance 

control in older adults? 
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Mediolateral balance impairment is an important cause of falling in older adults. We 

aimed to investigate whether hip abductor muscular strength and/or position sense are 

limiting factors in mediolateral balance control. Sixteen community-dwelling older adults 

performed three different mediolateral weight-shifting tasks, by tracking: (1) a 

sinusoidally moving visual target, “visual-MELBA”, (2) a sinusoidally translating 

platform without explicit visual feedback, “mechanical-MELBA”, and (3) an 

unpredictable platform translation, “sudden-platform-translation”. Balance performance 

was quantified for each task and correlated with hip abductor position sense, isometric 

strength, and peak hip abduction/adduction moments and moment rates.  Participants 

with better balance performance showed higher and faster hip abduction/adduction 

moment production during the tasks. Isometric hip abductor strength was significantly 

correlated with accuracy of tracking the visual target, while hip abductor position sense 

was associated with the bandwidth over which the mechanical target could be tracked and 

with a smaller delay between CoM movement and the sudden platform movement.  The 

present findings indicate that Hip abductor muscles play an important role in mediolateral 

balance control. Accurate balance performance appears limited by lower hip abductor 

strength when explicit visual information on balance reduces the need for hip abductor 

proprioception, while proprioceptive acuity may limited balance performance when no 

explicit enhanced feedback is presented and required weight shifts have to be inferred 

from ‘normal’ sensory information. 
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6.1 INTRODUCTION 

On estimate 30% of community-dwelling older adults fall at least once per year (Milat et 

al., 2011). Incorrect weight shifting is the most common cause of falling, and standing is 

one of the three classes of activities during which most falls in older adults occur 

(Robinovitch et al., 2013). Balance impairment, particularly in mediolateral (ML) 

direction, is suggested to be an important risk factor for such falls (Hilliard et al., 2008; 

Lord et al., 1999; Tinetti et al., 1988) and community-dwelling older adults are less able 

to actively control ML displacement of the center of mass (CoM) than young adults 

(Cofre Lizama et al., 2014).  

ML-balance in bipedal stance is mainly controlled by a hip loading-unloading strategy 

through modulation of hip abductor muscle activity (Winter et al., 1993). An age-related 

reduction in hip abduction-adduction strength and torque production rate (Johnson et al., 

2004; Kim et al., 2011) may negatively affect ML-balance control (Chang et al., 2005). 

Besides adequate muscle strength, balance control requires adequate integration of visual, 

vestibular and somatosensory information (McCloskey, 1978). Hip abductor afference 

appears to play a role in this, since hip abductor vibration causes ML sway (Cofre Lizama 

et al., 2016; Roden-Reynolds et al., 2015). Although both the motor and the sensory 

capacity of the hip abductor musculature likely contribute to ML-balance control, it can 

be questioned whether these capacities limit balance performance in challenging 

situations. 

We investigated whether hip abductor motor and sensory capacities limit balance control 

during predictable and unpredictable ML-weight-shifting in older adults. We correlated 
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muscle strength and joint position sense with performance on weight shifting tasks. As a 

visually guided task, we used a recently developed “MedioLateral Balance Assessment” 

tool (MELBA), in which participants track a visual target at increasing frequencies with 

ML movements of the CoM (Cofre Lizama et al., 2014). We additionally used a 

mechanical version of MELBA, without explicit visual feedback, in which target 

movements were imposed through platform translations that participants had to follow by 

shifting their CoM, again gradually increasing the frequency of target movements. Both 

of these tasks were continuous and predictable as target movements were sinusoidal. To 

compare, we also tested performance after transient unpredictable platform translations.  

Because of the presence of explicit, enhanced visual feedback in visual-MELBA, 

proprioceptive information would be less important for balance (Cofre Lizama et al., 

2016) and performance might consequently be limited by hip abductor strength. Hence, 

we hypothesized that people with higher isometric abductor strength will perform better 

on the visual MELBA. Omitting explicit visual feedback, as in mechanical-MELBA and 

the unpredictable platform translations, makes proprioceptive information more 

important (Cofre Lizama et al., 2016), hence in these tasks, hip abductor proprioception 

might limit performance before hip strength does so. Therefore, we hypothesized hip 

proprioceptive acuity to be correlated to performance in mechanical-MELBA and after 

sudden platform translations. 
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6.2 METHODS 

6.2.1 Participants 

Sixteen community-dwelling older adults (12 females and 4 males with a mean age of 

68.3 (SD 4.8) years, a mean body height of 165.6 (SD 7.0) cm and a mean body mass of 

68.1 (SD 12.6) kg) participated in this study. Potential participants were excluded if they 

had a history of musculoskeletal disorders within the last 6 months, any pathology or 

previous surgery involving lower extremity joints or low back, or any neurological 

disorders including vestibular or visual problems and postural instability. The local ethics 

committee of KU Leuven approved the procedure. Participants signed informed consent 

before participation. 

6.2.2 Experimental design 

A novel mediolateral balance assessment task (MELBA) (Cofre Lizama et al., 2014) , 

which consists of tracking a visual target with the body CoM, was used. To challenge 

various sensory and motor capacities, we selected (1) predictable weight shifting, 

tracking a sinusoidally moving visual target with explicit visual feedback, henceforth 

called “visual-MELBA”, (2) predictable weight shifting, by standing as still as possible 

on a sinusoidally translating platform without explicit visual feedback, henceforth called 

“mechanical-MELBA”, and (3) reactive unpredictable weight shifting to regain upright 

stance after a sudden transient platform translation to right or left, henceforth called 

“sudden-platform-translation”. Body height was measured to standardize stance width 

during all tasks. Maximum hip abductor muscle strength and hip joint position sense 

(JPS) were assessed as measures of neuromuscular capacity.   
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The experiment always started with the visual and the mechanical MELBA (the order of 

the visual and mechanical MELBA was randomized between participants), followed by 

sudden-platform-translation. Four trials of visual-MELBA and mechanical-MELBA tasks 

were performed by each participant, of which the first one was used to get familiar with 

the task. For sudden-platform-translation, participants were given one practice trial before 

the measurements. Subsequently, eight trials were performed randomly ordered, yielding 

a total of four left and right translations.  

6.2.2.1 Visual MELBA protocol 

 

The visual-MELBA task has been described previously (Cofre Lizama et al., 2014). In 

short, participants were asked to stand with arms crossed, with a stance width of 11% of 

body height and a 14° angle between the longitudinal axes of the feet, while their CoM 

position (red sphere of 9 cm diameter) was projected on a screen (2 x 1.5 m size) (Figure 

6.1). The projected target (white sphere of 11 cm diameter) moved sinusoidally in ML-

direction, with an amplitude of 50% of stance width, while its movement frequency 

increased over time (Cofre Lizama et al., 2014). The target signal comprised 2 blocks of 

20 seconds at 0.1 and 0.2 Hz, 1 block of 10 seconds at 0.3 Hz, and 13 blocks of 5 seconds 

at 0.4 to 1.6Hz (with 0.1 Hz increments per block). The total duration of the task was 115 

seconds. The participants were instructed to track the target by ML-CoM movement as 

accurately as possible, by moving their entire body.  
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Figure 6.1. The measurement set-up for 

weight shifting tasks. The visual MELBA 

is presented here on the screen (white 

sphere indicating the mediolaterally 

moving target that needed to be tracked 

by the grey sphere representing the body 

COM). The mechanical Melba and 

sudden transition tasks were assessed 

without any screen projection while the 

platform was moving mediolateraly. 

 

 

 

 

 

 

 

 

 

 

 

 

6.2.2.2 Mechanical MELBA protocol 

The participants were asked to stand on a CAREN platform (Motekforce Link, 

Amsterdam, The Netherlands). The setup was the same as in Figure 6.1, except that the 

representation of the CoM and the visual target were not projected. The target now was 

the mediolaterally moving platform; the subject was instructed to stand as still as possible 

to follow the platform translation. The target signal was constructed with the same 

frequency changes as the visual-MELBA, but the maximum amplitude of the platform 

movement, which was 50% of stance width, was decreased by 2% to 64% over the range 

from 0.4Hz to 1.6Hz, in view of the maximum acceleration of the CAREN platform. 
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6.2.2.3 Sudden platform translation protocol 

Participants were instructed to stand still in the same setup as used for MELBA and to 

regain upright stance as quickly as possible after a perturbation, without stepping. After a 

random interval of minimally 5 s, the platform suddenly translated towards the left or 

right (Figure 6.1). The mean velocity of the platform translation was 12 cm/s and the 

amplitude was 10 cm.  

6.2.2.4 Hip abduction strength test  

Isometric hip abduction strength was assessed while standing on one leg and holding a 

horizontal bar placed in front of the body for external support. A force transducer (HBM, 

U2A, Darmstadt, Germany) was in series with a strap, attached by a velcro fixation 

around one of the ankles on one end and to a wall on the other end. Participants pulled 

the strap by abducting their extended leg with maximal force for 2 seconds and were not 

allowed to laterally bend their trunk during the test. Participants performed 3 trials with 

each leg, with sufficient time between trials. The force was sampled at 900 samples/s. 

6.2.2.5 Joint position sense (JPS) test 

Participants stood blindfolded upright on both feet. For balance support, they were 

allowed to touch a horizontal bar located in front of them at hip height. The JPS for hip 

abduction was assessed with an “active-active” paradigm, i.e., participants (1) actively 

abducted the extended leg to a target orientation, identified by the examiner by the 

command “STOP”, and responded “YES” when they had completely stopped upon which 

the examiner generated a trigger signal ; (2) memorized the target orientation while 
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holding their leg in that orientation for approximately 4 s; (3) returned their leg to the 

starting orientation on the command “RETURN”, and maintained that for 3-4 s; (4) 

actively reproduced the target position within 5 seconds, again indicating the end of 

movement by saying “YES”, to initiate a trigger set by the examiner. The target positions 

of the four trials for each leg were randomly varied within the range of 15-30°. The hip 

JPS test was also repeated for three trials for each leg. Subjects were allowed to rest 

between trials if desired. The intra-session reliability of this test was shown to be good to 

excellent (ICC 0.71–0.93) (Arvin et al., 2014) .  

6.2.3 Data collection and preprocessing 

Twentythree retro-reflective markers were attached bilaterally on the tip of the second toe, 

lateral/medial malleolus, heel, anterior tibia, lateral/medial femoral epicondyle, anterior 

thigh, anterior/posterior superior iliac crest, and acromion, and the forehead. Marker 

motion was captured by a 6-camera VICON system (6 MX camera system, VICON, 

Oxford Metrics, Oxford, UK) at a sample rate of 100 samples/s. Mechanical MELBA 

was performed on the CAREN platform (Motekforce Link, Amsterdam, The 

Netherlands) platform with two embedded 0.8 x 0.3 m force platforms (AMTI, 

Watertown, USA), sampling at 1000 samples/s.  

Anatomical coordinate systems (ACS) were constructed for each segment, by making a 

short recording of the markers in static posture trials. The foot ACS was constructed 

based on the tip of the second toe, heel, lateral/medial malleolus. The shank ACS was 

defined by lateral and medial malleoli, and the anterior tibia condyle. The thigh ACS was 

based on the lateral and medial femoral epicondyles and the anterior aspect of the thigh. 
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For the pelvis, the left and right anterior-superior iliac spines and posterior-superior iliac 

spines were used.  

The body CoM was calculated with a 9‐ marker frontal plane model (forehead, 

acromions, anterior‐ superior iliac spines, lateral femoral epicondyles and lateral 

malleoli). Sex specific CoM calculations were performed according to De Leva (1996). 

D-flow 3.18.0 software (Motekforce Link, Amsterdam, The Netherlands) was used to 

produce target signals as well as to record and display target and CoM data at 100 

sample/s.  

6.2.4 Data analysis 

6.2.4.1 Analysis of visual and mechanical MELBA data 

Balance performance over the frequency range in the target signal was defined based on 

the linear constant coefficient transfer function between target signal and body CoM 

position, estimated using the Welch algorithm over windows of 0.25 times the length of 

the target (per block) with 90% overlap between windows. For both the visual and 

mechanical MELBA, the phase-shift (PS; in degrees) and gain (G) between target and 

CoM position were estimated. Perfect performance implies zero PS and G equal to one 

over all frequencies. The frequencies at which the PS dropped below 90 degrees and the 

G dropped below 0.5 were determined as the cutoff frequencies for phase shift (fps) and 

gain (fG). The mean PS (PSmean ) and mean G (Gmean) were calculated over the bandwidth 

of 0.1 Hz to fps and fG, respectively (Cofre Lizama et al., 2014).  

Besides these performance measures, the total net moment around the right and left hip 

joint in the frontal plane was calculated, applying a bottom-up inverse dynamics model 
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(Kingma et al., 1996). This model calculates moments about a specified joint, based on 

external forces and segment kinematics and anthropometry. The model inputs in the 

present study were ground reaction forces, kinematics and anthropometry of body 

segments below the hip joint (Hof, 1992). Center-of-pressure (CoP) measured by the 

force platform was corrected for platform motion in the mechanical-MELBA by adding 

the displacement of the ankle joint (stationary with respect to the force platform) to the 

CoP.  The rate of the hip abduction/adduction moment was calculated as the first 

derivative of the hip abduction/adduction moment time-series. 

The peak hip abduction/adduction moments and moment rates were calculated over from 

the start of each trial until fps, and results for the left and right hips were averaged for 

statistical analyses. One subject was excluded for joint moment calculation as the force 

data were not appropriately saved during the measurement. All results were averaged 

over three trials. All data analyses were done using MATLAB R2012. 

6.2.4.2 Analysis of sudden platform translation data 

After sudden-platform-translation, CoM movement lags behind platform movement 

(Figure 6.2). Balance performance in this task was defined as time delay (Dsud) between 

the CoM position and the platform position at 50% of the movement, with a smaller value 

indicating shorter delay and better balance performance.  

The net abduction/adduction moments and the rates of moment changes around the left 

and right hip joint were calculated with correction for platform motion as described 

above. The peak abduction and adduction moments and the moment rates between 
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sudden translation 

Figure 6.2. Target and typical examples of center of mass (CoM) trajectories (in cm) during the 

three different weight-shifting tasks. Dsud during the sudden translation task was calculated as 

the time delay between the CoM position and the platform position at 50% of their movement 

(black circles). 

 D sud 

translation onset and 2 seconds later was determined and averaged over trials and left and 

right hips. 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.2.4.3 Analysis of hip abduction strength 

The force signal was low-pass filtered (cutoff frequency at 5 Hz). Then, the maximum 

force over three trials was determined and multiplied by the length from anterior superior 

iliac crest to medial malleolus, to calculate the isometric hip abduction moment. Left and 

right maximum hip abduction moments were averaged for further statistical analysis. 
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 6.2.4.4 Analysis of JPS 

The hip abduction angle with respect to the pelvis segment was calculated according to 

(Wu et al., 2002). The target and reproduced hip abduction angles were averaged over a 

400 ms interval around the trigger. The absolute difference between target angle and 

reproduced angle was defined as the absolute angular error (AE). The AE represents the 

overall accuracy in performance in the JPS test. The AE was averaged over 4 trials and 

over left and right legs for further analysis (Arvin et al., 2014). 

6.2.4.5 Statistics  

Statistical analyses were performed in IBM SPSS Statistics 21.0 (IBM Corporation, 

Armonk, NY, USA).  Descriptive statistics of balance performance are given as means 

and standard deviations of fps, PSmean, fG, Gmean for visual and mechanical-MELBA and 

Dsud for unpredictable-platform-translations. 

Parametric assumptions were not violated. We compared balance performance measures 

(fPS, PSmean, fG and Gmean) between visual and mechanical-MELBA by paired sample t-

tests and peak hip abduction/adduction moments and moment rates between all three 

tasks by one-way repeated measures ANOVAs. 

Pearson product-moment correlations were calculated to determine whether balance 

performance measures for both MELBA tasks and Dsud for the sudden translation task 

were associated with (1) hip abduction/adduction moments and moment rates during the 

tasks; (2) maximum isometric hip abduction strength and (3) absolute errors in hip 

abduction repositioning. For all analyses, the significance level was set at 0.05.  
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6.3 RESULTS 

6.3.1 Neuromuscular capacity 

The mean absolute repositioning error and the mean isometric hip abduction strength 

over all participants were 1.72 (SD 0.97)º and 83.40 (SD 35.05) Nm, respectively.   

6.3.2 Balance performance  

Balance performance measures of all weight-shifting tasks are presented in Table 6.1. 

The mean phase difference between the target and the CoM was significantly lower 

during the visual-MELBA task than during the mechanical-MELBA task, indicating 

better tracking of the target during the visual-MELBA task in spite of the larger target 

signal amplitude. The other balance performance measures were comparable for the 

visual and mechanical MELBA tasks. 

Typical examples of ML-hip moments during the three tasks illustrate that peak hip 

moments produced during the tasks were out of phase between left and right hips and 

increased to substantial levels only after 60 s in the MELBA tasks, i.e. at frequencies 

above 0.5 Hz (Figure 6.3). The magnitudes of these peak moments and moment rates 

within the bandwidth were not significantly different between tasks at group level (Table 

6.1).  
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Left sudden translation 

Figure 6.3. Typical examples of hip abduction/adduction moments during the three weight-

shifting tasks. The vertical lines in the top panels present block frequency increments over time; 

the dashed vertical lines indicate the block where the performance dropped. The arrow in the 

bottom panel represents the platform translation onset. 
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Table 6.1. Balance performance measures (fps, PSmean, fG and Gmean, see text) and peak hip 

abduction/adduction moments and moment rates (mean (SD)) during visual and mechanical 

MELBA tasks and the sudden translation task. P-values indicate condition effects.  

 

6.3.3 Correlations between performance and moments produced 

during the tasks 
 

For the visual-MELBA task, the performance measure fps was significantly correlated 

with peak hip adduction and abduction moments (Table 6.2), indicating that higher hip 

moments are produced when the target is tracked to higher frequencies with limited phase 

lag. Similar results were obtained for hip moment rates (Table 6.2). For the other 

performance indicators, no significant correlations with hip moment and moment rates 

were found. 

 Visual 

MELBA 

Mechanical  

MELBA 

Sudden 

translation 

p-value 

fps (Hz) 0.82 (0.20) 0.87 (0.19) N/A 0.582 

PSmean (º) -34.36 (5.35) -48.60 (6.89) N/A <0.001 

fG 0.82 (0.17) 0.74 (0.12) N/A 0.226 

Gmean 0.79 (0.05) 0.75 (0.14) N/A 0.268 

Dsud (s) N/A N/A 0.50 (SD 0.12) N/A 

Add moment (Nm) 22.25 (7.18) 21.59 (7.44) 21.01 (1.71) 0.633 

Abd moment (Nm) 30.17 (10.87) 29.15 (10.17) 35.23 (10.26) 0.099 

Add moment rate (Nm/s) 157.53(79.46) 130.97(82.13) 137.74(28.16) 0.439 

Abd moment rate (Nm/s) 159.47(74.53) 129.89(84.98) 135.35(19.86) 0.373 
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For the mechanical-MELBA task, the performance measures fps and PSmean were 

significantly correlated with peak hip adduction and abduction moments and moment 

rates (Table 6.2), indicating that greater and faster hip moments are produced when the 

target is tracked with a limited phase lag to higher frequencies. Also the correlations 

between Gmean and peak hip abduction and adduction moments were significant (Table 

6.2), indicating that greater hip moments are produced when higher levels of Gmean are 

reached. 

For the sudden-translation task, Dsud was significantly and negatively correlated with the 

peak hip abduction and adduction moments (Table 6.2), indicating that participants 

producing greater hip moments showed a smaller delay of CoM to platform movement. 

6.3.4 Correlations between performance and neuromuscular 

capacity 

For the visual-MELBA task, only isometric hip abduction strength correlated with 

performance; in particular, PSmean and Gmean were significantly and positively correlated 

with maximum hip abduction strength (Table 6.3). For the mechanical-MELBA task, fps 

correlated with AE in the JPS test (Table 6.3), indicating that participants with lower 

errors in position sense are those who tracked the target up to a higher frequency of the 

target movement. AE was also correlated with time delay (Dsud) in the sudden 

translation task, implying that participants with more accurate hip position sense are 

those who had shorter delay in tracking the platform translation. 
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Table 6.2. Pearson’s correlations (r) and their p-values (p) between performance indicators (fps, 

PSmean, fG, Gmean, and Dsud, see text) and hip peak moments and moment rates during the weight-

shifting tasks. Significant correlations are printed in bold.  

 
  Hip adduction 

moment 

Hip abduction 

moment 

Hip adduction 

moment rate 

Hip abduction 

moment rate 

  r p r p r p r p 

V
is

u
al

  

M
E

L
B

A
 

fps 0.73 0.002 0.73 0.002 0.90 <0.001 0.87 <0.001 

PSmean 0.36 0.178 0.30 0.279 0.40 0.136 0.37 0.180 

fG 0.35 0.199 0.168 0.551 0.30 0.271 0.32 0.249 

Gmean 0.03 0.907 0.02 0.942 0.08 0.766 0.05 0.839 

M
ec

h
an

ic
al

 

M
E

L
B

A
 

fps 0.63 0.012 0.54 0.038 0.62 0.013 0.65 0.008 

PSmean 0.66 0.008 0.59 0.021 0.64 0.010 0.63 0.011 

fG 0.15 0.583 0.40 0.139 0.08 0.770 0.03 0.901 

Gmean 0.68 0.005 0.68 0.005 0.49 0.063 0.50 0.059 

S
u

d
d

en
 

tr
an

sl
at

io
n
 

 

Dsud 

 

-0.73 

 

0.003 

 

-0.56 

 

0.037 

 

-0.22 

 

0.451 

 

-0.16 

 

0.599 

 

6.4 DISCUSSION 

The present study was aimed to determine whether the neuromuscular capacity of the hip 

abductor muscles is associated with ML-weight balance control in older adults. To do so, 

our participants performed three different ML-weight-shifting tasks. Higher hip moments 

and moment rates produced during all tasks were correlated with better performance, 

indicating that hip moment production was required in these tasks. 
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Table 6.3. Pearson’s correlation (r) and their p-values (p) between performance indicators (fps, 

PSmean, fG, Gmean, and Dsud, see text) in the weight-shifting tasks, absolute error of joint position 

sense test and maximum isometric hip moment. Significant correlations are highlighted in bold.  

 
  Isometric hip abduction 

strength 

Absolute error 

  r p r p 

V
is

u
al

 

M
E

L
B

A
 

fps 0.20 0.486 0.30 0.285 

PSmean 0.60 0.023 0.26 0.355 

fG 0.244 0.400 0.10 0.698 

Gmean 0.55 0.041 0.10 0.716 

M
ec

h
an

ic
al

 

M
E

L
B

A
 

fps -0.08 0.775 -0.50 0.048 

PSmean -0.13 0.657 -0.29 0.292 

fG 0.147 0.615 -0.09 0.733 

Gmean -0.11 0.691 -0.35 0.194 

S
u

d
d

en
 

tr
an

sl
at

io
n
 

Dsud -0.12 0.701 0.63 0.016 

 

We correlated performance on the weight-shifting tasks to hip abductor neuromuscular 

capacity, i.e. their maximum muscle strength and acuity of hip joint position sense. In 

line with our hypotheses, participants with higher maximum isometric hip abductor 

strength tracked the visual target more accurately, while participants who made smaller 

repositioning errors could track the mechanical target up to higher frequencies and could 

track the unpredictable platform movement with a shorter time delay.  

Impaired ML-balance control in standing has been identified as a common cause of falls 

among older adults (Robinovitch et al., 2013) and hip abductor strength is predictive of 

future falls (Hilliard et al., 2008). We therefore suggested that hip abductor strength 
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might limit ML-weight-shifting performance. The results of the present study offer partial 

support for this notion; we showed that higher and faster hip abductor/adductor moment 

production was associated with better performance in terms of a larger bandwidth and 

more accurate tracking of predictable target movements with the CoM and in terms of 

faster reactive control after sudden unexpected perturbations. Although this implies that 

ML-weight-shifting does require hip moment production, it does not necessarily imply 

that hip abductor strength is the limiting factor for ML-balance control. In fact, the 

findings revealed that maximum isometric hip abductor strength was correlated with 

PSmean and Gmean in the visual-MELBA task, indicating that it may limit accuracy of 

performance, but not bandwidth (reflected in fPS and fG). It should be noted that the peak 

moments produced during all tasks were well below the maximum isometric strength 

(<50%), but this could be a consequence of the dynamic nature of the task. Moreover, no 

correlations were found between maximum isometric hip abduction strength and peak 

moments or rates of moment development during the MELBA tasks. Strength was tested 

isometrically after a steady increase in muscle force. In contrast, during the weight-

shifting tasks, participants produced quickly alternating hip moments. This may also 

explain why no correlations were found between maximum isometric hip abduction 

strength and peak moments or rates of moment development during the MELBA tasks. 

Future studies could investigate whether the maximum rate of (abduction) force 

development is more predictive for dynamic balance performance. 

Besides sufficient muscle strength, adequate scaling of CoM movements in weight 

shifting likely requires accurate online sensory information regarding CoM position and 
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velocity. It has been proposed that visual and proprioceptive inputs are the main sensory 

feedback modalities to maintain balance in standing (Fitzpatrick et al., 1994) and that 

older adults rely more on visual feedback than young adults (Hay et al., 1996). However, 

unilateral hip abductor muscle vibration, which affects proprioceptive afference from the 

muscle spindles, resulted in contralateral postural sway indicating that hip abductor 

proprioception is important for control of standing posture (Cofre Lizama et al., 2016; 

Roden-Reynolds et al., 2015). The mechanical-MELBA and sudden-translation tasks 

were hypothesized to be more dependent on proprioceptive information than the visual 

task, as required weight shifts had to be inferred from sensory information and no explicit 

visual instruction and feedback might attenuate the effect of proprioceptive input in the 

control of upright stance (Cofre Lizama et al., 2016). As discussed above, in the visual-

MELBA task, where explicit visual feedback on CoM movement was presented, 

isometric hip abduction strength and not JPS correlated with performance. In contrast, 

lower proprioceptive acuity coincided with an increase in phase lag between CoM and 

platform movement at lower frequencies in the mechanical-MELBA, and with an 

increase in time delay between platform and CoM movement in the sudden translation 

task. The results suggest that visual-MELBA is easier than mechanical-MELBA, as 

indicated by the lower phase shift. Probably performance is limited earlier in mechanical-

MELBA due to the fact that proprioceptive information is more needed to control the 

CoM movements in relation to the target. In visual-MELBA this limiting factor would be 

by-passed by the availability of explicit, enhanced feedback, hence performance is better 

until it is limited by muscle strength. In line with this, consistently higher, albeit non-

significantly, average moments and moment rates were reached in visual than in 



Chapter 6 

112 

mechanical-MELBA. The MELBA tasks most likely rely on both feedforward and 

feedback control mechanisms, given the predictable nature of the target movements. In 

comparison, the sudden-translation task heavily relies on feedback control, which may 

explain the stronger correlation with JPS (Table 6.3). Therefore, performance in these 

tasks appears to be determined by several factors, with the main limiting factor being 

different between tasks.  

 The findings of this study indicate that improving hip abductor neuromuscular capacity 

through rehabilitation programs might improve balance control and subsequently 

decrease fall risk, especially in older adults with impaired hip abductor muscles (e.g., 

older adults after stroke or hip surgery). However, it should be noted that neuromuscular 

capacity of the hip abductor muscles, i.e. muscle strength and JPS, was only moderately 

and not consistently correlated with balance performance measures in the weight-shifting 

tasks, indicating that these are not the sole limiting factors in ML-balance control. For 

example, the capacity of other muscle groups such as ankle invertors/evertors and of the 

vestibular system might be additional determinants of control during weight shifting in 

the ML-direction. Therefore, further study is required to provide the clinic with evidence-

based advice regarding the optimal rehabilitation program to improve ML-balance 

control. According to the findings of this study, hip adductor moment/moment rates were 

also correlated to ML-balance control in ML-weight-shifting tasks. As we did not 

measure isometric hip adductor strength, further study on hip adductor neuromuscular 

capacity as a possible limiting factor in ML-balance control may complement the present 

findings.  
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6.5 CONCLUSION 

The results of the present study support the notion that hip abductor muscles play an 

important role in mediolateral balance control. Maximum hip abductor strength was 

associated with accurate balance performance when explicit visual feedback on balance 

was provided, while hip abductor proprioception acuity was associated with balance 

performance in expected and unexpected platform translations, when required weight 

shifts had to be inferred from sensory information and no explicit visual instruction and 

feedback were presented. 



 
 

 



 
 

 

 

 

 

7. 
 

Effects of hip abductor muscle fatigue on 

gait control and hip position sense  

in healthy older adults 
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We experimentally investigated whether unilateral hip abductor muscle fatigue affected 

gait control and hip position sense in older adults. Hip abductor muscles were fatigued 

unilaterally in side-lying position in 17 healthy older adults (mean age 73.2 SD 7.7 years). 

Hip joint position sense was assessed by an active-active repositioning test while standing 

and was expressed as absolute and relative errors. Participants walked on a treadmill at 

their preferred walking speed, while 3D linear accelerations were collected by an inertial 

sensor at the lower back. Gait parameters, including step and stride time, local divergence 

exponents and harmonic ratio were quantified. In fatigued gait, stride time variability and 

step-to-step asymmetry in the frontal plane were significantly increased. Also a 

significantly slower mediolateral trunk movement in fatigued leg late stance towards the 

non-fatigued leg was observed. Despite these temporal and symmetry changes, gait 

stability in terms of the local divergence exponents was not affected by fatigue. Hip 

position sense was also affected by fatigue, as indicated by an increased relative error of 

0.7 (SD 0.08) degrees towards abduction. In conclusion, negative effects of fatigue on 

gait variability, step-to-step symmetry, mediolateral trunk velocity control and hip 

position sense indicate the importance of hip abductor muscles for gait control. 
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7.1 INTRODUCTION 

Balance control is essential for successful performance of daily activities and requires 

adequate sensory integration of visual, vestibular and somatosensory information 

(McCloskey, 1978). Somatosensory information provides feedback about joint position 

and movement (kinesthesia). Muscle spindles impart the most important proprioceptive 

input (McCloskey, 1978). Rat studies suggested that with aging, the sensitivity of muscle 

spindles in static and dynamic conditions, the total number of intrafusal muscle fibers and 

the number of nuclear chain fibers per spindle decrease (Miwa et al., 1995). Moreover, in 

older adults, proprioceptive acuity and muscular output may be reduced as a result of an 

increased fatigability because of loss of muscle strength and central activation failure 

(Davies and White, 1983). Muscle fatigue is defined as an acute impairment in the ability 

to produce maximum force (Enoka and Stuart, 1992). In general, muscle fatigue may 

arise during muscular contractions due to failure at one or more sites along the pathway 

of force production from the central nervous system to the contractile apparatus (Edwards, 

1981). Muscle fatigue has also been associated with decreased proprioception (Forestier 

et al., 2002; Ribeiro et al., 2007). 

During human gait, hip abductor muscles can stabilize the trunk over the stance leg in 

mediolateral (ML) direction (Winter, 1995b). In addition, biomechanical modeling 

showed that the hip abductor muscles apply a moment to accelerate the center of mass 

(COM) medially towards the swing leg in late stance (Pandy et al., 2010).  Hence, hip 

abductor weakness might explain impaired gait control in ML direction. For example, 

following hip replacement surgery, asymmetrical loading has been shown between left 
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and right legs, with a more variable gait pattern (Madsen et al., 2004). Additionally, the 

incidence of hip fractures due to sideway falls in older adults might be the consequence 

of hip abductor weakness and impaired ML balance control (Greenspan et al., 1998). As 

age-related impairment in hip abduction/adduction torque-time capacity is evident 

(Johnson et al., 2004), it is important to gain more knowledge on the consequences of hip 

abductor muscle impairment in ML gait control in older adults.  One way to 

experimentally induce muscle impairment is by means of local muscular fatigue, in 

which the isolated role of hip abductor muscles could be investigated. For instance, hip 

abductor muscle fatigue is known to increase postural sway velocity in both the sagittal 

and frontal plane during unipedal stance in young adults, indicating a decline in postural 

control in static standing (Bisson et al., 2011).  

The aim of the present study was to experimentally explore whether unilateral hip 

abductor muscle fatigue affects gait control in older adults. Since decreased muscle force 

is the direct effect of fatigue (Enoka and Stuart, 1992), we hypothesized that unilateral 

hip abductor fatigue changes gait control mainly in ML direction by decreasing stability 

and symmetry as well as by increasing spatiotemporal variability, possibly because of 

changes in the trunk COM velocity. The second aim of the study was to investigate the 

effect of hip abductor fatigue on hip position sense. As muscular fatigue negatively 

affected proprioceptive acuity in the knee and ankle (Forestier et al., 2002), we 

hypothesized that it might have the same effect in the hip, possibly contributing to 

impaired gait. 
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7.2 METHODS 

7.2.1 Participants 

Seventeen healthy volunteers (twelve females; mean age 73.2 SD 7.7 years; height 166.1 

SD 9.2 cm; weight 68.2 SD 8.8 kg) with no neurological or musculoskeletal impairments 

participated in this study. The local ethics committee approved the protocol and 

participants signed a consent form. 

7.2.2 Assessment of Joint Position Sense (JPS) 

First we assessed JPS during hip abduction, for which participants were asked to stand on 

their unfatigued leg on a 10 cm high block, with their fatigued leg unsupported but 

aligned with the supported leg (starting position). They were allowed to touch a 

horizontal bar in front of them at hip height for support. The JPS for hip abduction was 

assessed unilaterally by an “active-active” and reliable repositioning test (Arvin et al., 

2014). Four trials of hip abduction were performed with target angles randomly varying 

within a range of 10-40 degrees. Kinematics of the lower limbs were recorded using 6 

LED markers (Optotrak, Northern Digital Inc, Waterloo, Canada) at 100 Hz. The markers 

were attached bilaterally at the apex of the iliac crest, greater trochanter and lateral femur 

epicondyle to calculate the 3D angle between the vector from the greater trochanter to 

knee marker and the vector from the greater trochanter to the iliac crest marker. Hip JPS 

was quantified as the absolute angular error (AE) between target and reproduced angle 

and the relative angular error (RE) between the two angles with consideration of the 

direction of the error. A positive relative error indicates an overshoot towards abduction. 

Because data of the individual trials showed no correlation of AE and RE with the target 
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angle, final values for both AE and RE were obtained by averaging the error over four 

trials at different target angles.  

7.2.3 Gait and Fatigue protocol 

The participants walked on a treadmill at preferred walking speed while looking at a wall 

in front of them and without holding the handrails. A safety harness was used to support 

full body weight in case of an impending fall. Preferred walking speed was determined 

by gradually increasing the speed of the treadmill until the participants indicated that the 

walking velocity was experienced as comfortable. Then, the examiner further increased 

the speed by 0.5 km/h and checked whether it was experienced as comfortable again. If 

so, this procedure was repeated until participants indicated that it was too fast. Then, the 

speed was gradually decreased to the point that participants were sure about their 

preferred walking speed.  

After a period of 5 minutes familiarization and setting the preferred walking speed, they 

were instructed to walk for 5 minutes in order to collect 3D linear accelerations of the 

trunk during walking at a sampling rate of 100 Hz by an inertial sensor (Dynaport 

Hybrid, McRoberts, The Hague, The Netherlands). The sensor was attached with an 

elastic belt with Velcro fixation at the lower back at the level of L5.  

Then, acute fatigue in the hip abductor muscle group was induced. Participants were 

placed side lying on a firm mattress with their body and leg straightened (Figure 7.1). 

Randomly, half of the participants were fatigued on their right side and the other half on 

their left side. A plastic bar was positioned over the participant’s foot and set to a height 



Hip abductor fatigue & frontal gait 

121 

that corresponded to 30 degrees of hip abduction with their knee fully extended. The bar 

gave the participant a fixed target for the amount of hip abduction required for every 

repetition and also offered tactile feedback. We instructed participants to raise their leg to 

touch the plastic bar on each repetition. A metronome was used to pace the lift-and-lower 

phases, yielding a rate of 20 lifts per minute for all participants. Weight resistance was 

used to promote the onset of fatigue and was equal to 20% of the participant’s total leg 

moment as estimated from anthropometrical data. Fatigue was defined as the instant at 

which the subject failed either to reach the target range of motion or went out of sync 

with the pacing for 3 consecutive repetitions. Immediately after the fatigue protocol, we 

assessed the subjective exertion level through the Borg CR-10 scale. To ensure maximal 

effort from each subject, strong verbal encouragement was given throughout the protocol. 

 

 

 

 

 

Figure 7.1. Set-up to induce hip abductor muscle fatigue, by 30° abduction cycles at 20 repetitions 

per minute 

 

Immediately after the fatigue protocol, the JPS post-test was repeated. Since the effect of 

fatigue can quickly disappear, we repeated the fatigue protocol once more, followed by 

the post-fatigue walking test.  
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7.2.4 Analyses of gait parameters 

First, to avoid inaccuracies due to misalignment of the sensor to the anatomical 

coordinate system, a correctional rotation was made (Rispens et al., 2014a). Then, after 

low-pass filtering the forward acceleration signal, heel contact (HC) was determined 

based on the anteroposterior acceleration signal (Zijlstra and Hof, 2003). Mean stride 

time and variability (standard deviation) was calculated based on HC detection over the 

first 150 strides.  

ML position data were calculated by a double integration of ML acceleration data to 

discriminate between fatigued and non-fatigued leg HCs, based on an analysis of ML 

movements of the lower trunk (Zijlstra and Hof, 2003). Fatigued leg stance time was then 

determined as the time from fatigued leg HC until the following non-fatigued leg HC, 

whereas non-fatigued leg stance time was determined from non-fatigued leg HC until 

fatigued leg HC. Mean stance time was calculated for the fatigued and non-fatigued legs 

as the average time of 150 fatigued or non-fatigued stance times. Fatigued and non-

fatigued stance time variability was defined as SD of the fatigued and non-fatigued stance 

times.   

Harmonic ratio (HR) was quantified as the index of step-to-step symmetry. Stride 

frequency (number of strides per second) was used to evaluate the harmonic content of 

the acceleration signals in mediolateral (ML) and anteroposterior (AP) directions. Higher 

HRs indicate a more symmetric pattern between steps (Bellanca et al., 2013). 
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Figure 7.2. Trunk velocity in mediolateral direction over time. The stars indicate right heel strike 

(HS) and the circles indicate left heel HS. Toe-off (TO) happens after the peak which was 

approximated in the graph. Note that left late stance can be also considered right early stance. 

 

Based on the first integration of the ML acceleration data, linear ML trunk velocity was 

calculated. As illustrated in Figure 7.2, two velocity peaks could be observed within each 

stride during the double support phases. The first peak in the velocity profile after 

ipsilateral HC was defined the early stance peak velocity, while the second peak, just 

after contralateral HC was considered the late stance peak. During early stance, the peak 

velocity towards the ipsilateral side mainly reflects the amount of hip abductor control in 

decelerating the body COM (Pandy et al., 2010), and the peak velocity during late stance 

reflects the medial acceleration of the body COM by hip abductors. We focused on this 

latter peak in the late stance phase of both the fatigued and unfatigued leg. Note that an 

(ipsilateral) late stance peak is actually also the early stance peak of the next 

(contralateral) step (Figure 7.2). Peak velocities of the ML trunk were calculated and 

averaged over 150 fatigued or non-fatigued late stance periods.  
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For the calculation of gait stability, local divergence exponents (LDE) were calculated for 

linear acceleration and angular velocity in ML and AP directions, based on a 

reconstruction of a 7-dimensional state space with 10 samples (0.1 s) time delay (Rispens 

et al., 2014a).Rosenstein’s algorithm was applied to track the average logarithmic 

divergences between neighboring trajectories in the reconstructed state space (Rosenstein 

et al., 1993). LDE was quantified as the slope of the first 60 samples (0.6 s) of the 

divergence curve, which roughly corresponded to one step and it was calculated over 

equal time-series of 18000 samples, which roughly corresponded to 150 strides, to ensure 

that all trials were analyzed similarly.  

7.2.5 Statistical analysis 

The normality of the difference in gait parameters and JPS for the non-fatigued and 

fatigued conditions was checked by visual inspection and Shapiro-Wilks tests. If the 

differences were normally distributed, we used paired t-tests to determine whether fatigue 

significantly affected the gait parameters and JPS. A Wilcoxon signed-rank test was used 

for the outcome variables of which the differences were not from a normal distribution. 

The t-values from parametric tests and z-values from non-parametric tests were used to 

determine the Pearson’s r as a measure of effect size (Kerby, 2014; Rosnow and 

Rosenthal, 1996).  An r-value higher than 0.1, 0.3 and 0.5 was considered as a small, 

medium and large effect size, respectively (Cohen, 1992). Statistical analyses were 

performed with IBM SPSS Statistics 20.0 and the level of significance was set at 0.05. 
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7.3 RESULTS 

The duration of the first fatigue protocol (before the JPS post-test) was on average 3.00 

(SD 0.82) minutes and the second protocol (before the walking post-test) lasted on 

average 2.94 (SD 0.99) minutes. At the end of both fatigue protocols, all participants 

reported a score of 8 or higher on the Borg CR-10 scale.  

The average walking speed was 3.63 (SD 0.82) km/h. Mean stride time was not 

significantly affected by fatigue. However, stride time variability was significantly 

increased when fatigued (p=0.02, r=0.56) (Table 7.1). Furthermore, the HR in ML 

direction was significantly different between conditions with an effect size of r=0.54 

(p=0.01), indicating less symmetry in the fatigued condition. The peak ML trunk velocity 

was lower in the fatigued leg late stance phase in the fatigued condition compared with 

baseline, although not significantly (p=0.07). Finally, none of the gait stability measures 

were significantly affected by fatigue (Table 7.1). 

No significant difference between the stance times or stance time variability was found 

between legs in either baseline or fatigued conditions (Table 7.2). However, in the 

fatigued condition, a significant difference between legs for the late stance peak ML 

trunk velocity was observed, indicating a significantly lower trunk velocity peak in the 

fatigued leg late stance (p=0.007).  

With respect to the JPS test, the mean target angle during the four trials of both 

conditions was 23° (SD 7°). Figure 7.3 shows the amount of absolute error over hip 

abduction angles for all trials of each participant in the fatigued condition. When hip  
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Table 7.1. Hip position sense and gait parameters (mean with standard deviation SD or median with 

interquartile range IQR) without or with unilateral hip abductor fatigue. Differences between 

conditions are indicated by p=values (bold if significant) and effect-sizes (r-values) 

 Non-fatigued 

(baseline) 

Fatigued p-value Effect 

size (r) 

Spatio-temporal gait parameters 

 Mean stride time (s) 1.09 (SD 0.04) 1.10 (SD 0.04) 0.08 0.42 

 SD Stride time (s) 0.04 (IQR 0.02) 0.05 (IQR 0.02) 0.02 0.56 

  Mean ML  peak trunk velocity 

(m/s) - late stance fatigued  leg 
0.19 (SD 0. 06) 0.17 (SD 0. 05) 0.07 0.47 

  Mean ML  peak trunk velocity 

(m/s) - late stance non-fatigued  leg 
0.18 (SD 0. 05) 0.18 (SD 0. 05) 0.78 0.06 

Step-to-step symmetry    

 HR – ML 2.67 (SD 0.46) 2.45 (SD 0.43) 0.01 0.54 

 HR – AP 3.02 (SD 0.84) 2.97 (SD 0.78) 0.71 0.09 

Gait Stability    

 LDE of ML acceleration 0.81 (SD 0.13) 0.80 (SD 0.10) 0.56 0.15 

 LDE of AP acceleration 0.81 (SD 0.09) 0.82 (SD 0.11) 0.90 0.03 

 LDE of AP angular velocity 1.00 (SD 0.12) 1.02 (SD 0.15) 0.56 0.15 

 LDE of ML angular velocity 1.06 (IQR 0.27) 0.97 (IQR 0.27) 0.55 0.15 

Hip position sense 

 Absolute error (°) 1.28(IQR .71) 2.04(IQR 1.33) 
0.02 0.53 

 Relative error (°) 0.43(IQR1.18) 1.13(IQR 1.10) 
0.02 0.52 

LDE= local divergence exponents, HR= harmonic ratio, ML=medial lateral direction, 

AP=anteroposterior direction 

 

abductor muscles were fatigued, the absolute errors in reproducing the target angles in the 

JPS test were 0.76° (60%) larger than for the non-fatigued condition (p=0.02, r=0.53) 

(Table 7.1). The positive relative errors indicated that participants mainly overshot the 

target angle in the fatigued condition towards abduction by on average 0.70° (p=0.02, 

r=0.52) (Table 7.1). 
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7.4 DISCUSSION 

We investigated whether unilateral hip abductor muscle fatigue affects gait control and 

hip joint position sense in older adults. We found significant effects of fatigue on the gait 

pattern, as participants showed more stride time variability, less step-to-step symmetry in 

ML direction, and lower ML trunk velocity in fatigued late stance. Moreover, hip joint 

position sense acuity was significantly decreased when hip abductor muscles were 

fatigued.  

7.4.1 Effect of hip abductor fatigue on gait 

Stride time variability was significantly increased by fatigue, while mean stride time was 

not affected. More importantly, ML step-to-step symmetry during walking was lower in 

the fatigued condition. This ML asymmetry might, at least partly, be explained by the 

significantly slower ML trunk movement in fatigued late stance towards the non-fatigue 

leg. Hip abductor muscles serve to decelerate lateral trunk velocity towards the ipsilateral 

side just after heel strike and accelerate the trunk towards the contralateral side during 

“push-off”, as described by Pandy and colleagues (Pandy et al., 2010). The velocity 

generated during push-off was consistently decreased with unilateral fatigue, which could 

explain the decreased gait symmetry. 
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Table 7.2. Gait parameters (mean with standard deviation SD) between non-fatigued and fatigued 

legs in baseline and fatigued condition. Differences are indicated by p=values (bold if significant) 

and effect-sizes (r-values) 

 

The comparison within trials between the fatigued and non-fatigued leg confirmed that 

the asymmetric pattern occurred mostly due to the fatigued leg, as peak trunk velocity in 

fatigued late stance was systematically lower in all individuals, except one subject who 

appeared to have an irregular trunk COM pattern during walking. Possibly decreased hip 

abductor muscle force because of fatigue negatively affected the medially directed 

component of the push-off by the fatigued leg towards the non-fatigued side in late stance, 

which would result in a slower trunk movement in late stance. Additional trunk kinematic 

and kinetic analyses can help to further explain exactly where and how the deviations 

from symmetry occur (Bellanca et al., 2013). 

 

  

 Non-fatigued leg Fatigued leg p-value Effect size 

(r) 

Baseline  

 Mean stance time (s) 0.55 (SD 0.03) 0.55 (SD 0.02) 0.98 0.00 

 SD stance time (s)  0.04 (SD 0.02) 0.04 (SD 0.04) 0.66 0.1 

 Mean ML  peak trunk velocity 

(m/s) - late stance 
0. 18 (SD 0. 05) 0. 19 (SD 0. 06) 0.66 0.11 

Fatigue condition    

 Mean stance time (s) 0.55 (SD 0.02) 0.56 (SD 0.03) 0.13 0.37 

 SD stance time (s)  0.04 (SD 0.04) 0.05 (SD 0.02) 0.53 0.2 

 Mean ML  peak trunk velocity 

(m/s) - late stance 
0. 18 (SD 0. 05) 0. 17 (SD 0. 05) 

0.007 0.61 
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Figure 7.3. The amount of absolute error over hip abduction angles for all trials in each participant 

(1-17) during the JPS test in the fatigued condition. 

 

Despite changes in gait parameters, fatigue did not affect gait stability in terms of the 

local divergence exponents, suggesting that the body as a system was able to deal with 

the small internal perturbations (i.e. the increased sensory-motor noise) due to fatigue. 

Toebes and co-workers also did not find significant effects of unilateral knee extensor 

muscle fatigue on gait stability although the initial mechanical resistance against 

perturbations in the ML direction was reduced (Toebes et al., 2014). Apparently, all of 

our fit and healthy participants (Bohannon and Williams Andrews, 2011) were able to use 

compensatory strategies to control their gait stability, irrespective of unilateral hip 

abductor muscle fatigue.  
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7.4.2 Effect of hip abductor fatigue on hip position sense 

The decrease in hip joint repositioning due to fatigue was reflected in an increased 

absolute error, suggesting dysfunction of muscle spindle afferents due to fatigue. In 

addition, we observed a systematically more positive relative error towards abduction. It 

is, however, difficult to explain the mechanism behind the systematic abduction error. 

Fatigue can increase the threshold of muscle spindle discharge and change alpha-gamma 

co-activation, and consequently the output of the peripheral proprioceptive system 

(Pedersen et al., 1997), but these phenomena do not clearly point to a systematic error 

towards abduction or adduction. Our results are, nevertheless, in line with previous 

studies that found overestimation of knee angle due to fatigue (Ribeiro et al., 2007) as 

well as higher absolute errors in the knee (Miura et al., 2004) and ankle (Forestier et al., 

2002), using different JPS tests.  

Although we did observe a declined JPS after the hip abductors were fatigued, the 

experimental protocol did not enable us to explain what role, if any, this reduction in hip 

position sense had on gait parameters, as fatigue negatively affects both muscle force and 

proprioception. Further investigations are required to examine the relative contribution of 

hip abductor proprioception and muscle strength in gait control.  

7.4.3 Limitations 

We standardized the fatigue protocol by a fixed pace and hip abduction angle with 

weighted resistance, but each participant nevertheless reached their fatigue level at 

different times, possibly at different fatigue levels. Also, these fatigue effect might not 
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have sustained long enough throughout the walking session to result in significant effects 

on all gait parameters. Unfortunately, we did not measure muscle activity patterns or 

muscle force before and after the fatigue protocol to quantify the level of fatigue over the 

fatigue protocol or throughout the walking session, which could indicate the degree of 

recovery from fatigue. We furthermore avoided extreme small or large target angles in 

our JPS protocol, as previous studies (Lönn et al., 2000; Olsson et al., 2004) suggested 

that the JPS test might be unreliable in extreme angles, either at the beginning or the end 

of the range of movement. Therefore, the range of the target angles in the JPS is larger 

than the normal hip abduction angle during gait. Yet, larger angles in our defined target 

angles did not lead to greater errors (Figure 7.3), suggesting that the JPS results reliably 

discriminated the effect of hip abductor fatigue on proprioceptive acuity of this muscle 

group, irrespective of the target angle. Therefore, it might be plausible to generalize the 

JPS findings for other conditions such as gait.  

7.5 CONCLUSION 

Following a protocol to induce unilateral hip abductor fatigue, healthy older adults 

exhibited increased stride variability, decreased ML symmetry, and a lower peak ML 

trunk velocity in the fatigued leg late stance phase during treadmill walking, and a 

reduced proprioceptive acuity in hip abduction position repositioning. 
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The effects of hip abductor vibration on 

mediolateral balance control in standing and 

walking in older adults  
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Hip abductor muscles play a role in mediolateral (ML) balance control in older adults, 

but the contribution of hip abductor proprioception is unclear. Therefore, we studied the 

effect of hip abductor vibration in standing and gait in older adults. Eighteen healthy 

older adults (mean-age 71; SD 7 years) were recruited and hip abductor afference was 

experimentally perturbed by unilateral mechanical vibration in standing, and in early-

stance (earlyST) and late-stance (lateST) during gait. Unilateral hip abductor vibration in 

standing led to ipsilateral hip abduction, a contralateral body weight-shift and trunk 

center-of-mass (COM) movement. Vibration in earlyST caused a small but consistent 

downward pelvis tilt on the ipsilateral (vibrated) side, contralateral hip adduction and 

ipsilateral hip abduction and an increased trunk COM acceleration towards the 

contralateral side. The increased trunk COM acceleration was compensated for in the 

subsequent single-support phase. We found no effects on step-width or ML margin-of-

stability, suggesting that this compensatory strategy was successful in maintaining ML-

balance. Compared to earlyST, lateST hip abductor vibration caused opposite kinematic 

changes, such as an upward pelvis tilt on the vibrated side, ipsilateral hip adduction and 

ipsilateral trunk COM acceleration. The trunk acceleration was compensated in the 

subsequent double-support phase, which caused a decrease of the ML margin-of-stability. 

We conclude that hip abductor proprioceptive feedback is important for balance control 

during standing and walking in older adults. Comparison of gait vibration conditions 

suggests a phase-dependent reversal of responses to hip abductor proprioceptive 

afference during gait. 
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8.1. INTRODUCTION  

The primary goal of balance control is to keep the center of mass (COM) over the base of 

support (BOS) (Winter, 1995b). As the trunk mass accounts for about half of the whole 

body mass (Jensen and Fletcher, 1994), its location needs to be properly constrained 

relative to the borders of the BOS to maintain balance. With age, balance control 

deteriorates (Cofre Lizama et al., 2014; Sturnieks et al., 2008) and especially impaired 

mediolateral (ML) balance control has been associated with falls in older people (Hilliard 

et al., 2008). ML balance requires active control during gait (Bauby and Kuo, 2000) and 

it is partly regulated by control of trunk movement through activity of stance leg hip 

abductor muscles  (Apkarian et al., 1989; Winter, 1995b). The hip abductors have been 

suggested to control pelvis and trunk orientation against gravity in the single support 

phase (Gottschalk et al., 1989; Semciw et al., 2013) by generating an abduction moment 

around the stance hip (Pandy et al., 2010). In line with this, studies using 

electromyography have shown activity of the gluteus medius (GMed) muscle, one of the 

primary hip abductors, during stance (Lyons et al., 1983; Semciw et al., 2013). 

Mechanically, stance leg GMed activity accelerates the COM medially (Pandy et al., 

2010). In early stance, it stabilizes the pelvis by eccentric contraction to smoothly accept 

the weight and decelerates the lateral COM movement. In late stance, it accelerates the 

COM towards the contralateral side and initiates hip abduction for the subsequent swing 

phase through concentric contraction. During the swing phase, activation of the GMed 

muscle controls the BOS in the frontal plane through modulation of step width (Rankin et 

al., 2014). 
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Correlations between trunk kinematics during the swing phase and subsequent foot 

placement suggest that these variables are coordinated to maintain balance (Grabiner and 

Troy, 2005; Hurt et al., 2010). As input for this coordination, visual, vestibular and 

proprioceptive inputs can be used to monitor the relationship between the trunk 

kinematics and foot placement (Horak, 2006). It appears likely that proprioceptive 

information derived from hip abductor muscles in stance conveys information about 

upper body kinematics, while in swing it may convey information on leg kinematics. 

Either way, proprioceptive feedback might play an important role in ML balance control.  

In an earlier study, hip abductor muscle fatigue appeared to affect ML balance control 

and trunk movement in gait of older adults (Arvin et al., 2015). However, since muscle 

fatigue affects both muscle force and proprioception (Arvin et al., 2015; Westerblad et al., 

1998), the contribution of hip abductor proprioception to frontal plane balance control 

during walking is as yet unclear. The role of proprioception can be probed by mechanical 

muscle vibration, which activates muscle spindle afferents and evokes reflex activity of 

the vibrated muscle (Goodwin et al., 1972a), coined the “tonic vibration reflex”. In 

addition, an illusory perception of lengthening of the vibrated muscles usually occurs, 

which trigger actions to counteract the associated movement (Goodwin et al., 1972b). In 

standing, continuous unilateral hip abductor vibration has been shown to cause a shift of 

body mass towards the contralateral side in young adults (Courtine et al., 2007). This is 

consistent with ipsilateral contraction of the vibrated hip abductor muscles, which would 

cause a contralateral acceleration of the body COM (Pandy et al., 2010). Although initial 

studies using continuous muscle vibration during gait indicated that spindle afference 
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from most lower extremity muscles had limited effects (Ivanenko et al., 2000; 

Verschueren et al., 2003), it was recently shown that phasic hip abductor vibration indeed 

affects ML balance control during gait in young adults (Roden-Reynolds et al., 2015).  

The literature thus supports a role of hip abductor muscle spindle afference in standing 

and walking in young adults. However, one cannot simply extrapolate these findings to 

older adults. Older adults tend to depend more on visual and less on proprioceptive 

information for postural control during quiet standing (Eikema et al., 2012), possibly due 

to the loss of proprioception with ageing (Goble et al., 2011). Hence the role of hip 

abductor proprioception in balance control in older adults needs further investigation. 

The direction of movement illusions induced by muscle vibration is not always consistent 

and appears dependent on ongoing actual movement and attention (Cordo et al., 2005; 

Feldman and Latash, 1982). Additionally, phase-dependent modulation of H-reflexes 

(Capaday and Stein, 1986), cutaneous reflexes (Duysens, 1977; Duysens and Pearson, 

1976; Duysens et al., 1990) and of responses to mechanical perturbations (Hof and 

Duysens, 2013) has been reported in gait. Therefore, to investigate the role of GMed 

muscle spindle afference in gait, we unilaterally vibrated the GMed muscle during 

different phases of the gait cycle, starting either in early stance (earlyST) or in  late stance 

(lateST).  

Based on GMed muscle function as described above and based on an expected GMed 

muscle activation in response to vibration, we hypothesized that phasic GMed muscle 

vibration in bipedal stance would lead to ipsilateral hip abduction and a contralateral shift 

of body mass. In gait, we hypothesized that vibration in earlyST reduces ipsilateral hip 



Chapter 8 

138 

adduction, increases pelvis downward tilt on the ipsilateral (vibrated) side  and attenuates 

the movement of the trunk COM towards ipsilateral (Figure 8.1B). In lateST, these 

kinematic changes (Figure 8.1C) would be consisting of increased ipsilateral hip 

abduction and downward pelvis tilt on the ipsilateral side and increased trunk COM 

acceleration towards the contralateral side during double-support phase. The motor 

responses to hip abductor vibration described above for the different phases of gait would 

be in line with effects expected of tonic vibration reflexes. However, we hypothesize that 

a phase-dependent modulation occurs, with  stronger responses after lateST vibration 

than after earlyST vibration based on previous results in young adults (Roden-Reynolds 

et al., 2015). 

8.2. MATERIALS AND METHODS  

8.2.1. Participants 

Eighteen healthy older adults (ten males and eight females; mean age 70.8 SD 6.8 years; 

height 170.3 SD 8.6 cm; weight 80.1 SD 8.8 kg) participated in this study. Prospective 

participants were excluded if they had a history of cardiovascular problems, joint 

disorders, neurological deficits, lower extremity injuries within the last 6 months, 

postural instability, vestibular or visual problems, and any difficulty with walking 

without walking aids or non-stop walking for at least 15 minutes.  
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8.2.2. Ethics statement 

All participants provided written informed consent and the protocol had been approved 

by the ethical committee of the Faculty of Human Movement Sciences of the Vrije 

Universiteit Amsterdam (ECB 2014-22). 

8.2.3 Instrumentation  

To apply hip abductor vibration, a pair of custom-made mechanical vibrators was used, 

which consisted of two encased electro motors (Graphite Brushes S2326.946, Maxon, 

Sachseln, Switzerland) with an eccentric mass attached to the motor axis, driven in a 

velocity loop at 90 Hz (4-Q-DC Servo Control LSC 30/2, Maxon, Sachseln, Switzerland). 

Vibrators were placed at 50% of the distance between the iliac crest and the major 

trochanter of the femur and were tightly attached with an elastic strap. Custom-made 

software controlled the vibrators to allow stimulation to be coupled to the kinematics in 

the gait trials. 

Kinematic data were collected using Optotrak LED marker clusters (Northern Digital Inc., 

Waterloo, Canada) and force data were registered using two force platforms embedded in 

the treadmill (ForceLink, Culemborg, The Netherlands). The sample rate of the Optotak 

system was 50 samples/s, whereas the sample rate of the force platform was 200 

samples/s. The force time series were resampled to be synchronized with the kinematic 

data. Kinematic and force data were low-pass filtered with a cut-off frequency of 5 Hz. 
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x 

y 

A) Reference B) EarlyST vibration C) LateST vibration 

Figure 8.1.  

A) Schematic rear view of an individual in the double support phase of gait with the left leg 

in late stance and the right leg in early stance.  

B) Hypothesized effect of early stance vibration, consisting of increased hip abduction and 

a downward pelvis tilt on the ipsilateral side, coinciding with acceleration of the trunk 

COM towards the contralateral side. 

C) Hypothesized effect of late stance vibration, consisting of increased hip abduction and a 

downward pelvis tilt on the ipsilateral side, coinciding with acceleration of the trunk 

COM towards the contralateral side. Note that we hypothesized larger responses to late 

stance vibration than to early stance vibration.  

Thin lines in B and C illustrate gait kinematics in the reference condition and thick lines 

indicate the hypothesized changes in gait kinematics due to the vibration. Note that for 

simplicity the vibration is shown on the same side but in the real experiment, stimulation was 

performed on both right or left sides in the two vibration conditions. Results from left and 

right vibrations were averaged within conditions (gait phases in which vibration was applied) 

after adaptation of sign conventions. 
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8.2.4 Standing trials 

Participants were asked to stand relaxed and upright for 3 minutes, with one foot on each 

side of a split band treadmill, to ensure that forces under the right leg could be measured 

independently from the left leg. The first minute was the reference condition in which no 

stimulation was applied. Subsequently, over the next two minutes, the left (13 times) or 

right (12 times) vibrators were randomly and unilaterally switched on for periods of 0.34 

s, which was roughly comparable to the vibration period in the gait phases. The time 

interval between two subsequent stimulations was randomly set. 

 8.2.5 Gait trials 

The participants were asked to walk on the treadmill at their preferred speed (determined 

according to (Arvin et al., 2015)) for 3 minutes in two separate conditions: either the left 

or the right hip abductors were vibrated in random order during earlyST or during lateST, 

with vibration onset occurring in the double support (DS) phase in both 

conditions(leading to 4 sets of data: left and right hip vibration in earlyST and lateST). 

The unilateral vibratory stimuli were delivered randomly in 40% of the steps.  

Participants rested between these two trials if needed.  

The real-time position of the Optotrak marker located at the lowest level of the heel 

cluster marker was used for online detection of the earlyST and lateST phases. The 

separation of these phases was based on the difference in vertical height of the two heel 

markers crossing the 5 cm line. EarlyST vibration started between ipsilateral heel strike 

(HS) and contralateral toe-off (TO) and lasted until contralateral HS, while lateST 
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vibration started between contralateral HS and ipsilateral TO and lasted until the 

ipsilateral HS. 

8.2.6 Data collection and pre-processing 

Optotrak LED marker clusters, attached with elastic straps on the posterior surface of 

both heels, shanks, thighs, the sacrum and the thorax at the midpoint between the 

scapulas, were tracked by two Optotrak camera systems. Before the trials of each 

individual, pre-defined anatomical landmarks were digitized in an upright posture, using 

a probe with six markers. Based on these virtual bony landmarks, anatomical coordinate 

systems (ACS) were constructed for each segment.  The foot ACS was constructed based 

on the tip of the second toe, calcaneus, and lateral/medial malleolus. The shank ACS was 

defined by the lateral and medial malleoli and femoral epicondyle. The thigh ACS was 

based on the lateral and medial femoral epicondyles and the greater trochanter. For the 

pelvis ACS, the left and right anterior-superior iliac spines (ASIS), midpoint between 

posterior-superior iliac spines (MPSIS) and the umbilicus were used. The abdomen ASC 

was based on the umbilicus, the xiphoid and L2, and the thorax was based on the xiphoid, 

the suprasternal notch, T6 and C7.  

The mass of each segment was estimated based on segment endpoints (segment lengths) 

and segment circumference (Zatsiorsky, 2002). The trunk mass was calculated by 

combining the abdomen and thorax segments. Body COM was calculated using a 

weighted sum over 8 segments, while the arms and head masses were added to the thorax 

segment (Faber et al., 2013). Trunk COM was calculated as the weighted sum over the 
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abdomen and thorax segments, based on anatomical landmarks, anthropometric 

parameters and gender (De Leva, 1996).  

As 40% of the left and right steps were randomly vibrated, some subsequent left and right 

steps were perturbed. Therefore, for each earlyST and lateST condition, reference steps 

were defined as “clean” non-vibrated steps, when the step before and the step after this 

step were not vibrated. Similarly, vibration steps were defined as “clean” vibrated steps, 

when the step before and step after this step were not vibrated. Ground reaction force data  

were converted to the center-of-pressure data, to offline identify the HS and TO events 

(Roerdink et al., 2008). The first 10 strides of each condition were excluded and the rest 

of the available “clean” non-vibrated steps (baseline) and “clean” vibrated steps for 

earlyST and lateST vibration were included in further analyses.  

Note that we had both  left and right vibrated steps and non-vibrated steps for late and 

early stance vibration conditions. For all gait parameters described below, the left and 

right steps in both vibrated and non-vibrated steps were averaged after adjucting the sign 

conventions. Data were analyzed in MATLAB (The MathWorks, Inc., Massachusetts, 

USA). 

8.2.7 Assessment of standing parameters 

For  both left and right vibrations, the hip abduction/adduction (abd/add) angle and 

vertical component of the ground-reaction-force under the right foot as well as the trunk 

COM displacement were averaged over the 200 ms before the vibration onset as the 

baseline reference values. Then, the maximum values of these parameters, after the 
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vibrator was turned on until 200 ms after the vibrator was turned off, were determined. 

Subsequently, the baseline reference values were subtracted from these maximum values 

to quantify vibration-induced changes in right abduction/adduction hip angle, weight 

bearing and trunk COM position, respectively.  

8.2.8 Assessment of gait parameters 

Pelvis tilt (in global axes) and hip joint abduction/adduction angles relative to the pelvis 

segment were calculated based on recommendations of the International Society of 

Biomechanics (Wu et al., 2002). Sign conventions were chosen in accordance with 

Figure 8.1, with data for left hip vibrations multiplied by minus one to allow averaging 

over both legs.  For pelvis tilt angles, negative values indicate a downward tilt of the 

pelvis on the side of the vibrated leg and negative hip angles indicate hip adduction and 

negative values for trunk COM acceleration indicate acceleration towards the non-

vibrated side (Figure 8.1). 

The ML trunk COM acceleration was calculated as the double derivative of trunk COM 

position time-series.  Subsequently, these parameters were time-normalized over strides, 

and available strides were averaged within each condition (earlyST reference, earlyST 

vibration, lateST reference, lateST vibration) over left and right sides. Averaged non-

vibrated steps were subtracted from averaged vibrated steps to quantify the differences 

between these two conditions. Finally, the difference signal was averaged over 0-20% of 

stride to analyze the first DS phase, over 21-50% of a stride for the single-support (SS) 

phase and over 51-70% for the second DS phase.  
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The ML BOS was defined based on the heel position trajectory, assuming that the heels 

reflect the lateral borders of the BOS. Combined with the body COM, this was used to 

calculate the ML margin of stability (MOS), defined as the minimum distance of the 

extrapolated COM to the lateral border of the BOS (Hof et al., 2005) during the second 

DS phase, i.e. after the perturbed step in both vibration conditions.  

The temporal gait parameters, double-support time and single-support time were 

calculated as the time interval between HS and TO instants, while step width was 

calculated as the distance between left and right heels at HS.  

8.2.9 Statistics 

Statistics were performed in IBM SPSS Statistics 20.0 (IBM Corporation, Armonk, NY, 

USA). The assumption of normality was checked by the Shapiro-Wilks test and no 

violation of this assumption was found. 

To test effects of vibration in bipedal stance, one-sample t-tests were used to determine 

whether the vibration-induced changes in the right hip angle, weight bearing on the right 

leg and trunk COM position after onset of vibration were different from zero. 

One sample t-tests were also used to test whether differences between non-vibrated and 

vibrated steps in pelvis and hip angles and trunk COM acceleration over the first DS, SS 

and second DS phases, as well as differences in spatiotemporal gait parameters, including  

the DS and SS time, step width and MOS were significantly different from zero. These 

analyses were performed separately for earlyST and lateST vibration conditions. The 

level of significance was set at 0.05 for all tests. 
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8.3. RESULTS  

8.3.1 Standing  

In line with our hypotheses, unilateral hip abductor vibration during bipedal stance 

caused ipsilateral hip abduction and a concomitant contralateral shift of body mass 

reflected in both the peak vertical ground reaction force measured under the right foot 

and in the peak trunk COM position. Substantial differences in magnitudes of the 

participants’ responses were presented (Table 8.1, Figure 8.2). 

Table 8.1. Effect of vibration during bipedal stance on right hip joint angle, right vertical force and 

trunk COM displacement (mean (SD)) relative to the reference (average over 200ms before 

vibration period). P-values refer to one-sample t tests and significant p-values are printed in bold. 

 Standing p-value 

Peak angle of the right hip joint (°) 

Left vibration 0.08(0.04) <0.001 

Right vibration* -0.07(0.04) <0.001 

Peak vertical force on the right foot (N) 

Left vibration* -44.73 (32.42) <0.001 

Right vibration 33.55(14.12) <0.001 

Peak trunk COM position (cm) 

Left vibration* -0.4 (0.03) <0.001 

Right vibration 0.3 (0.02) <0.001 

*negative values indicate hip abduction, increased vertical force on the right foot and trunk 

COM movement towards the right. 

 

The preferred walking speed of our participants averaged 0.7 (SD 0.2) m/s. After 

selection of the “clean” vibrated and non-vibrated steps, the earlyST vibration condition 

comprised 40 (SD 7) non-vibrated steps and 41 (SD 6) vibrated steps, while the lateST 

vibrated condition comprised 40 (SD 8) non-vibrated steps and 42 (SD 6) vibrated steps. 
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The average duration of the vibration stimulus was 0.41 (SD 0.04) s over both vibration 

conditions.  

8.3.2 Gait  

8.3.2.1 EarlyST vibration 

During DS, earlyST vibration caused a downward pelvis tilt on the vibrated side, while 

the contralateral (non-vibrated) hip was more adducted. Trunk COM acceleration towards 

the contralateral side was significantly increased in vibrated steps compared to non- 

vibrated steps (Figure 8.3). These kinematic changes were partially in line with our 

hypothesis as illustrated in Figure 8.1B. However, only in the SS phase, ipsilateral hip 

abduction did increase relative to non-vibrated steps. In this phase, the pelvis tilt was still 

significantly increased, while the average trunk COM acceleration was significantly 

larger towards the ipsilateral side in vibrated steps compared to the non-vibrated steps 

(Figure 8.3). During the second DS phase, the contralateral hip abduction angle was 

increased (Figure 8.3). Although the latter would suggest an increased step width, step 

width and MOS were not affected by earlyST vibration (Table 8.2). The SS period was 

slightly but significantly longer in the vibrated steps compared to the non-vibrated steps. 

8.3.2.2 LateST vibration 

In contrast with our hypothesis (Figure 8.1C), lateST vibration caused significantly 

increased ipsilateral hip adduction, while the pelvis was tilted upward on the vibrated side 

in the first DS and trunk COM acceleration was significantly increased towards the 

ipsilateral side (Figure 8.4).  
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Figure 8.2. Effect of (left and right) vibration during bipedal stance on right hip 

abduction/adduction angle (deg), vertical force (N) on the right leg and trunk COM 

displacement (cm) over the time window from 200 ms before vibration till 200 ms after the 

vibration. The vertical dashed lines indicate when the vibrator was turned on and off. Figures 

show data of all subjects averaged over trials as thin grey lines and the average over all subjects 

as thick black lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the SS phase, the pelvis tilt angle remained significantly increased, and now 

contralateral hip abduction was significantly increased (Figure 8.4). During the second 

DS phase, ipsilateral hip abduction and trunk COM acceleration towards the contralateral 

side were significantly increased (Figure 8.4). 
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Overall, the participants walked with the same step width, but with a smaller MOS in the 

vibrated steps and the SS phase was prolonged in the vibrated steps compared to the non-

vibrated steps (Table 8.2).  

Table 8.2. Differences in spatio-temporal gait parameters  (mean (SD)) between the non-vibrated 

and vibrated steps during both early and late stance vibration conditions. Significant p-values are 

printed in bold.  

 
 Early stance vibration Late stance vibration 

 Non-

vibrated 

steps 

Vibrated 

steps 

p-value Non-

vibrated 

steps 

Vibrated 

steps 

p-value 

Step width (m) 0.139 (0.02) 0.140 (0.02) 0.663 0.141 (0.02) 0.141 (0.02) 0.830 

Margin of 

stability (m) 
0.012 (0.01) 0.014 (0.01) 0.429 0.015 (0.01) 0.012 (0.01) 0.015 

Double-support 

time (s) 
0.224 (0.02) 0.223 (0.02) 0.218 0.225 (0.03) 0.224 (0.03) 0.538 

Single-support 

time (s) 
0.354 (0.02) 0.361 (0.02) 0.003 0.352 (0.03) 0.359 (0.03) 0.003 

8.4. DISCUSSION  

The aim of the present study was to investigate the role of hip abductor proprioception in 

ML balance control in bipedal stance and gait of older adults. To this end, GMed 

afference was experimentally perturbed by unilateral mechanical vibration in bipedal 

stance and in two different phases of gait. In line with our hypothesis, unilateral GMed 

vibration during bipedal stance led to ipsilateral hip abduction as well as a contralateral 

body weight shift and trunk COM movement. With respect to gait, surprisingly, early and 

late stance vibration caused opposite effects on pelvis orientation and hip angles, i.e. a 

downward pelvis tilt on the vibrated side in earlyST and an upward pelvis tilt on the 

vibrated side in lateST, both with concomitant changes in hip angles. This implies that 
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angular changes in both hips were the same, even though vibration was applied on 

opposite sides between these conditions. Only the sequence of these angular changes 

appeared to be somewhat different. These data suggests that instead of a phase-dependent 

increase in responses in hip and pelvis kinematics to the perturbation in lateST vibration, 

the responses were reversed between the two phases. In addition to these changes in hip 

joint kinematics, an initial acceleration of the COM towards the contralateral (swing) side 

occurred after earlyST vibration, and an initial acceleration of the COM towards the 

ipsilateral (swing) side occurred after lateST vibration. This acceleration was 

compensated in the SS phase after earlyST vibration, while it was compensated in the 

subsequent DS phase in lateST vibration. Consequently, the earlyST vibration did not 

influence the MOS, whereas a decreased MOS was found after lateST vibration. 

Although effects on step width were not seen in the present study, it is noteworthy that 

the stimulation used did have some behavioural effect, since the single stance phases 

were prolonged. 

In agreement with previous studies (Glasser et al., 2015; Roden-Reynolds et al., 2015; 

Sorensen et al., 2002), effects of GMed muscle vibration on ML kinematics in standing 

and gait were small. Habituation, as a consequence of repeated vibration stimuli may 

have limited the magnitude of responses, in combination with veridical information 

derived from vision, the vestibular system, or other sub-modalities of the proprioceptive 

system. In spite of the limited magnitude, the consistent and significant effects of GMed 

muscle vibration indicates that this source of sensory information plays a role in 

monitoring balance during standing and gait in older adults. 



Hip abductor vibration & frontal balance 

153 

Our results support the idea that afferent feedback is used to control the relationship 

between trunk movement and foot placement during gait (Grabiner and Troy, 2005; Hurt 

et al., 2010), and add that hip abductor spindle afference during the stance phase of gait is 

used in this control process (Roden-Reynolds et al., 2015). These findings are at odds 

with a view of frontal plane body motion during gait as being ballistic (Lyon and Day, 

1997). However, our findings on older subjects are different from those in a previous 

study on young adults (Roden-Reynolds et al., 2015) that used a similar protocol. In this 

earlier study, Roden-Reynolds and co-workers reported that stance phase (or earlyST 

phase in our definition) vibration caused a reduced step width of the contralateral leg. 

While the increased contralateral hip adduction that we observed initially would be in 

line with reduced step width, larger hip abduction later during the swing phase 

compensated for this, resulting in unchanged step width in our older population. For 

swing phase (or lateST phase in our definition) GMed muscle vibration, Roden-Reynolds 

and co-workers reported a shift of the pelvis towards the stance foot, while the vibrated 

swing leg was placed significantly more towards lateral.  These responses were more 

pronounced in their study than the responses to stance phase (earlyST) vibration. We did 

not observe an increased response to vibration in lateST compared to ealyST, but rather a 

reversal of the responses between these phases. The COM acceleration towards the 

vibrated side (swing side) implies a shift of the trunk mass opposite to the pelvis shift 

reported by Roden-Reynolds and co-workers and step width was not changed in the 

present study. The timing, duration and frequency of the vibration stimuli were 

comparable between studies, so these disparities may suggest effects of ageing. However, 

several other differences between studies must be considered. Roden-Reynolds and 
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coworkers selected the 13 out of 16 young subjects that were most sensitive to vibration 

in standing for the analysis of effects on gait, while we included all data of our 18 older 

participants. The interval time between two subsequent vibration stimuli was much 

shorter in our study. Moreover, Roden-Reynolds and coworkers focused on the effect of 

vibration on linear sacrum displacement and foot placement at the end of the stimulation, 

while we focused on angular changes and tracked these over the entire step; our results 

suggest that the largest responses occurred during the first double support and single 

support phases. Nevertheless, different results in terms of step width and MOS at the end 

of the vibration steps might be due the differences between young and older adults, 

including differences in gait speed between these groups and studies. Finally, the strength 

of the vibration stimulation may have been attenuated in our study due to more 

pronounced soft tissue over the GMed in older adults. 

8.4.1 Standing vibration  

The result of the standing protocol supported our hypothesis that hip abductor vibration 

during bipedal stance causes ipsilateral hip abduction and a contralateral weight shift, in 

line with the result of previous studies (Cofre Lizama et al., 2015a; Courtine et al., 2007; 

Roden-Reynolds et al., 2015). This might be the result of a tonic vibration reflex and/or 

an action to counteract the illusory lengthening of the GMed muscle due to the vibration. 

Given the relatively slow responses illustrated in Figure 8.3, the latter may be more likely. 

These findings indicate that hip abductor proprioception input is used in the control of 

posture in quiet standing. 
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 8.4.2 Early stance vibration  

The results of the earlyST vibration supported our hypothesis; presumably an increase in 

GMed muscle activity first caused a downward tilt of the pelvis on the vibrated side, 

which coincided with an increased contralateral hip adduction angle. Besides, the trunk 

COM accelerated towards the contralateral side. The increase in ipsilateral hip abduction 

first became significant during single support, suggesting that the pelvis tilt initially 

coincided with a lateral rotation of the ipsilateral leg, coinciding with ankle inversion, as 

was confirmed by an analysis of the movement of foot markers. Pelvis tilt upward on the 

contralateral side was maintained in the single support phase. The resulting increase in 

COM acceleration appeared to be compensated already during the single support phase. 

Consequently, the margin of stability in the subsequent double support phase was not 

affected. The increased single support phase duration may have been used for balance 

corrections during this phase.  In summary, hip abductor spindle afference in earlyST 

appears to play a role in older adults in the control of pelvis orientation and COM 

position.  

8.4.3 Late stance vibration  

It was hypothesized that the late stance hip abductor vibration would have qualitatively 

the same, but a larger effect on the kinematics of the vibrated hip, compared to the 

earlyST vibration. In other words, initial effects of the lateST vibration would consist of 

increased ipsilateral hip abduction and contralateral trunk COM acceleration (Figure 

8.1C). However, the results were not conform our hypothesis, since the initial (DS) effect  

of the lateST vibration consisted of an increase in ipsilateral hip adduction and ipsilateral 



Chapter 8 

156 

trunk COM acceleration (Figure 8.5). An antagonistic vibration reflex, instead of a 

typical tonic vibration reflex, as previously described in the literature (Cordo et al., 2005; 

Feldman and Latash, 1982), may have occurred in this condition. Adductor activity 

would then be responsible for the pelvis moving cranially on the ispilateral side and for 

the increased ipsilateral trunk COM acceleration. Alternatively, a crossed reflex with 

contralateral abductor activity, as has been described for the biceps femoris and triceps 

surae muscles (Gervasio et al., 2015; Stevenson et al., 2015) may have caused the 

kinematic changes observed. Larger pelvis tilt and contralateral hip abduction angles 

were presented in the subsequent single support phase. The later responses may have 

been due to activity of the vibrated abductor muscles, since in the second double support 

phase, ipsilateral hip abduction and contralateral trunk COM acceleration increased. 

However, this compensation occurred after foot placement and was too late to maintain 

the normal MOS. 

8.4.4 Phase dependent response modulation 

In the present study, GMed muscle vibration had opposite effects on kinematics of the 

vibrated hip and COM during early and late stance, in contrast with our hypothesis 

(Figure 8.5). 

During earlyST vibration, the pelvis was initially tilted upward on the non-vibrated side 

with acceleration of the trunk COM towards the non-vibrated side; whereas during lateST 

vibration, the pelvis was initially tilted downward on the non-vibrated side with 

acceleration of the trunk COM towards the vibrated side. Generally speaking, the role of 

afferent activity in rhythmic locomotor activity is to shape the pattern, to control 
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transition from one phase of the movement to another and to reinforce ongoing activity 

(Pearson, 1993). Consequently,  responses to afferent information are phase-dependent 

(Duysens, 1977; Duysens and Pearson, 1976; Duysens et al., 1990; Zehr et al., 1997). In 

line with this, we had hypothesized phase-dependency of responses to proprioceptive 

information from the hip abductors, but to our surprise this phase-dependency resulted in 

a reversal rather than just a scaling of the kinematic changes induced.  

Afferent encoding is dependent on the state of the muscle during vibration, with muscle 

spindle type I afferents responding to vibration during lengthening and muscle spindle 

type II afferents responding to vibration during shortening (Burke et al., 1976). In 

addition, lengthening illusions induced by muscle vibration are enhanced when a muscle 

is lengthening, whereas lengthening illusions are diminished or even reversed when the 

muscle is shortening (Cordo et al., 2005; Inglis and Frank, 1990; Kasai et al., 1994). In 

gait, hip abductor muscles are lengthening during earlyST and shortening during lateST. 

Therefore, the response to earlyST vibration may have been based on perceived 

lengthening of the GMed muscle, consistent with the expectation illustrated in Fig 8.1B, 

while the response to lateST vibration may have been based on perceived shortening of 

the GMed muscle and opposite to the expectation illustrated in Fig 8.1C.  

8.4.5 Functional implications 

Vibration has potent effects on motor cortical discharge and some of the motor effects of 

vibration may be mediated through the motor cortex (Colebatch et al., 1990). This 

implies that the responses observed in the present study may not be simple reflexes and 

may even be voluntary.  
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A) LateST vibration 

hypothesized 

B) LateST vibration 

actual 

Figure 8.5. 

A) Hypothesized effect of late stance vibration, consisting of ipsilateral hip abduction and 

downward pelvis tilt on the ipsilateral side, coinciding with acceleration of the trunk 

COM towards the contralateral side.  

B) Actual effect of late stance vibration, consisting of ipsilateral hip adduction and  upward 

pelvis tilt on the ipsilateral side, coinciding with acceleration of the trunk COM towards 

the ipsilateral side.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Possibly, a functional response to unexpected afference from the GMed muscle whether 

in late or in early stance is to delay weight transfer from the ‘old’ to the ‘new’ stance leg. 

The present data may thus suggest that the initial response to muscle vibration in both 

phases of gait is aimed at accelerating body mass towards the ‘old’ stance leg, i.e. a 

contralateral shift in earlyST and an ipsilateral shift in lateST. We suggest that this can be 
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interpreted as a temporary arrest of the ongoing weight shift in response to an error signal. 

Similarly, responses arresting an ongoing movement have been observed after a tripping 

over an obstacle (Schillings et al., 2000), and again when subjects were presented with a 

zone in which they were not allowed to place their recovery leg during balance recovery 

(Potocanac et al., 2015). Although such a conservative strategy may increase the risk of 

unsuccessful subsequent stepping, it assures a larger distance in ML direction between 

the COM and the lateral border of the ‘new’ stance BOS during weight transfer from the 

‘old’ stance to ‘new’ stance leg.  

8.4.6 Limitations 

In the present study, we investigated the effect of hip abductor vibration only in older 

adults and it is hard to fully explain the differences observed in this study and an earlier 

study on young adults (Roden-Reynolds et al., 2015). Therefore, the effect of age on 

responses to vibration stimuli during gait needs to be studied in a systematic fashion. 

Moreover, our older participants preferred to walk with a low speed and the effect of the 

vibration might have been affected by gait speed. In addition, we studied the effect of 

vibration on gait parameters, while walking on a treadmill, which may have affected 

other sensory inputs, especially visual and foot cutaneous sensory inputs. The latter may 

have attenuated vibration effects, by providing extra sensorial feedback on gait direction, 

while the visual input can be assumed to be less informative in treadmill walking than in 

overground walking.  
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8.5. CONCLUSIONS 

Hip abductor proprioceptive feedback plays a role in postural control during both 

standing and walking in healthy older adults. Comparison of the changes due to the 

gluteus medius muscle vibration during early and late stance indicate a phase-dependent 

reversal of responses to proprioceptive afference during gait. Whether this phenomenon 

is unique to the population of older adults studied here remains a topic for further study. 
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9.1 THESIS AIMS AND RESULTS 

The general aim of this thesis was to investigate the role of hip abductor muscle function 

in ML balance control during standing and walking in older adults. Three main objectives 

were formulated in the general introduction and addressed in the seven studies of this 

thesis: 

1. Does hip impairment following arthroplasty affect the risk of falling in older 

adults? 

2. How is ML balance controlled in gait in older adults? 

3. What is the role of hip abductor muscle strength and proprioceptive acuity in 

ML balance control in older adults? 

For the first objective, a questionnaire study among older patients who had undergone 

either a total hip arthroplasty (THA) or a total knee arthroplasty (TKA) showed a 

difference in risk of falling between those two patient groups (Chapter 2). Older patients 

after THA were found to have a 1.93 times higher risk of falling than older patients after 

TKA. This finding indicates that hip function is associated with falling and possibly 

affects balance control during standing and walking.  

The second objective was addressed in two studies, in which we restricted either the ML 

BOS (Chapter three) or the ML COM excursion (Chapter four). We found that the ML 

COM displacement and velocity were decreased when the step width was narrowed in 

Chapter three, and that the step width was decreased when the ML COM kinematics 

were constrained in Chapter four.  These findings suggest that foot placement and COM 

kinematics are adjusted with respect to each other for ML balance control.  With respect 
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to the role of hip abductors in this matter, the hip abductor muscles in the stance leg may 

control this reciprocal relationship, since the pelvis downward tilt on the swing side and 

stance hip adduction angles were decreased when the COM kinematics were constrained. 

The results of four studies (Chapters five-eight) addressed the third objective of 

establishing the role of hip abductor muscle strength and proprioceptive acuity in ML 

balance control in older adults. First, we developed a reliable method to assess the hip 

abductor proprioception in terms of hip position sense in standing, using an active-active 

paradigm (Chapter five). Then, we found that both hip abductor muscles strength and 

proprioceptive acuity are limiting factors in ML balance control in older adults (Chapter 

six). The result of this study revealed that hip abductor strength mainly limited accurate 

balance performance when explicit visual information on required weight shifts was 

provided. On the other hand, lower hip abductor proprioceptive acuity mainly limited 

balance performance in expected and unexpected platform translations, when required 

weight shifts had to be inferred from sensory information and no explicit visual 

instruction and feedback were presented.  Hip abductor muscle strength and 

proprioceptive acuity appeared to be important to regulate ML balance in gait, as 

declined hip abductor strength and proprioceptive acuity due to fatigue led to higher 

variability and asymmetry of the gait pattern in older adults (Chapter seven). 

Furthermore, the misinterpretation of hip abductor proprioceptive input, due to 

mechanical vibration, caused upward pelvis tilt, early stance hip adduction and late stance 

hip abduction and an increased trunk COM acceleration towards the leg in late stance 

phase. Therefore, the regulation of joint kinematics and trunk COM acceleration was 
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changed in the ML direction (Chapter eight). Based on these results, we concluded that 

hip abductor muscles play an important role in ML balance control in older adults and a 

decline in force generating and proprioceptive function of these muscles might limit 

balance control and increase fall risk in this population. 

9.2  GENERAL DISCUSSION 

This thesis focused on the role of hip abductor muscle function in ML balance control in 

older adults, as it appeared that ML balance impairment is a major cause of falls in the 

older population (Hilliard et al., 2008; Lord et al., 1999; Tinetti and Kumar, 2010). Hip 

abductor muscles can provide both forces and proprioceptive input necessary for ML 

balance control. The studies described in this thesis shed light on 1) effects of hip 

impairment after arthroplasty on fall risk, 2) the mechanical requirements of ML balance 

control and 3) the role of hip abductor muscle strength and proprioceptive acuity in ML 

balance control in older adults. The studies and results on these three objectives, as 

described in this thesis, are discussed below. 

9.2.1 Does hip impairment following arthroplasty affect the risk 

of falling in older adults? 

In Chapter two, we selected 209 older adults whom we expected to have a hip 

impairment and compared their risk of falling to 127 older adults whom we expected to 

have a knee impairment. We included patients who received primary and unilateral total 

hip arthroplasty (THA) and patients who received primary and unilateral total knee 

arthroplasty (TKA), due to osteoarthritis (OA). This comparable health issue (e.g., 
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arthroplasty due to OA) with different joint involvements (e.g., hip or knee joints) in the 

lower limb can have a different impact on patients’ gait pattern and balance control 

(Madsen et al., 2004; Mandeville et al., 2008; Perron et al., 2000; Saari et al., 2005; 

Tanaka, 1993). Therefore, a comparison of these two groups in terms of fall risk may 

highlight the importance of either hip or knee function for balance control in older adults. 

As hypothesized, we found that older patients after THA have a significantly, almost two 

times higher risk of falling than patients after TKA. This information contributed to 

previous knowledge of studies that separately showed that both THA (Ikutomo et al., 

2015) and TKA (Swinkels et al., 2009) patients have a higher risk of falling compared to 

healthy older adults. We concluded further investigation on the importance of hip muscle 

function and impairment for balance control in older adults is warranted.  

In this section, to the best of our knowledge, the importance of the hip and knee joint 

impairments for falls in older adults, and consequently in balance control were directly 

investigated for the first time. However, it should be noted that the study described in 

Chapter two was a retrospective cohort study with variable follow-up periods between 

patients from 3 to 18 months. Although the time between surgery and follow-up did not 

meet the criteria of being a confounder for the final regression model, a prospective study 

with a constant follow-up period after surgery for every participant is specifically needed 

to reveal over which time frame after surgery the patients might have a higher risk of 

falling. Previously, it has been shown that the risk of falling was quadrupled in the first 2 

weeks after discharge from the hospital (Mahoney et al., 1994), and the incidence of falls 
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in THA patients was negatively related to the post-operative duration up to one year after 

surgery (Ikutomo et al., 2015). 

In addition to the main findings of Chapter two, we found that more than 50% of all 

fallers in both THA and TKA groups– similar to healthy older adults (Stel et al., 2004) – 

reported physical injuries as a result of their last fall since arthroplasty. Physical activities 

declined on average by 26% in THA patients and by 30% in TKA patients. The level of 

functional activities was also declined on average by 16% in THA patients and by 22% in 

TKA patients. The decline in physical activity was higher in both patient groups of our 

study compared to community-dwelling older adults (Hill et al., 1999). These findings 

underline the importance of fall prevention in this group and the high fall risk in the THA 

group suggests that more extensive pre-operative or post-operative training may be 

warranted in this group. It would also be interesting to compare balance control after the 

standard approaches and minimally invasive surgery techniques for THA. Of the standard 

approaches, the posterolateral approach is most often used and it requires a healing 

process, as the several muscles need to be dissected. Hence, it may increase the risk of 

incomplete healing, resulting in pain, gait and balance impairments. Using the minimally 

invasive implantation technique such as the anterior approach, the hip joint is replaced 

through the natural interval between the muscles, which might be attributed to the less 

muscle and tendon damage. This technique might result in a faster recovery of gait and 

mobility, and thus might affect the quality of life in older orthopaedic patients after THA 

(Alecci et al., 2011; Mayr et al., 2009; Meena, 2012).  
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All in all, the higher risk of falling after THA suggests that the hip (muscle) impairments 

are important for balance control. Although hip arthroplasty involves the total hip joint, 

including an artificial joint, loss of joint capsule and ligaments, muscles detachments, the 

decrease in hip muscle function (e.g., muscle force and/or proprioceptive acuity) due to 

the disuse before and after the surgery or due to actual damage because of the surgery 

possibly causes the loss of balance control.  Therefore, in the next step, we aimed to 

investigate to what extent hip abductor muscle function is important for ML balance 

control. But first, we investigated how (dynamic) balance in the ML direction is 

controlled. 

9.2.2 How is ML balance controlled in gait in older adults? 

Balance control mechanically requires modulation of the COM kinematics relative to the 

BOS. In this section, we experimentally designed two studies, in which young and older 

adults were asked to narrow their ML BOS in order to challenge balance (Chapter three), 

and in which young adults walked with a trunk orthosis to constrain trunk kinematics 

(Chapter four).  

Constraining step width in young and older adults (Chapter three), resulted in decreased 

ML COM displacement and velocity as well as a smaller ML margin of stability (MOS). 

Constraining COM kinematics (Chapter four) resulted in a narrower step width, but had 

no significant effect on the ML MOS. These findings are in line with previous 

observational studies (Hurt et al., 2010; Wang and Srinivasan, 2014) that found a 

correlation between frontal plane trunk COM kinematics during the swing phase of gait 

and the subsequent step width. Our findings contributed in revealing that ML balance 
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control can be controlled by either ML foot placement (BOS) or ML COM kinematics. 

As human gait is inherently unstable and this unstable system needs to be actively 

stabilized in ML direction (Bauby and Kuo, 2000; Kuo, 1999; Townsend, 1985), our 

findings suggest that such active control reciprocally regulates body COM and foot 

placement in order to avoid falling in both young and older adults.  

Older adults used a more cautious strategy when the step width was narrowed (Chapter 

three). However, a smaller ML MOS and higher variability of COM kinematics indicate 

that older adults had a higher risk of balance loss in the ML direction when they were 

forced to walk with a narrower step width. On the one hand, walking with wider steps, as 

observed with ageing (Hurt et al., 2010; Schrager et al., 2008),  has as a positive effect in 

that it increases the BOS (Chapter three), which in a model simulation study was shown 

to decrease the control precision required to maintain balance (Kuo, 1999). In line with 

this, narrow step width is associated with a higher fall risk in community-dwelling older 

adults (Ko et al., 2007). On the other hand, a wider step width increases GMed activity 

(Kubinski et al., 2015) and energetic costs in both healthy (older) adults and patient 

groups (Donelan et al., 2004; IJmker et al., 2013; Wert et al., 2010). As our older adults 

preferred to walk with wider steps during normal gait (Chapter three), in line with other 

studies (Hurt et al., 2010; Schrager et al., 2008), this suggests that older adults may 

prioritize a safe gait pattern over energetic efficiency.  

The results of Chapter four confirm the trade-off between balance control and energy 

cost. In terms of balance control, walking with smaller and slower ML COM 

displacement should not necessarily cause a narrower step width, as it might be easier to 
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control smaller COM kinematics within a wider BOS. Yet, we observed that the young 

adults narrowed their step width when their COM kinematics were constrained. This 

strategy is beneficial in terms of the energy cost, but only applicable as long as this 

narrow BOS does not increase the risk of balance loss.  

We included only young adults in this study (Chapter four), who are generally better 

able to control their balance when walking with narrow steps (Chapter three). Therefore, 

the benefit of lower energy cost by narrowing the step width might not be taken 

advantage of in older adults. Based on these two studies (Chapter three & four) and Hurt 

and co-workers’ observational study that showed a stronger relationship between trunk 

kinematics and step width in older adults than in young adults (Hurt et al., 2010), it is 

plausible that older adults will also adjust their step width with respect to their ML COM 

kinematics, but maybe not to the extent observed in young adults. 

Our study design (Chapter four) had two advantages compared to previous studies 

(Donelan et al., 2004; Hurt et al., 2010; Veneman et al., 2008; Wang and Srinivasan, 

2014). Hurt and Wang studied the correlation between frontal plane trunk COM 

kinematics and step width, while we directly manipulated the COM kinematics to 

investigate the effect of the COM kinematics changes on the step width. Both Donelan 

and Veneman used an external pelvis stabilization that mechanically couples the pelvis to 

an external rigid frame, while our subjects could walk without possible direct mechanical 

effects of passive external support. These advantages increased the internal validity of 

our study in chapter four. 
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The combination of Chapters three and four allows us to answer our objective regarding 

the relationship between ML COM kinematics and step with. However, it would still be 

valuable to study the effect of reversal conditions, i.e. the effect of widening steps and 

decreasing trunk stability on balance control, and on energy cost in young and older 

adults. This may add valuable information about the benefit of walking with wider steps, 

which is a typical behavior of older adults. Additionally, measuring hip abductor muscle 

activity and calculating hip joint moments at the same time can also directly contribute to 

better understanding of the role of hip abductor muscles in the modulation of this 

relationship. 

In conclusion, the results of Chapters three and four revealed that the COM 

position/velocity and step width are regulated with respect to each other to actively 

control the ML balance during walking. It appears thus that hip abductor muscles play an 

important role in regulating the ML balance control. This will be discussed in the next 

part.  

9.2.3 What is the role of hip abductor muscle strength and 

proprioceptive acuity in ML balance control in older adults? 

As discussed in the previous section, constraining the COM kinematics in the ML 

direction (Chapter four) led to a decrease in step width in young adults. With respect to 

the role of the hip abductor muscle function in this relationship, we calculated the pelvis 

orientation and hip abduction and adduction angles during the stance and swing phases of 

gait. When the ML COM kinematics were constrained, the smaller pelvis downward tilt 

on the swing leg, and concomitant smaller hip adduction angles on the stance leg and 
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smaller hip abduction angles on the swing leg (albeit not significant) indicated that stance 

hip abductor muscles might be regulating the relationship between the COM kinematics 

and foot placement in the ML direction. This finding is in contrast with previous findings 

(Rankin et al., 2014), suggesting that swing leg abductor muscles mainly control the 

subsequent foot placement in ML direction, while it is in agreement with suggestions that  

that hip abductor muscles are mainly responsible for medially accelerating the COM 

during the stance phase (Pandy et al., 2010).  

Given these indications of the importance of the hip abductor muscles in ML balance 

control, we further aimed to answer whether age-related effects of neuromuscular 

capacity of hip abductor muscles limit ML balance control in older adults.  To be able to 

quantify older adults’ hip abductor proprioceptive capacity, we developed and tested a 

joint position sense (JPS) test using active-active procedure in a standing position and 

studied its intra-session reliability. The reliability of our JPS test was substantial to 

almost perfect for the relative and absolute error for hip abduction angle (ICC values 

ranging from 0.71 to 0.93), indicating that this method was sufficiently reliable to assess 

proprioceptive acuity of hip abductor muscles in older adults.  

We found (Chapter six) that hip abductor muscle capacity may limit ML balance control 

in older adults, since maximum hip abductor muscle strength was significantly correlated 

with the accuracy of ML balance control (e.g., ability of weight-shifting with a smaller 

phase shift and gain closer to 1 between target and ML COM displacement), in particular 

when explicit visual information on actual and target movement was presented (visual 

MELBA). Hip abductor proprioceptive acuity was also significantly correlated with a 
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wider bandwidth of ML balance control (e.g., ability of weight shifting up to a higher 

frequency of target movement) and with a smaller delay between COM movement and 

the sudden platform movement, in particular when information on actual and target 

movement was not presented (mechanical MELBA and sudden platform translation). 

Proprioceptive information might be up-weighted in the absence of explicit visual 

feedback in the mechanical MELBA task. In this respect, our results indicate that the 

acuity of proprioceptive information derived from hip abductor muscles is a limiting 

factor in controlling the relationship between the position of the COM and the BOS 

boundary during the mechanical MELBA and sudden platform translation tasks, in the 

absence of explicit visual feedback. Yet, when explicit visual sensory information is 

available for ML balance control during the visual MELBA task, then hip abductor 

muscle strength was the limiting factor in regulating the COM position with respect to the 

visual target. As our results revealed that hip abductor neuromuscular capacity is 

important for ML balance control in older adults, this finding contributes to explaining 

why hip abductor muscle strength is predictive of falls in older adults (Hilliard et al., 

2008). Moreover, it seems that hip abductor muscle strength (Johnson et al., 2004) and 

hip proprioception acuity (Wingert et al., 2014) decrease with ageing, which then 

deteriorate ML balance control, and consequently increase the risk of falling in older 

adults.   

Age-associated impairments in hip abductor muscle strength and/or position sense may 

explain why our older participants had more difficulty to control their body COM with 

narrow BOS than the young participants, and led to a less robust gait pattern (Chapter 

three). This notion was supported by the next study, in which we experimentally induced 
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hip abductor impairment, i.e. less hip abductor strength and proprioceptive acuity, by 

means of local hip abductor muscle fatigue (Chapter seven). The older adults in this 

study walked with a more variable and less symmetric gait pattern when hip abductor 

muscles were unilaterally fatigued. In addition, the trunk velocity from the fatigued leg 

towards the non-fatigued leg was lower in the fatigue condition, indicating that the 

velocity generated during push-off was consistently decreased with unilateral fatigue. 

This could in turn explain the decreased gait symmetry. This study indicated that hip 

abductor strength and/or proprioception have significant effects on balance control during 

gait in older adults.  

Muscle fatigue was a good model to study the importance of hip abductor muscle 

function in gait control in older adults. However, as muscle fatigue decreases both the 

muscle strength and proprioceptive acuity, it was not possible to disentangle the 

contribution of the reduction in either or both strength or proprioceptive information on 

the observed changes in the gait pattern. Therefore, to study the isolated role of hip 

abductor proprioceptive input on ML balance control in older adults, we mechanically 

vibrated the hip abductor muscles during standing and various phases of gait in older 

adults (Chapter eight). If proprioceptive information of hip abductor muscles is 

important in terms of ML balance control, misinterpretation of this sensory input, due to 

vibration, should change the postural sway or gait pattern. Indeed, we found that hip 

abductor vibration led to postural sway towards the contralateral side during standing in 

older adults. Other studies also reported the same results during standing in young adults 

(Courtine et al., 2007; Glasser et al., 2015; Roden-Reynolds et al., 2015). However, one 

cannot simply extrapolate these data to older adults, due to differences in peripheral 
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afference and descending input integration at the spinal cord level in young and older 

adults (Monaco et al., 2010). It was also suggested that older adults rely more on visual 

and less on proprioceptive information for postural balance control during quite standing 

(Eikema et al., 2012), possibly due to the loss of proprioception with ageing (Goble et al., 

2011). Yet, our findings (Chapter eight) indicate that despite this loss of proprioception 

with ageing, hip abductor proprioceptive information still plays a role, in ML balance 

control during standing and gait. With respect to gait, the results of Chapter eight showed 

that hip abductor spindle afference during the stance phase is used to control the 

relationship between trunk movement and foot placement in older adults. Vibration 

induced changes in ML COM acceleration, which were compensated in the single 

support phase after early stance vibration and in the subsequent double support phase in 

late stance vibration. In line with previous studies (Glasser et al., 2015; Roden-Reynolds 

et al., 2015; Sorensen et al., 2002), we found only small effects of vibration on ML 

kinematics, which might be due to habituation and/or multisensory integration. Although 

these relatively small effects of the proprioceptive perturbations might not be sufficient to 

explain the natural variability in frontal plane mechanics during gait, the consistent and 

significant effects suggest that this source of sensory information contributes to monitor 

balance in older adults. 

In sum, the results of section three indicate that hip abductor muscle strength as well as 

proprioceptive acuity contribute to regulation of the relationship between the ML COM 

kinematics and foot placement. Consequently, an age-associated decline in the capacity 

of hip abductor muscle function seems to limit older adults’ ability to properly control 
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ML balance during standing and walking, activities during which most falls occur in the 

older population.  

9.5 CLINICAL IMPLICATIONS 

The results presented in this thesis underline the importance of the hip abductor muscles 

in ML balance control in older adults. This indirectly also shows the importance of hip 

abductor muscles for fall risk in older adults. Therefore, this muscle group should be 

carefully considered as part of fall prevention and rehabilitation programs in older adults. 

Improving the neuromuscular capacity of hip abductor muscles could be even more 

important in patient groups with specific impairments such as those with hip OA, after 

THA or hip surgeries for other reasons such as hip fractures due to falls. In addition to 

patients with hip abductor impairments, it could be important in patients with balance 

disability and higher risk of falling such as those after stroke or with Parkinson's disease 

(Roller et al., 1989; Wood et al., 2002). Improvement of hip abductor muscle function in 

terms of maximum muscle strength and proprioceptive acuity through training may be 

indicated in these populations. 

 With respect to improving muscle strength, it has been shown that older adults obtained 

increased strength and improved balance and gait after general progressive resistance 

training compared to before training (Barrett and Smerdely, 2002).  Lower limb strength 

training including hip abductor muscle training improves spatiotemporal gait parameters 

such as speed, step length and toe clearance in community-dwelling older adults (Persch 

et al., 2009). Lower extremity muscle strength, including hip abduction, ankle 
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dorsiflexion, knee flexion, ankle plantarflexion, and knee extension, was also improved 

by functional strength training in disabled elderly outpatients (Krebs et al., 2007). Power 

training involves training of the velocity of movement, which improves motor-unit firing 

rate, synchronization of discharge, and levels of muscle activation (Häkkukinen et al., 

1985; Sale, 1986). It has been reported that power training improves balance in older 

adults (Orr et al., 2006) and we also found (Chapter six) that substantial and fast hip 

moment generation is required for ML balance control in older adults. Although not 

shown in literature yet, power-training programs for hip abductor muscles might be of 

additional value for improving (ML) balance control in older adults.  

An alternative method to improve hip abductor muscle activity by means of hip abductor 

taping and TheraTogs techniques has been proposed in patients after stroke (Maguire et 

al., 2009). These techniques were applied to the hemiplegic side in standing with the hip 

in 5 degrees abduction. These two techniques had positive effects on hip abductor muscle 

activity and gait in stroke patients. Moreover, these techniques may have a positive effect 

on proprioceptive acuity due to stretching of the skin (Collins et al., 2005).  

Next to long term and intense resistance training, it has been suggested that mechanical 

vibration may improve maximum strength and power performance (Bosco et al., 1999; 

Cardinale and Bosco, 2003). Although there is still debate on the effects of vibration 

training on strength, studies do indicate that whole body vibration improves the 

lumbosacral proprioception in healthy young adults (Fontana et al., 2005) and knee 

proprioception in patients with knee osteoarthritis (Aaboe et al., 2009). Therefore, it is 

plausible that these types of vibration exercise can also have positive effects on hip 
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proprioception. Yet, such effects and the consequences on balance control need further 

investigation.  

Another way to indirectly improve hip abductor muscles function is by (ML) balance 

training during walking or standing. Such kind of training could be helpful for older 

adults to improve the modulation of the COM with respect to an imposed (e.g. narrow) 

BOS during stance or gait. For instance, it might be possible to enhance the ability of 

balance control by asking older adults to walk at different percentages of their preferred 

step width, projected on a treadmill. Recently, the application of virtual reality such as 

virtual reality balance training (Cho et al., 2012; de Vries et al., 2014) or virtual reality 

treadmill training  (Yang et al., 2011) has become popular and seems promising in 

rehabilitation to improve balance control.  

9.6 FUTURE STEPS 

In spite of the answers to our objectives in this thesis, still some questions remain that are 

relevant for future research. First, we showed that older patients after THA have about 

two times higher risk of falling than older patients after TKA, possibly due to hip 

impairments. However, the underlying mechanism that explains this high fall risk is still 

unknown. To develop a proper fall prevention program and to understand the specific 

determinants for falls in this population, more details are needed on the time course of hip 

impairments such as hip muscle strength, balance impairment and gait difficulties as 

potential fall risk factors and their changes over time after surgery in a prospective set-up 

with a sufficient follow-up period.  
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Second, the general target group of this thesis, particularly in Chapters three and five to 

eight, were fit and healthy, community-dwelling older adults. It is assumed that in this 

population, hip abductor muscles strength is decreased, compared to young adults 

(Johnson et al., 2004). In order to identify the consequences of such ageing effects on hip 

abductor muscle function, further investigations are required to compare young and older 

adults, or even better to compare the role of this muscle group across the age range. 

Moreover, the generalizability of our findings from fit and healthy older adults to more 

frail and patient populations with hip abductor muscle impairments (e.g., after hip 

arthroplasty (Perron et al., 2000) or with hemiplegic hip abductor muscles after stroke 

(Kirker et al., 2000a; Maguire et al., 2009)) remains questionable. It can be expected that 

these specific patient groups have even more difficulty with ML balance control. For 

instance, ML balance was perturbed in a standing position by pushing the participants 

either to the left or right direction. The results revealed that contralateral hip abductor 

muscles controlled balance during the side way push in healthy control group. But non-

paretic hip adductor muscles mainly controlled balance during the side way push towards 

the impaired leg in stroke patients (Kirker et al., 2000a). In addition, it appeared that the 

patterns of hip abductor muscle activity recovered after stroke, but never became 

completely normal (Kirker et al., 2000b). Therefore, it is worthwhile to gain more 

knowledge on the role of hip abductor muscles in these groups, which in turn can be also 

helpful to develop effective clinical interventions in order to improve their balance and 

quality of life. 

Third, we focused on ML balance control, as hip abductor muscles mainly contribute in 

this plane. However, hip abductor muscles also produce moments in the sagittal plane, in 
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particular the anterior and posterior segments of GMed (Semciw et al., 2013). For 

instance, It has been reported that hip abductor muscle fatigue impairs postural control 

both in the frontal and sagittal plane during standing (Gribble and Hertel, 2004). 

Therefore, studying the importance of hip abductor muscles in sagittal plane balance 

control will help to gain more fundamental knowledge on the role of this muscle group in 

balance control. 

Finally, in this thesis we showed that hip abductor proprioceptive acuity is important to 

control posture and balance; however it is still unclear what the role of hip abductor 

muscle spindle afference is in the absence of/in combination with other sensory inputs, 

including the visual and vestibular system, or ankle muscle spindle afference. Studies on 

this can add valuable information regarding the control of balance during walking in 

older adults and older adults’ ability to integrate different sensory inputs. For instance, 

vision was previously perturbed by liquid-crystal goggles, and proprioception from ankle 

muscles was altered by vibration (Hay et al., 1996). The result of this study revealed that 

postural stability deteriorated more in older adults than in young adults when vision was 

withdrawn. Therefore, the combination of visual and vestibular interventions with hip 

abductor and/or ankle muscle vibration will help to gain more knowledge on underlying 

mechanism of balance control in ML direction.   

9.4 CONCLUSION 

This thesis contributes to a better understanding of the role of hip abductor muscle 

function in ML balance control in older adults. It can be concluded that older patients 
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after total hip arthroplasty have an about two times higher risk of falling than older 

patients after total knee arthroplasty. This suggests that hip muscle impairment negatively 

affects balance control in older adults who have less ability to deal with balance 

challenges in daily activities, which could be confirmed as older adults, compared to 

young adults, have a higher risk of balance loss when balance is challenged by narrowing 

the ML BOS. To have an efficient balance control without falling during walking, ML 

balance control involves control of the ML COM and the ML BOS in a reciprocal 

manner. Hip abductor muscles contribute to regulation of this relationship, as ML balance 

control in older adults requires substantial and fast hip moment generation. It can also be 

concluded that the neuromuscular capacity of the hip abductor muscles is a limiting 

factor for ML balance control in older adults.  Hip abductor muscle fatigue results in a 

more asymmetric and variable gait pattern in older adults. Finally, it was confirmed that 

stance hip abductor proprioceptive feedback can regulate the trunk COM kinematics, by 

controlling pelvis movement during the stance phase of gait. Overall, proper hip abductor 

muscle function, both with respect to force generation and proprioception, is essential for 

ML balance control in older adults 

.  
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Falls are common incidents, especially in older adults, and can have major consequences 

for the individual’s health, quality of life and health care costs. The strongest risk factors 

of falls in community-dwelling older adults have been directly or indirectly associated to 

balance and gait impairments. Mediolateral (ML) balance impairment can cause incorrect 

ML weight shifting during standing and walking. Age-related decline in muscle strength, 

and proprioceptive and visual acuity may explain balance impairment in older adults.  

One muscle group that is important for ML balance control are hip abductor muscles, 

since they are involved in regulating ML postural sway and controlling lateral weight 

shifts. As hip abductor muscle function in terms of muscle strength as well as source of 

proprioceptive information might be affected by ageing, knowledge of hip abductor 

muscle function in ML balance control in older adults can be useful for the understanding 

of falls and the development of effective clinical interventions to prevent falls.  

The aim of this thesis was to investigate the role of hip abductor muscle function in ML 

balance control in older adults. To this end, three main objectives through seven studies 

were addressed. The first objective focused on the question whether hip impairment 

following arthroplasty increases the risk of falling in older adults. In Chapter two, a 

questionnaire study is described in which we investigated whether fall risk in older 

patients who had underwent a unilateral total hip arthroplasty (THA) had a higher risk of 

falling compared to patients who underwent a unilateral total knee arthroplasty (TKA) 

during the past 3-18 months. As predictor we defined the type of prosthesis, while 

outcome was set as the experience of at least one fall after surgery. The results revealed 

that 31% of the patients with a THA and 20% of the patients with a TKA fell at least 

once during the 3 to 18 months after surgery. Adjusting for confounding in logistic 
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regression analysis supported our hypothesis that older patients after a THA had 

significantly 1.93 times higher risk of falling than older patients after a TKA. These 

findings indicate that hip (muscle) impairment might negatively affect balance control 

more than knee (muscle) impairment. 

The second objective focused on the question how ML balance is controlled in gait in 

older adults. We addressed the mechanical requirements for balance control in two 

experimental studies by restricting the ML base of support (i.e., by narrowing the step 

width) in both young and older adults (Chapter three), and by restricting the body center 

of mass kinematics (i.e., by wearing a trunk orthosis) in young adults (Chapter four). The 

findings of these two studies showed that both the ML center of mass kinematics (e.g., 

position and velocity) in Chapter three and the ML base of support (e.g., step width) in 

Chapter four were adjusted with respect to each other. The results of Chapter three also 

suggest that older adults have more difficulty to modulate their ML balance when they 

are forced to walk with narrower step width than young adults. This may occur during 

daily activities such as when they have to walk on a narrow path way or in a crowded 

environment.  

Finally, the third objective regarding the role of hip abductor muscle function (e.g., 

muscle strength and proprioception) in ML balance control in older adults was addressed 

in four experimental studies. First, we developed and tested a reliable method to assess 

hip abductor proprioception in terms of hip joint position sense in a standing and active-

active paradigm (Chapter five). Reliability of our test was substantial to almost perfect 

for the relative error (ICC values ranging from 0.81 to 0.93) and substantial (ICC values 

ranging from 0.71 to 0.81) for the absolute error in hip abduction, indicating that this 
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method was sufficiently reliable to assess proprioceptive acuity of hip abductor muscles 

in older adults.  Then, in Chapter six, hip joint position sense and hip abductor muscle 

strength were investigated as possible limiting factors of ML balance control during ML 

weight-shifting tasks by tracking a predictable visual target, a predictable mechanical 

target and an unpredictable mechanical platform translation. The correlation analysis 

between balance performance indicators for these three tasks and hip abduction/adduction 

moment and moment rate showed that ML balance control in older adults requires 

substantial and fast hip moment generation.  We also found that, regardless of 

predictability or unpredictability, hip abductor muscle strength mainly limited balance 

control when explicit visual feedback was presented. In addition, we showed that hip 

abductor proprioceptive acuity limited balance performance in platform translations, 

when explicit visual input was not available. In Chapter seven, we experimentally 

manipulated unilateral hip abductor function by means of local fatigue to investigate 

whether this affected gait control and hip position sense in older adults. The results 

revealed that hip abductor muscle fatigue increased stride time variability and step-to-

step asymmetry (partly due to slower mediolateral trunk movement in fatigued leg late 

stance towards the non-fatigued leg), yet gait stability in terms of the local divergence 

exponents was not affected by fatigue. Hip abductor muscle fatigue also decreased hip 

abductor proprioceptive acuity, in terms of absolute and relative error, in older adults. In 

Chapter eight, we experimentally stimulated unilateral misinterpretation of hip abductor 

proprioceptive input by mechanical vibration of hip abductor muscles in standing  and 

different phases of gait.  The hip abductor vibration in standing resulted in ipsilateral hip 

abduction, a contralateral body weight-shift and trunk center of mass movement. 
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Vibration in early stance phase of gait led to downward pelvis tilt on the ipsilateral 

(vibrated) side, contralateral hip adduction and ipsilateral hip abduction and an increased 

trunk center of mass acceleration towards the contralateral side. Compared to early stance, 

late stance hip abductor vibration caused opposite kinematic changes, such as an upward 

pelvis tilt on the vibrated side, ipsilateral hip adduction and ipsilateral trunk center of 

mass acceleration. The increased trunk center of mass acceleration was compensated in 

the subsequent single-support phase during early stance vibration; whereas it was 

compensated in the subsequent double-support phase, which caused a decrease of the ML 

margin of stability during late stance vibration. 

These results indicate that hip abductor proprioceptive acuity is important for regulation 

of ML balance in older adults.   

In conclusion, as discussed in Chapter nine, hip abductor muscle function is important 

for ML balance control in young and particularly in older adults and a decrease in force 

generating and proprioceptive function of these muscles can limit balance control and 

increase fall risk in older adults.  
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