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Chapter 1 
 
General  introduction and summary 

 
 

1.1 General introduction 

The problem of falling in older adults 
Falls are a major health problem among older adults. Firstly, there is a high 
incidence of falling in the elderly. In general, the number of reported falls increases 
with age (Blake et al., 1988; O’Loughlin et al., 1993; Prudham and Evans, 1981; 
Tinetti et al., 1988). Thirty percent of people over 65 years of age still living at 
home falls at least once a year (Tinetti et al., 1988; 1994). This amount is 40% 
among community-dwelling elderly over the age of 80 years (O’Loughlin et al., 
1993; Prudham and Evans, 1981). From the elderly living in nursing homes (mean 
age 87 years), even 50% suffers a fall each year (Rubenstein et al., 1990). 
 Secondly, falls have a profound impact on the physical health and are the 
leading cause of injury-related deaths, among persons aged 65 years and over 
(Josephson et al., 1991; Sattin et al., 1992). Of the falls of older adults living in the 
community approximately 5% results in fractures and up to 24% in other serious 
injury warranting medical treatment (Berg et al., 1997; Tinetti et al., 1988). The 
fractures incurred are usually fractures of the hip or wrist. Hip fractures account for 
a large share of disabilities, death and medical costs associated with falls (Hayes et 
al., 1996). 
 Falls also often have important psychosocial consequences for elderly. They 
may lead to fear of falling and self-imposed restriction of activity resulting in 
social isolation (Bloem et al., 2003; Murphy et al., 2002; Tinetti et al., 1988; Tinetti 
and Williams, 1998). In addition, the consequences of falls reduce the ability to 
independently carry out activities of daily living such as dressing, bathing, 
shopping, or housekeeping  and increase the risk of placement in nursing homes 
(Stel et al., 2004; Tinetti and Williams, 1997; 1998).  
 Rehabilitation after the injuries caused by falls often is costly. For example, the 

 5



overall cost of each hip fracture is estimated at $ 35,000 in the United States 
(AAOS, 2000). In 1994 the total costs of fall-related injuries for older people in the 
USA was around $20 billion and is expected to reach $32 billion by 2020 
(Englander et al., 1996).  
 In the search for solutions to the problem of falling in the older population, 
some strategies are focused on minimizing the consequences of falls. For example, 
to reduce the number of hip-fractures after falling, hip protectors were developed 
(Bloem et al., 2003; Van Schoor et al., 2003). Others focus on prevention of falls 
(Chang et al., 2004; Gillespie et al. 2004). Understanding the causes of falling 
might be beneficial in the search for preventive strategies to reduce the risk of 
injurious falls. 
 
Causes of falling 
Falls result from a complex interaction between intrinsic factors specific to each 
individual (i.e. age and sex, general health and functioning, behavior and activities) 
and extrinsic factors related to that person’s environment and surroundings (Tinetti 
et al., 1989). To understand the relative contribution of individual risk factors, 
many  studies have investigated the characteristics of elderly who fall (such as 
mental status, strength, reflexes, balance and gait) and the circumstances in which 
falls of elderly occurred (such as environmental hazards in their homes and 
medication use; Nevitt et al., 1989; 1991; O’Loughlin et al., 1993; Tinetti et al., 
1988; 1995a; 1995b;). The following risk-factors have been shown to increase the 
risk of falling in at least two independent risk-factor studies: arthritis, depressive 
symptoms, orthostasis, impairment in cognition, vision, balance, gait or muscle 
strength, and the use of four or more prescription medications (Tinetti, 2003). The 
risk of falling is especially high when multiple risk factors were simultaneously 
present (Nevitt et al., 1989; Tinetti et al., 1988).  
 The majority of falls in the elderly occur during some form of movement, 
usually walking, and tripping is the most common cause of a fall (Tinetti et al., 
1988; 1989). In various studies, trips were reported to be the cause in around 25-
50% of all falls (Berg et al., 1997; Blake et al., 1988; Campbell et al., 1981; 
Overstall et al., 1977; Tinetti et al., 1988). For example, individuals aged 65 years 
and over, who reported one or more falls in the preceding year, reported that in 
53% of the cases the falls were due to tripping (Blake et al., 1988). These trip-
related falls may cause serious injuries. Several studies described that 12 to 38% of 
falls leading to hip fractures in older adults was caused by stumbling (Cumming 
and Klineberg, 1994; Nyberg et al., 1996, Parker et al., 1996).  
 External provoking factors can contribute to tripping and the consequent loss 
of balance. Tinetti et al. (1988) described that 44% of falls occurred in the presence 
of environmental hazards. Environmental factors comprise for example elements 
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such as uneven or slippery floor surfaces (including the presence of rugs and mats), 
faulty electric wiring, badly placed furniture, bad lighting, poorly designed or 
maintained stairs (Carter et al., 1997). Fall prevention programs (aimed at extrinsic 
factors) using home visits as intervention in order to eliminate environmental 
hazards at home, proved to be ineffective (Day et al., 2002; van Haastregt et al., 
2000). However, as part of a multifactorial intervention program (aimed at both 
extrinsic and intrinsic factors) this could be effective in preventing falls (Day et al., 
2002; Gillespie et al., 2004). 
 The above mentioned epidemiological studies have given insight into risk 
factors for falls in older adults. It was concluded that stumbling is one of the main 
causes of falls in the elderly, but that simply eliminating environmental hazards, 
which could reduce the number of trips, was not effective to reduce the number of 
falls in older adults. To increase the understanding of the difficulties older adults 
have to react appropriately to unexpected perturbations during walking, 
experimental studies on stumbling should be done.  
 
Experimental set-ups  to induce trips  
Several methods to induce trips in an experimental setting have been described. In 
some experiments on humans, trips were induced by obstructing the forward sway 
of the leg through holding a cord attached above the ankle (Cordero et al., 2003; 
Dietz et al., 1986a; Garret and Luckwill, 1983; Smeesters et al., 2001). These 
methods evoked reactions, which resembled stumbling. An advantage of this 
method is that it is possible to study the influence of changing characteristics of the 
perturbation, such as the duration of the perturbation, on the reactions (Cordero et 
al., 2003; Smeesters et al., 2001). However, a disadvantage of this method is that 
the sensory receptors, which are involved in the detection of the perturbation (for 
instance cutaneous and proprioceptive receptors), are not the same as in more 
realistic perturbations in which the foot unexpectedly hits an obstacle.  
 Other groups used methods, in which the forward sway of the foot was 
obstructed by an obstacle lifted on the gait track (Eng et al. 1994; Grabiner et al. 
1993; Pijnappels 2004c). Although with this method responses to tripping 
perturbations could be studied, this method has the disadvantage that subjects know 
more or less where on the walkway they can expect the obstacle.  
 So far, for humans no method has been developed to obstruct the forward 
swinging leg during treadmill walking, by causing a collision of the foot with 
unexpected obstacles on the treadmill. In contrast, in animal experiments a similar 
paradigm has been used successfully (Buford and Smith, 1993; Drew and 
Rossignol, 1987; Drew et al., 1993; Wand et al., 1980). In the present thesis a new 
method to induce trips is described. Trips are induced by obstacles which were 
released on a treadmill to perturb the step cycle. With this method perturbations 
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can be induced in various (preprogrammed) phases of the step cycle. In this way it 
is possible to reproduce unexpected perturbations and to evoke reproducible 
stumble responses under controlled laboratory settings.  
 
 
Biomechanics and movement strategies during stumbling 
Several recent studies described biomechanical analysis of the reactions involved 
in recovering from tripping (Grabiner et al., 1993; Pavol et al., 2001; Pijnappels 
2004c; Van den Bogert et al., 2002). During tripping, the collision of the foot 
initiates a forward body rotation (see schematic picture in figure 1.1, van den 
Bogert et al., 2002). In order to prevent falling, the obstacle should be avoided by 
the obstructed limb and the forward body rotation should be inhibited. The forward 
body rotation can be controlled by placing a foot anterior of the body (this limb is 
also called the recovery limb). This recovery step should be of sufficient length so 
that the recovery limb is positioned anterior of the body center of mass and can 
generate a moment that counteracts the body’s forward rotation (Grabiner et al. 
1993, Pijnappels 2004c). Additionally, the stance limb (or support limb) can 
contribute to counteract the forward body rotation. The support limb can do this in 
two ways. First, the push-off force in the support limb restrains the angular 
momentum of the body. Secondly, the push-off force in the support limb can 
provide time and clearance for proper positioning of the recovery limb (Pijnappels 
2004c). 

  
 
 
 
 
 

FIG. 1.1.  Inverted pendulum model of the tripping event. Before the trip the body
moves forward with speed v, tilt angle θ0 and zero angular velocity. During the
trip, a horizontal impulse p is applied. Immediately afterwards, the body rotates
with initial angular velocity ω0 about the ankle of the stance limb (from van de
Bogert et al., 2002). 

The movement strategies used by young adults during stumbling reactions 
involving obstacles were firstly described by Eng et al. (1994). They induced trips 
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in early and late swing. It was found that in general there are two main stumbling 
strategies. Which of the two strategies was performed, depended on the phase of 
the step cycle in which the perturbation of the forward swinging foot occurred. 
After perturbations in the early swing phase the ‘elevating strategy’ was performed. 
After the collision with the obstacle, the foot was directly lifted over the obstacle 
during the perturbed swing. After perturbations in the late swing phase, subjects 
usually showed the 'lowering strategy'. Following the perturbation, the ipsilateral 
foot was quickly placed on the treadmill without clearing the obstacle. This foot 
was lifted over the obstacle in the swing phase that succeeded the perturbed swing. 
These movement strategies were induced by fast reflex responses occurring in the 
leg muscles (Eng et al., 1994). The current insight into the incorporation of reflex 
responses in the ongoing walking pattern will be described more closely in the next 
session.  
 
Neural control of perturbed locomotion  
The control of movements during walking is not simply regulated by executing a 
fixed program from the central nervous system, but depends strongly on sensory 
feedback. During walking the central nervous system receives constant sensory 
input and has to select the context-specific information and incorporate this 
information in the executed walking program. This allows a smooth progression of 
gait even when the body needs to react to perturbations. In order to recover from a 
trip, fast muscle and movement responses must be generated by the central nervous 
system after stimulus detection.  
 While tripping, various sensory receptors are stimulated simultaneously during 
the collision of the foot with an obstacle. In experimental studies with young 
adults, electromyographic (EMG) responses in leg muscles occurring after either 
stimulation of cutaneous afferents or stimulation of proprioceptive afferents during 
locomotion have been described (see reviews Dietz 1992; Duysens et al., 2000). In 
leg muscles for example, responses with latencies of ~80 ms occur after electrical 
stimulation of non-nociceptive cutaneous nerves (Duysens et al., 1992; Van Wezel 
et al., 1997; Yang and Stein, 1990). These reflex responses are thought to involve 
the group Aβ cutaneous afferents (Van Wezel et al., 2000) and to follow a 
polysynaptic neural pathway over the spinal cord or through the cortex (Dietz, 
1992; Nielsen et al., 1997; Pijnappels et al., 1998).  
 After stimulation of proprioceptive afferents (muscle stretch), responses of 
three different latencies can occur in leg muscles. Firstly, short-latency responses 
occur with a latency of about 40 ms. These reflexes are considered to be 
monosynaptic stretch reflexes. The pathway of these monosynaptic stretch reflexes 
has been described most extensively (see Fig. 1.2). Mechanical stretch of the 
tendon or muscle is detected by the muscle spindles. The amplitude and rate of that 
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length change is coded and relayed to the central nervous system by the Ia 
afferents. This information is passed monosynaptically to the homonymous alpha 
motoneuron pool. A motor volley to the neuromuscular junction results in a 
corrective contraction of the stretched muscle (Mynark and Koceja, 2001).  
 Secondly, medium-latency stretch reflexes occur after ~75 ms. These are 
thought to be polysynaptic reflex responses arising from muscle proprioceptive 
group II afferents (Corna et al., 1995; Dietz 1992; Nielsen et al., 1998; Schieppati 
and Nardone 1997). On the basis of experiments with somatosensory evoked 
potentials and motor evoked potentials, 70 ms has been suggested to be the earliest 
possible latency for a transcortical effect (Nielsen et al., 1997).  

  
 
 
 
 
 

FIG 1.2.  Spinal stretch reflex pathway, depicting the muscle spindle afferent
neuron and the mono-synaptic connection to the alpha motoneuron (From
Mynark and Koceja, 2001). 

 Thirdly, long-latency responses occur with a latency of ~145 ms (Schieppati et 
al., 1995). These reponses in the tibial and soleal muscle could use the same neural 
pathways as the medium-latency responses, although their latencies are also long 
enough to be voluntarily influenced, since voluntary activation of leg muscles is 
considered to occur after ~150 ms. For example, in the study of Hase and Stein 
(1998), in which subjects were instructed to stop walking as soon as they got a cue 
by electrical stimulation of the superficial peroneal nerve, the first changes in leg 
muscle activity occurred 150-200 ms after stimulation. 
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FIG. 1.3.  Phase-dependent reflex
reversal. Subtracted EMG responses
of m. tibialis anterior after electrical
stimulation  in three phases of the
step cycle (EMG levels of undisturbed
walking have been subtracted).
Dotted lines indicate the window
around the responses. No response
occurs in phase 6, an excitatory
reponse in phase 10, and an
inhibitory in phase 14 (adapted from
Yang and Stein, 1990).  

 
 
Reflex modulation due to spatial information and phase in the step cycle  
For cutaneous afferents, it has been shown that the location of a stimulus could 
determine the reflex responses in leg muscles. Electrical cutaneous stimulation at 
different sides of the foot elicit different responses during locomotion (Van Wezel 
et al., 1997; Zehr et al., 1997).  
 In addition, the amplitudes of reflex responses to such stimuli were dependent 
on the phase (or time) of stimulation in the step cycle. Some studies looked at the 
monosynaptic reflex during walking by using electrical stimulation of the Ia-
afferents (Hoffman-reflex or H-reflex). It was found that the amplitude of this 
electrically evoked Hoffman (H-) reflex was dependent of the time of stimulation 
in the step cycle (Capaday and Stein, 1986, 1987). In studies on responses to 
electrical stimulation of cutaneous afferents, not only modulation of the response 
amplitudes according to the phase of stimulation was observed, but even reflex 
reversals occurred (Duysens et al., 1990; 1992; 1996; Tax et al., 1995; Van Wezel 
et al., 1997; Yang and Stein 1990). For instance, electrical stimulation of the 
human sural nerve yields facilitation of the ankle flexor muscle tibialis anterior 
during early swing, but leads to suppression when delivered during late swing. 
Reversal of the reflex response after tibial nerve stimulation is shown for the tibial 
muscle in Fig. 1.3 (adapted from Yang and Stein, 1990).                                                                                     
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 It has been assumed that this modulation of reflex responses due to spatial 
information and phases of the step cycle adapts the responses in a functional way to 
the circumstances at various times in the step cycle. Previous studies have 
suggested that the phase-dependent responses and the corresponding joint angle 
changes following selective cutaneous stimulation might be functionally relevant in 
stumbling reactions (Van Wezel et al., 1997; Zehr et al., 1997). However, the EMG 
and the accompanying kinesiologic responses occurring after more realistic 
perturbations (e.g., stumbling over an object, such as a doorstep or a paving stone) 
have not been studied extensively. Hence, studying stumbling reactions could 
increase the insight into the functional significance of the observed responses and 
could describe the compensatory reactions after more realistic perturbations. 
 
Stumbling reactions in older adults 
Only a few studies have actually studied reactions of elderly after unexpected trips 
during walking on a walkway (see for review Grabiner et al., 2002). Biomechanical 
variables of stumbling reactions resulting in falls (i.e. 50% of the subject's body 
weight supported by the safety harness ropes) were compared with the same 
variables during successful recoveries. At the time of perturbation, some factors 
increased the risk of falling, such as a high walking velocity and a more anterior 
center of mass of the upper body. In addition, a significantly slower placement of 
the tripped foot during the lowering strategy was suggested to be an important 
factor that increased the risk of falling in older adults (Van den Bogert, 2002). 
 While these recent studies increased the knowledge about the biomechanical 
causes of falls after stumbling in older adults, there are only few studies of the 
neuromuscular responses during stumbling (Eng et al., 1994; Pijnappels 2004c). 
Neuromuscular responses in young adults for early and late swing perturbations 
were described by Eng et al. (1994); Recently another study compared 
neuromuscular responses of the contralateral leg (support limb which was not 
perturbed) of young and older adults at different points in the gait cycle (Pijnappels 
2004c). In line with these studies, the present thesis describes neuromuscular 
responses of young and older adults in both the ipsilateral (perturbed) and the 
contralateral leg in various phases of the step cycle. 
 
Aim of the present thesis 
In the biomechanical studies described above, the focus was on the factors 
contributing to a fall after tripping in older adults. The question remains, however, 
whether stumbling reactions differ between young and older adults, even if the 
stumbling reactions do not lead to actual falls. Are there indications that elderly 
react differently after being tripped? The ability to respond rapidly to the stimuli 
associated with the suddenly imposed perturbation relies upon the capacity of the 
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central nervous system to achieve rapid stimulus detection, a speedy response 
selection, and an appropriate motor execution. The neuromuscular responses and 
the accompanying movements during stumbling determine whether the stumbling 
responses are successful to regain balance, or not. In the present thesis, the aim is 
to analyze the neuromuscular responses after trips in young and elderly subjects. 
The neuromuscular responses and the accompanying movement strategies after 
being tripped in young adults will be described at first. To study stumbling 
reactions in multiple phases of the step cycle, a new method to unexpectedly 
induce stumbling reactions in an experimental setting is presented. Secondly, the 
stumbling reactions of older adults in various phases of the step cycle will be 
described. The movement strategies and the underlying neuromuscular responses 
during stumbling of younger and older adults will be compared. Understanding the 
age-related changes of stumbling responses might lead to increased insight into the 
difficulties older adults have in regaining balance after tripping. Increased insight 
into these difficulties might contribute to finding innovative strategies to prevent 
falling in older adults. 
 
1.2 Summary 

The aim of this thesis was to investigate stumbling reactions. Firstly, to get more 
insight in the muscular responses and movement strategies after tripping, the 
reactions of young adults were studied in various phases of the step cycle. 
Secondly, stumbling reactions of older adults were studied and compared with the 
reactions of young adults. It was discussed whether differences between the 
reactions of older and young adults could contribute to the increased risk of falling 
in older adults.  
 In order to study stumbling reactions in a controlled laboratory setting, a new 
method to apply unexpected mechanical perturbations during human walking on a 
treadmill was developed, and is presented in chapter 2. Perturbations consisted of 
an obstruction of the forward swinging foot, caused by rigid obstacles which were 
dropped on the treadmill in front of the subject. The timing of the perturbation was 
controlled by an electromagnet releasing the obstacle at a preprogrammed delay 
after left or right heel strike. With this new method of perturbation, stumbling 
reactions were successfully evoked. The electromyographic (EMG) responses and 
kinematic responses during these stumbling reactions were measured. Both the 
EMG and kinesiologic responses were reproducible when perturbations were 
presented during the same part of the swing phase of different step cycles. 
 Earliest responses occurring during the stumbling reactions of young adults 
were short-latency reflexes and are presented in chapter 3. All subjects showed 
reflex responses with average latencies of 34-42 ms in both the upper and the lower 
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leg flexors and extensors of the obstructed leg. These earliest responses are 
assumed to be short-latency stretch reflexes evoked by the considerable impact of 
the collision of the foot with the obstacle. The amplitudes of these responses 
depended on the phase in the step cycle and were not strictly related to either the 
background activity of the corresponding muscles or variations in the perturbation. 
The coactivation of antagonists as well as the lack of obvious kinesiologic 
consequences following the responses suggest that the short-latency responses may 
generate joint stiffness. This may be a first line of defense in preparing for the 
functional reaction, which is generated by longer latency responses, in order to take 
appropriate action concerning the obstacle. 
 In addition to the earliest responses, the later responses and their relation with 
the movement strategies performed were studied in chapter 4. Two main 
stumbling strategies could be distinguished: elevating strategy and lowering 
strategy. All subjects showed an ‘elevating strategy’ after early swing perturbations 
and a ‘lowering strategy’ after late swing perturbations. During the elevating 
strategy, the foot was directly lifted over the obstacle through extra knee flexion 
assisted by ipsilateral biceps femoris (iBF) responses and ankle dorsiflexion 
assisted by tibialis anterior (iTA) responses. Later, large rectus femoris (iRF) 
activations induced knee extension to place the foot on the treadmill. During the 
lowering strategy, the foot was quickly placed on the treadmill and was lifted over 
the obstacle in the subsequent swing. Foot placement was actively controlled by 
iRF and iBF responses related to knee extension and deceleration of the forward 
sway. Activations of iTA mostly preceded the main ipsilateral soleus (iSO) 
responses.  
 For both strategies, after the short-latency responses (~40 ms, RP1) response 
peaks could be distinguished with medium latencies (~75 ms, RP2) and with long 
latencies (~110 ms, RP3 and ~160 ms, RP4). In agreement with the short-latency 
responses, the amplitudes of these medium- and long-latency responses depended 
on the phase in the step cycle. The phase-dependent modulation of the responses 
could not be accounted for by differences in stimulation or in background activity 
and therefore is assumed to be premotoneuronal in origin.  
 In mid swing both the elevating and lowering strategy could occur. For this 
phase, the responses of the two strategies could be compared in the absence of 
phase-dependent response modulation. Both strategies had the same initial 
electromyographic responses till ~100 ms (RP1-RP2) after perturbation. While the 
earliest response (RP1) was thought to be a short-latency stretch reflex, the second 
response (RP2) has features reminiscent of cutaneous and proprioceptive 
responses. Both these responses did not determine the behavioral response strategy. 
The functionally important response strategies depended on later responses (RP3-
RP4). These data suggest that during stumbling reactions, as a first line of defense, 
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the central nervous system releases a relatively a-specific response, which is 
followed by an appropriate behavioral response to avoid the obstacle.  
 In chapter 5, stumbling reactions of older adults were described and compared 
with those of young adults. In general, older adults used the same movement 
strategies as young adults (‘elevating’ and ‘lowering’). Latencies of RP1 responses 
increased by ~6 ms and of RP2 by 10-19 ms in older adults compared to the young. 
Amplitudes of RP1 were similar for both age groups, whereas amplitudes of RP2-
RP4 could differ. In the early-swing elevating strategy (perturbed foot directly 
lifted over the obstacle) older adults showed smaller responses in ipsilateral upper-
leg muscles (biceps femoris and rectus femoris). This was related to smaller safety 
margins during stepping over the obstacle since older adults used shorter swing 
durations and more shortened step distances. Moreover older adults showed more 
failures in clearing the obstacle. In parallel, RP4 activity in the contralateral biceps 
femoris was enhanced in older adults, possibly pointing to a higher demand for 
trunk stabilization. In the late-swing lowering strategy (foot placed on the treadmill 
before clearing the obstacle) older adults showed lower RP2-RP3 responses in 
most muscles measured. However, kinematic responses were similar to those of the 
young. It is concluded that the changed muscular responses in older adults induce a 
greater risk of falling after tripping, especially in early swing. 
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Chapter 2 
 
Mechanically induced stumbling during human 

treadmill walking 

 

 
Adapted from: Schillings et al. Mechanically induced stumbling during human 
treadmill walking. J. Neurosci. Methods 67:11-17, 1996. 
 
2.1 Introduction 

Studies on reactions to selective electrical nerve stimulation during human walking 
have given insight into the way the central nervous system generates reflex 
responses to either cutaneous (Duysens et al., 1990; Yang and Stein, 1990; 
Duysens et al., 1992) or proprioceptive stimulation (Capaday and Stein, 1986; 
Brooke et al., 1991). Little is known about the role of these reflex responses in 
compensatory reactions to more realistic perturbations (e.g., stumbling over 
unexpected objects). In contrast to electrical stimulation, in realistic perturbations a 
selective activation of cutaneous or proprioceptive afferents does not occur. 
Furthermore, these perturbations may be fundamentally different since the balance 
is disrupted. To achieve this kind of perturbations, unexpected mechanically 
obstructing stimuli must be applied. 
 Some studies on unexpected mechanical stimulation during cat locomotion 
have been reported (Forssberg, 1979; Wand et al., 1980; Drew and Rossignol, 
1987; Buford and Smith, 1993). The swing phase was mechanically obstructed by 
manually positioning rods in front of the paw. The so-called "stumbling corrective 
reaction" could be evoked using this method (Forssberg, 1979). 
 Much less is known about unexpected mechanical perturbations during human 
locomotion. To perturb the normal walking pattern mechanically, movements of a 
platform incorporated into the surface of a walkway (Nashner, 1980) and 
acceleration or deceleration of the treadmill (Berger et al., 1984; Dietz et al., 1984) 
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have been used. Such manipulations allow to study responses to perturbations 
during the stance phase of walking. 
 In everyday life, however, perturbations often occur during the swing phase. 
To simulate such perturbations, in some studies a momentary resistance was 
applied during the swing phase by a cord which was fixed above the ankle joint of 
the swinging leg (Garret and Luckwill, 1983; Dietz et al., 1986a). The latency 
between onset of impulse and appearance of electromyographic (EMG) responses 
in both ipsilateral (tibialis anterior; rectus femoris) and contralateral muscles 
(gastrocnemius; biceps femoris) was 65-70 ms (Dietz et al., 1986a). Different 
responses occurred depending upon whether the resistance was applied at the onset 
or at the end of the swing phase. 
 Naturally, perturbations during the swing phase are often caused by a collision 
of the foot with unexpected obstacles. To achieve this, in a few studies obstacles 
were unexpectedly raised above the surface of a walkway to perturb the walking 
pattern in the swing phase (Grabiner et al., 1993; Eng et al., 1994). These 
perturbations were caused at a given specific position on the walkway. Although 
with this method responses to tripping perturbations could be studied, this method 
has the disadvantage that subjects know more or less where they can expect the 
obstacle. 
 Until now, for humans no method has been developed to obstruct the forward 
swinging leg during treadmill walking, by causing a collision of the foot with 
unexpected obstacles. In the method described in the present study, obstacles were 
dropped on a treadmill to perturb the step cycle at a preprogrammed time. It will be 
shown that with this method it is possible to reproduce unexpected perturbations 
and to evoke reproducible stumble responses under controlled laboratory settings. 
 
2.2 Methods 

Experimental set-up 
Bipolar surface EMG activity was recorded in five healthy subjects (3 male, 2 
female; aged 20 to 47 years) while walking on a treadmill (Woodway type ERGO 
EL2; walking surface treadmill belt: length x width = 2.0 x 0.7 m) at 4 km/h. The 
electrodes were placed over the biceps femoris (BF) and rectus femoris (RF) of the 
left leg (see also Duysens et al., 1991). Using a laterally placed goniometer, the 
joint angles of the left knee were measured. Very thin insole footswitches were 
used to detect foot contact of each leg with the treadmill. In addition, markers were 
placed on the left shoulder, hip, lateral epicondyl of the femur, fibular head, lateral 
malleolus, heel, and metatarsal bone I. The movements of the subjects were 
recorded on video (25 Hz) during the experiment. Stick diagrams of the 
movements were made on the basis of the recorded marker positions. 
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 The mechanical perturbation of the left leg during the swing phase was 
produced by an obstacle which was dropped on the treadmill. The obstacle used 
consisted of a combination of wood, polystyrene foam, and iron. The obstacle had 
a length, width, and height of 40.0, 30.0, and 4.5 cm, respectively. The obstacle 
weighed 2.2 kg. This weight was critical since lighter obstacles were too easily 
kicked away or lifted by the toes, while heavier ones were considered less safe, 
since a collision could be painful for the toes. The obstacle was held by an electro-
magnet above the treadmill approximately one meter in front of the subject's left 
leg (Fig. 2.1). At a preprogrammed delay after heel strike of the right or the left 
foot, the computer could trigger the electromagnet to drop the obstacle on the 
treadmill in front of the left foot. A pressure-sensitive strip (same technique as 
footswitches), attached to the front of the obstacle, was used to determine the time 
at which the left foot hit the obstacle. 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
 
  
 
 
 
 

FIG. 2.1.  Schematic diagram of the experimental set-up. The electromagnet is
attached to a bridge over the treadmill. It holds the obstacle just above the
treadmill surface in front of the subject's left foot. When the electromagnet is
switched off after a trigger from the computer (not shown), the obstacle falls on
the treadmill. A pressure-sensitive strip on the front side of the obstacle gives a
signal to the computer to determine the time of perturbation when the foot of the
subject hits the obstacle. 

 19



 The perturbations were introduced unexpectedly. To prevent that the subjects 
could hear when the obstacle fell on the treadmill, earplugs were used. In addition, 
subjects wore headphones through which loud music was played. To prevent the 
subjects from seeing the approaching obstacle, glasses were used which blocked 
downward sight. Further, to ensure that the subjects did not feel the vibration of the 
obstacle landing on the treadmill, the treadmill was struck with a metal rod at 
irregular intervals. 
 It was important that the subjects kept the same position on the treadmill 
during the experiment. Forward or backward shifts would endanger the precise 
timing of the perturbation with respect to the phase in the step cycle. Shifts to the 
right could cause the left foot to miss the obstacle and no stumble would occur. 
Shifts to the left could cause the right foot to touch the obstacle instead of the left 
foot. In the latter case the subject could anticipate the approaching obstacle and 
would lift the left leg over the obstacle to avoid stumbling. To help the subjects to 
maintain the same position, reference lines were applied to the wall and the guard 
rail of the treadmill which gave the subjects direct visual feedback about their 
position on the treadmill. During a short period of walking, the subjects were 
trained to maintain a stable position on the treadmill. 
 The subjects wore a safety harness that was fixed to a safety brake on the 
ceiling. In case a subject would start to fall, the safety harness would hold the 
subject and stop the treadmill. In fact, this never happened since none of the 
subjects fell. Flexible gymnastic shoes, containing the thin insole footswitches 
were worn. In the shoe, the toes of the left foot were covered with a piece of cotton 
to prevent them from getting hurt when the foot struck the wooden front of the 
obstacle. In addition, a piece of cotton was applied to the heel of the right foot to 
protect this heel if the obstacle was accidentally kicked towards the right foot. 
 
Data sampling 
Measurements were made during a time interval which started 100 ms prior to the 
triggering of the electromagnet and continued for 2100 ms. For the control trials, 
the same intervals were measured, but no obstacle was dropped after the trigger. 
Because in the actual experiments the delay between the trigger and the time of the 
collision with the obstacle was maximally 1330 ms, at least 670 ms of data were 
measured after each perturbation. All signals were stored on hard disk. The on-line 
inspection of the data was performed on a separate monitor. The EMG signals were 
amplified, high-pass filtered (>3 Hz), full-wave rectified, low-pass filtered (<300 
Hz). All data were transferred on-line via an analog-digital converter (sampled at 
500 Hz). 
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2.3 Results 

Successful stumbling was induced in all five subjects. During the stumbling 
reaction the ipsilateral foot was lifted over the obstacle. Although there was enough 
room to step beside the obstacle (width of obstacle and treadmill belt were 30 and 
70 cm, respectively), none of the subjects made such lateral movements. On the 
basis of the video pictures, stick diagrams were made to illustrate movements 
during the normal unperturbed (Fig. 2.2A) and perturbed swing (Fig. 2.2B). A 
stumbling response after a perturbation (arrow) in the early swing is shown in Fig. 
2.2B. The obstacle (4.5 cm high) is shown along with the stick diagram.  
 

 

FIG. 2.2.  Stick diagrams  
of normal swing (A) and stumble
response at early swing for an
obstacle with a height of 4.5 cm
(B). Stick diagrams are re-
constructed with intervals of 40
ms and are numbered as phase 1
to 21. Each stick has been
displaced by moving the position
of the marker on the shoulder
with equal distances forwards (to
the left) with respect to a fixed
point on the treadmill belt. Arrow
indicates the perturbation time at
early swing (phase 6 in B). In B
the obstacle was initially lifted
along with the toe. 
 

 
Following the foot contact with the obstacle (in Fig. 2.2B, phase 6), it can be seen 
that an extra plantar flexion at the ankle occurred (phase 8). In the unperturbed 
swing, the maximal observed plantar flexion was smaller (Fig. 2.2A; phase 10). 
Approximately 200 ms after the collision of the foot with the obstacle (phase 11), 
there was a change from plantar to dorsal flexion at the ankle in order to prepare 
for the landing on the heel. In addition, in the perturbed swing the maximal knee 
flexion (Fig. 2.2B; phase 12) increased with respect to the maximal flexion in the 
normal swing phase (Fig. 2.2A; phase 11). 
 Sometimes the obstacle was lifted along with the foot. In those cases the 
maximum height of foot lifting depended on how high the obstacle was lifted. This 
is illustrated in Fig. 2.3. This figure shows an example in which the obstacle is 
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extremely lifted by the foot. After lifting the obstacle along with the foot, the 
obstacle falls back on the treadmill and the foot is lifted over the obstacle. 
 

 
 
 
 
 
 
 
 

FIG. 2.3  Schematic example of a trial in which the obstacle was extremely lifted
following perturbation. After starting the forward sway (1), the foot hits the
obstacle in the early swing phase (2). When the leg flexes, the obstacle is lifted
along with the foot (3 and 4). After further flexion, the obstacle is released from
the foot and falls back on the treadmill (5 and 6), while the foot moves over the
obstacle. Finally, the foot is placed on the treadmill (7). 

 
 To illustrate that the stumble responses were reproducible within subjects, the 
EMG and joint angle changes (as measured with a goniometer) were compared 
during the stumble responses of 5 separate trials of perturbation of one subject (Fig. 
2.4). The perturbations were caused during early swing. In Fig. 2.4A, the changes 
in knee joint angle during 5 stumble responses (traces 1 to 5) were compared with a 
control trial (lowest trace). In each trial, two periods of flexion could be 
distinguished. The first deviation from the normal (control) knee joint angle was 
observed on average 48 ms (SD 4 ms, n=5) following the perturbation (see single 
arrow in Fig. 2.4A). The second extra flexion of the knee was observed with a 
mean latency of 174 ms (SD 11 ms, n=5) after the perturbation (see double arrow 
in Fig. 2.4A). The knee started to extend on average 396 ms (SD 17 ms, n=5) after 
the perturbation. 
 In each perturbation trial (Fig. 2.4B), the BF showed a small early response 
with a latency of 76 ms (SD 3 ms) and a large response with a latency of 125 ms 
(SD 4 ms). The durations of the whole complex of early and late BF responses 
were also similar for the different trials with a mean duration of 151 ms (SD 6 ms). 
In the control trial, the BF showed no activity in this part of the swing phase. The 
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RF showed a small response with a mean latency of 76 ms (SD 5 ms) after the 
perturbation (Fig. 2.4C). The main EMG burst in the RF occurred at a mean 
latency of 266 ms (SD 21 ms) with a mean duration of 148 ms (SD 21 ms). 
 In short, several periods could be distinguished after a perturbation. In the first 
period, one can observe passive (no EMG activity) changes in knee joint angle 
(mean latency 48 ms) due to a mechanical effect of the obstruction. In the second 
period the foot is lifted actively over the obstacle in response to the perturbation. 
Presumably, the large activation of the BF at 125 ms correlated with this knee 
flexion at 174 ms. Thirdly, the foot placement is prepared by extension of the knee 
(after about 396 ms), aided by knee extensors such as RF (response burst at about 
266 ms). 
 In all perturbation trials (Fig. 2.4), the duration of the swing phase was 
lengthened as compared to the control trials. The mean durations of the swing in 
the control trials and the perturbation trials were 488 ms (SD 14 ms; n=10) and 684 
ms (SD 30 ms; n=5), respectively. Hence the duration of the swing phase increased 
on average with 196 ms (SD 14 ms; Welch). The question rose whether the 
introduction of the perturbation affected the structure of the normal walking pattern 
(due to fear for stumbling or due to anticipation to the perturbation). The mean 
duration of the control step cycles during the stumble experiment was 488 ms (SD 
14 ms; n=10) for the subject shown in Fig.2.4. This was not significantly different 
from the step cycle duration as measured in a separate experiment without 
perturbations (mean 468 ms; SD 17 ms; n=10). The angle changes and EMG 
activity observed during the control step cycles in the stumble experiment were 
also not different from those seen during the separate experiment without 
perturbations. 
 In all subjects, stumble responses were evoked in early swing. The 
reproducibility of the responses within the other four subjects was similar to the 
one described in Fig. 2.4. All subjects exhibited large knee flexions to lift the foot 
over the obstacle. For the five subjects, the mean latencies of the earliest BF and 
RF responses varied from 60 to 76 ms and 72 to 96 ms, respectively. The large 
amplitude responses in the BF always preceded the large amplitude responses in 
the RF. 
 The perturbations in the subject shown in Fig. 2.4 occurred on average 59 ms 
after toe-off (SD 11 ms; n=5), which is on average 12% (SD 2%) of the duration of 
unperturbed swing. The foot contact with the obstacle (as measured with the 
pressure- sensitive strip) lasted on average 167 ms (SD 18 ms).  
 Altogether 75 perturbations were presented to the five subjects in the early 
swing phase. The foot missed the obstacle 14 times. Hence, 61 times successful 
stumbling was evoked. However, 15 trials were excluded from further analysis 
since the proper timing of the perturbation in these trials failed. Therefore, in 61%
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FIG. 2.4.  Reproducibility of the responses after perturbations by the obstacle with
a height of 4.5 cm in early swing. Traces 1 to 5 show individual trials with the knee
angle (A), BF (B), and RF (C) responses of one subject (other subject than in Fig.
2). Lowest trace shows the activity of a control trial. Dashed vertical lines:  
time of perturbation. Single arrow indicates first deviation from the knee angle in
the unperturbed swing (mechanical effect); double arrow indicates extra flexion
due to muscle activity. E: extension, F: flexion. Black bars: stance phases of
perturbation trials (n=5), and control trial (n=1). Cal.: 1 mV (EMG), 30° (knee). 

of all perturbations successful stumbling reactions were evoked in a specific phase 
of the step cycle. For all subjects, the collision occurred on average at 14% (SD 
4%) of the total duration of the unperturbed swing. All these perturbations occurred 
in a period from 30 to 106 ms after toe-off. 
 Several factors may be responsible for variations in the timing of the 
perturbation. First, variations in the timing of the normal step cycle occur. For 
example, the duration of the unperturbed swing phase for the subject shown in Fig. 
2.4 varied between 465 and 503 ms (mean 488 ms; SD 14 ms; n=10). 
 Second, anterior-posterior movements of the subject on the treadmill prior to 
the perturbation could endanger proper timing of the perturbation. On the basis of 
the video pictures we estimated that the subject shown in Fig. 2.4 moved 
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maximally 5 cm in anterior or posterior direction from his starting position. A 
displacement of 1 cm can cause a change of 9 ms in the timing of the perturbation, 
since the treadmill velocity was 4 km/h. 
 Thirdly, fluctuations in the duration of the period between the trigger to the 
electromagnet and the time at which the obstacle lands on the treadmill could 
occur. To quantify these variations and to check whether the functioning of the 
electromagnet was affected by the duration of the "power on" period, the following 
procedures were carried out. First, the mean time interval between the trigger and 
the landing of the obstacle on the treadmill was measured. This interval was 325 
ms, and the SD was 11 ms (n=58). After this first control experiment, the 
electromagnet remained activated holding the obstacle for half an hour (similar to 
the durations of the actual experiments). Then the same control experiment was 
repeated. In this second control experiment, the mean duration of the period 
between trigger and landing was 329 ms (SD 11 ms; n=58). The range of all 
intervals measured in the two control experiments was 300 to 356 ms. We 
concluded that the "power on" period did not affect the delay between trigger and 
landing of the obstacle within the duration of the experiments. 
 
2.4 Discussion 

In this study it was shown that it is possible to successfully reproduce unexpected 
perturbations during walking on a treadmill. The stumble responses as measured 
from the EMG and gonio signals were reproducible within subjects when 
perturbations were caused by identical obstacles in the same part of the swing 
phase. The variation in the timing of the perturbation of the analyzed trials was 
small (SD 4% of duration of unperturbed swing) and therefore it was possible to 
study stumbling reactions reliably in well-defined phases of the step cycle. 
 Perturbations by movable obstacles can occur in real life by stumbling over 
loose objects (e.g. a stone, a book or a piece of wood). The obstacle was sometimes 
lifted along with the foot. Hence, the height to which the foot must be lifted to clear 
the obstacle not only depended on the height of the obstacle, but also on the extent 
of lifting the obstacle. Therefore, the foot must be lifted higher to clear the obstacle 
than in a situation, in which the obstacle can not move. However, the early 
responses are reactions to the initial perturbation, which is always the same for 
different trials (despite the small variation in the timing of the perturbation). 
 Obstacles permanently attached to the treadmill were used by Drew (1993) to 
study the voluntary modifications of gait needed to step over the obstacles in cats. 
If such a set-up would be used in humans to perturb the swing phase unexpectedly, 
a few disadvantages would occur. Using an obstacle fixed to the treadmill, it is not 
possible to apply a perturbation at a specific time in the step cycle. Furthermore, 
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the perturbations succeed each other at short regular intervals. In that case subjects 
would be able to predict the time of perturbation and, in addition, would not have 
enough time to regain their normal walking pattern between two perturbations. 
 Our experimental set-up had some impact on the realistic character of the 
perturbation and the reactions. The use of a treadmill possibly influences the 
stumbling movements because the walking velocity is fixed. Nevertheless, subjects 
had the possibility to move forwards and backwards to a certain extent and in this 
way they could change their walking velocity. From the video recordings it 
appeared that during the stumbling the subjects did not try to stay at the same place 
on the treadmill, but regained their position after the stumbling reaction was 
finished. 
 The glasses did not allow vision of the obstacles or feet prior to the 
perturbation. The instruction to the subjects was to look to the wall in front of 
them. They kept doing so even following the perturbation. We think that in real life 
the tendency to look down after a perturbation can be expected when people walk 
on an uneven terrain. In that case it is necessary to look down to place the foot at a 
‘safe’ place. In our laboratory setting however, subjects know the surface structure 
and the size of the treadmill belt. 
 After perturbations in early swing, increased knee flexion to lift the foot over 
the obstacle was observed. This is in agreement with the flexor component of the 
swing limb in response to perturbations in early swing (about 20% of the swing 
phase) as described by Eng et al. (1994) as part of the so-called ‘elevating 
strategy’. 
 The mean latencies of the responses observed in the ipsilateral BF (76 ms) and 
RF (76 ms) are similar to the latencies observed for responses in other muscles as 
have been described in prior studies in which mechanical perturbations were 
caused during human locomotion. Responses evoked by decelerating the treadmill 
had latencies of 65-75 ms in the tibialis anterior (Berger et al., 1984). Dietz et al. 
(1986a) described responses with latencies of 65-70 ms in the ipsilateral 
gastrocnemius after mechanical perturbation during the swing phase by a holding 
impulse. Ghori and Luckwill (1989) found responses in the RF with a mean latency 
of 82 ms after a resistance applied during swing on a treadmill. Eng et al. (1994) 
described mean response latencies of about 75 ms (their Fig. 3A) in the BF after 
perturbations in early swing, which were caused by obstacles (height 8 cm) on a 
walkway. The RF responses described by Eng et al. (1994) occurred with a mean 
latency of 115 ms (their Fig. 3A). These longer latencies as compared to ours (76 
ms) are possibly due to the use of a different technique to cause unexpected 
perturbations during swing. Flexibility of the perturbing object and duration of foot 
contact with the object could play a role. 
 On average, the duration of the swing phase in the described subject was 
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prolonged by 196 ms after the perturbation in early swing. A lengthened swing 
phase (about 80 ms) was also reported by Dietz et al. (1986a) after applying a 
momentary resistance of 80 ms above the ankle joint at the onset of the swing 
phase in walking humans. For perturbations in early swing, Eng et al. (1994) 
described a mean swing phase prolongation of 97 ms, and they also showed an 
example of a swing phase which was increased by about 180 ms (their Fig. 5). 
 In this study it was for the first time that obstacles were used to cause 
perturbations during human walking on a treadmill. The technique is easy to 
implement in any experimental setting with a treadmill, since basically only an 
electromagnet, an obstacle, and a computer program for triggering the magnet are 
needed. The use of a treadmill makes it easy to control a number of variables such 
as speed of locomotion and timing of perturbation as has been shown in studies 
with electrical stimulation (Duysens et al., 1990, 1992; Tax et al., 1995). The 
results of the presented stumble method (in which both cutaneous and 
proprioceptive afferents are activated) can be easily compared with the results 
obtained in these latter studies, which selectively stimulated cutaneous afferents. In 
fact, in studies with tactile electrical stimulation of cutaneous afferents from the 
foot, similar latencies were found for responses in the ipsilateral BF and RF (about 
80 ms) during human running (Tax et al., 1995). Hence, it is quite possible that 
some of the presently described responses with mean latencies of 60 to 96 ms use 
basically the same pathways as those described in this study. As in experiments 
with electrical stimulation, it is possible to study the phase-related changes in 
responses. Perturbations with different timings in the swing phase can easily be 
randomized within an experiment. Not only the timing, but also the height of the 
obstacle can easily be manipulated in this experimental setting. In fact, successful 
results were also obtained with obstacle heights of 6.5 and 8.5 cm (unpublished 
observations).  
 In conclusion, this method provides a new opportunity to qualitatively and 
quantitatively study corrective responses to unexpected mechanical perturbations 
during human walking on a treadmill. 
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Chapter 3 
 
Widespread short-latency stretch reflexes and 

their modulation during stumbling over 

obstacles 

 

 
Adapted from: Schillings et al. Widespread short-latency stretch reflexes and their 
modulation during stumbling over obstacles. Brain Research 816: 480-486, 1999. 
 
3.1 Introduction 

Under static conditions, taps on the tendon of the human triceps surae (‘tendon 
jerks’, Burke et al., 1984) or brisk ankle flexions and extensions (Gottlieb and 
Agarwal, 1979; Toft et al., 1989; 1991) result in short-latency responses in lower 
leg muscles with latencies of about 40 ms (so-called ‘M1’ peaks). These responses 
are thought to be reflexes induced by a transient increase in firing rate of muscle 
spindle Ia afferents, which make monosynaptic connections to motoneurons in the 
spinal cord.  
 To study whether these short-latency stretch reflexes also play a role during 
walking, authors used either pneumatic (Yang et al., 1991) or electromechanical 
systems (Sinkjaer et al., 1996) attached to the subject’s foot or ankle to induce brief 
ankle rotations during gait. For soleus (SO), Sinkjaer et al. (1996) found that the 
amplitudes of the short-latency responses were dependent on the phase of 
stimulation in the step cycle (Sinkjaer et al., 1996, see also Capaday and Stein, 
1986; Dietz et al., 1990). The SO stretch reflex described by Sinkjaer et al. (1996) 
was large during the stance phase and zero in the transition from stance to swing. 
In late swing the reflex increased to approximately one-half of the maximal 
amplitude in the stance phase. Capaday and Stein (1986; 1987) also described a 
phase dependency of the electrically evoked Hoffman (H-) reflex during walking. 
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They found that the amplitudes of the responses were not strictly related to the 
background activity. However, one should be cautious in extrapolating data from 
H-reflexes to stretch reflexes (Morita et al., 1998). For example, Capaday and Stein 
(1986) demonstrated that the H-reflex was modulated in a task-specific way. The 
reflex amplitude during the stance phase of walking was reduced with respect to 
the reflex amplitude during standing at matched EMG background activity. 
Increased presynaptic inhibition is possibly responsible for the depression of the H-
reflex during the stance phase of walking (Capaday and Stein, 1987). For 
mechanically evoked short-latency stretch reflexes however, the reflex amplitude 
during the stance phase of walking equaled that found during standing at matched 
SO background EMG (Sinkjaer et al., 1996). Morita et al. (1998) suggested that the 
difference between the H- and M1 reflexes could be explained by H-reflexes being 
more sensitive to presynaptic inhibition than mechanically evoked tendon tap and 
M1 stretch reflexes. Possibly, this difference in sensitivity was caused by 
differences in composition and shape of the afferent volleys.  
 Do short-latency stretch reflexes occur not only after electrical stimulation, 
tendon taps, or single joint rotations but also after more natural unexpected 
perturbations during gait, such as stumbling over an unexpected obstacle? Studies 
employing perturbations of this type during walking have not yet demonstrated 
short-latency responses. In several studies (Dietz et al., 1986a; Garret and 
Luckwill, 1983), a sudden holding impulse that obstructed the forward sway of the 
leg was used to study the reactions to unexpected perturbations during the swing 
phase of walking. The brief resistance was imposed by a cord fixed around (Garret 
and Luckwill, 1983) or above (Dietz et al., 1986a) the ankle joint while subjects 
walked on a treadmill. No short-latency stretch reflexes were described for upper 
and lower leg muscles after this type of perturbation. However, the muscles around 
the ankle joint would not necessarily have to be stretched by this type of 
perturbation, in contrast to common stumbling reactions in which the movement of 
the foot is obstructed. A more realistic way to induce stumbling reactions was 
described by Eng et al. (1994) who used flat metal strips that were suddenly raised 
above the walkway surface to obstruct the forward sway of the foot. Again, no 
short-latency responses were observed. The absence of short-latency reflexes in 
that study may be due to the flexibility of the metal strips which, therefore, might 
not have produced abrupt muscle stretch.  
 However, as muscle spindles are extremely sensitive to small stretches (Burke 
et al., 1976; Gottlieb and Agarwal 1979; Matthews and Stein 1969), the question 
still remains whether stretch responses are absent when humans stumble over more 
rigid objects as encountered in daily life. Therefore, the aim of the present study is 
to investigate whether short-latency responses occur after perturbations that mimic 
this natural situation. Solid wooden blocks were used to obstruct the forward sway 
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of the foot during different parts of the swing phase. A collision of the foot with 
such an obstacle has a considerable impact on the ongoing movement, so that this 
method could provide a definite answer to the question whether short-latency 
stretch reflexes might play a role in human stumbling reactions.  
 
3.2 Methods 

Eight healthy adult subjects (5 male, 3 female) aged between 20 and 47 years 
(mean age 27 years) participated in the experiment. They had no known history of 
neurological or motor disorder. The experiment was carried out in conformity with 
the declaration of Helsinki for experiments on humans. All subjects gave informed 
consent and the study was approved by the local ethical committee.  
 While subjects walked on a treadmill (speed 4 km/h), perturbations were 
induced by an obstacle (length, width, and height: 40.0, 30.0, and 4.5 cm, 
respectively; weight 2.2 kg), which was dropped on the belt and unexpectedly 
obstructed the forward sway of the leg (as previously described in Schillings et al., 
1996; see also Fig. 2.1). Downward sight was blocked by a pair of glasses worn by 
the subject. The sound of the obstacle landing on the treadmill was masked by 
music through headphones. In addition earplugs reduced sound perception. As a 
result of these measures, subjects were prevented from perceiving the obstacle 
prior to the perturbation, resulting in an unexpected collision of the foot with the 
obstacle. Subjects were instructed to keep the same position on the treadmill until 
the perturbation occurred, but they were free to react without any restrictions after 
the collision. Thin insole foot switches (designed in collaboration with Algra 
Fotometaal b.v., Wormerveer, The Netherlands) were used to detect contact with 
the treadmill of the heel and forefoot separately. At a preprogrammed delay after 
heel strike, the computer could trigger an electromagnet to drop the obstacle on the 
treadmill in front of the left (ipsilateral) foot. In this way, stumbling reactions were 
elicited in three different phases of the step cycle: early (5-25%; time of obstacle 
contact with respect to control swing duration), mid (30-50%), and late swing (55-
75%). Stumbling reactions could not be elicited later than 75% into swing. At that 
point in the step cycle, the normal toe clearance increased above the obstacle height 
of 4.5 cm so that subjects would not collide with the obstacle, but would step on it 
(see also Winter, 1992). A pressure-sensitive strip (same technique as foot 
switches), attached to the front of the obstacle, was used to determine the time at 
which the ipsilateral foot hit the obstacle. The obstacle was movable. During the 
collision of the foot with the obstacle, the foot usually kicked the obstacle about 
10-30 cm forward. In the thin flexible shoes, the toes were covered with a piece of 
cotton to protect them. The subjects wore a safety harness, fixed to a safety brake 
on the ceiling that would hold the subject and stop the treadmill in case a subject 
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should start to fall. The harness was loosely suspended and did not provide extra 
stability during the experiment. 
 During both control (i.e. normal walking, no perturbation) and perturbation 
trials, the activity of soleus (SO), tibialis anterior (TA), biceps femoris (BF), and 
rectus femoris (RF) of both legs were recorded by means of bipolar surface EMG. 
Knee and ankle joint angles of the ipsilateral leg were measured with laterally 
placed goniometers. Data were sampled in a time interval that started 100 ms prior 
to the trigger and lasted a total of 2100 ms. As in previous studies (Duysens et al., 
1992; Van Wezel et al.,1997), the EMG signals were (pre-) amplified (by a factor 
in the order of 104 to maximally 106), high-pass filtered (> 3 Hz), full-wave 
rectified, low-pass filtered (< 300 Hz), AD-converted (500 Hz), and stored on hard 
disk along with the signals of the goniometers, foot switches, and pressure-
sensitive strip. Only trials in which the collision of the foot with the obstacle 
occurred within the defined intervals for early (5-25 %), mid (30-50 %), and late 
swing (55-75 %) were analyzed. In order to obtain subtracted data, the averaged 
control activity was subtracted from either single or averaged stumbling trials. In 
the subtracted EMG data, the short-latency responses were clearly observed (see 
Fig. 3.1A). Response latency and end of the responses were determined on the 
basis of the averaged subtracted data. When the EMG of the subtracted single 
stumble trials (single trial minus averaged control) within the response area 
reached activities higher than two times the standard deviation of the background 
activity, it was defined as a response. With the help of this definition, the response 
frequency (% of trials containing a response) was determined for each muscle in 
each phase. To quantify the amplitudes of the responses, the mean EMG activity 
was calculated between the beginning and end of the response. To enable a proper 
intersubject comparison of the response amplitudes, the resulting amplitude data of 
each muscle were normalized with respect to the maximal EMG activity during the 
control step cycles. To obtain the mean response of the whole population, the 
normalized response amplitudes of all subjects were averaged. The Wilcoxon 
Matched-Pairs Signed-Ranks Test was used to test whether the response 
amplitudes during stumbling were significantly different (p<0.05) from the control 
EMG activity, whereas the Friedman Two-Way Anova was used to test whether 
the subtracted response amplitudes were different (p<0.05) for the three phases of 
perturbation.  
 
3.3 Results 

All subjects consistently showed short-latency responses following impact with the 
obstacle, similar to the EMG pattern shown in Fig. 3.1A (one subject). These short-
latency responses were found in all four muscles measured ipsilaterally (Fig. 3.1A), 
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while such responses were absent in the contralateral leg. The frequency of 
response occurrence varied dependent on the phase of perturbation from 14-67 % 
of the trials in SO, 71-86 % in TA, 17-43 % in BF, and 0-67 % in RF for a given 
representative subject. The responses will be described with respect to the 
ipsilateral joint angle changes induced by the collision (as observed in the 
goniometer signals) as well as with respect to the time of impact with the obstacle.  
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FIG. 3.1.  Typical EMG and joint angle changes for mid swing perturbations (one
subject). Single stumble responses (left column) and averaged data (right column,
n=8 trials). A, Subtracted EMG responses: response minus averaged control. B,
Joint angle changes (not subtracted) of ankle and knee during stumbling reactions
(solid line) and control trials (dashed line). Angle at standing position is zero.
Vertical lines indicate the time at which the foot collides with the obstacle. (SO,
soleus; TA, tibialis anterior; BF, biceps femoris; RF, rectus femoris; E,
Extension; F, Flexion; PF, plantar flexion; DF, dorsiflexion).  
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 The reflexes occurred not only in the muscles that would be stretched by the 
joint angle changes induced by the collision but also in muscles that were not 
stretched, as far as could be judged from the goniometer records. For example, in 
Fig. 3.1B it can be seen that the ankle was plantar flexed by the perturbation 
(latency 12 ms, averaged data), which would induce stretch in TA and not in SO. 
Nevertheless, in both TA and SO short-latency responses were observed (Fig. 
3.1A). The same response pattern was seen in the upper leg muscles BF and RF. 
For the knee the main effect of the perturbation was an induced flexion (latency 34 
ms, Fig. 3.1B, averaged data). Hence, one might have expected that stretch reflexes 
would occur mainly in the RF, which is a knee extensor. However, responses were 
found both in RF and in the knee flexor BF (Fig. 3.1A).   
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FIG. 3.2.  A, Subtracted soleus EMG and acceleration profile (Accel.) during a
stumble trial. Upper trace: subtracted soleus EMG (single stumble trial minus
averaged control) and area between plus and minus one standard deviation of the
control trials (grey area). Lower trace: same conventions for the accelerometer
output. Zero time indicates time at which the foot collides with the obstacle (as
measured with pressure sensitive strip on the obstacle). B, Mean latency (± SE)
after time of collision of the EMG responses in the muscles SO, TA, BF, and
RF for all subjects (n=8 subjects).  
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 Furthermore, the latencies of the responses were not consistent with the idea 
that the observed responses were primarily induced by the joint angle changes. For 
example, in Fig. 3.1 it can be observed that the RF response (latency 38 ms, Fig. 
3.1A, averaged data) occurred almost simultaneous with the onset of the first knee 
angle changes (latency 34 ms, Fig. 3.1B, averaged data). This was also observed in 
the other subjects.   

In all cases the latencies were constant and strictly related to time of impact, 
irrespective of the phase in the step cycle. Differentiating the joint angle changes 
did not yield any abrupt changes in angle velocity (and angle acceleration) at or 
just after impact. However, an accelerometer firmly attached to the back of the 
ipsilateral lower leg measured an abrupt change shortly after impact (Fig. 3.2A). 
This abrupt change in the acceleration profile possibly reflects a sudden jar through 
the ipsilateral leg caused by the collision of the foot with the obstacle. As shown in 
Fig. 3.2B, for all subjects the average response latencies after onset of perturbation 
in the lower leg muscles SO and TA were 42 ms and 41 ms, respectively. In the 
upper leg muscles, the responses occurred somewhat earlier and had a mean 
latency of 34 ms in BF and 39 ms in RF (Fig. 3.2B). In all subjects, the latency of 
the response in BF was shortest in comparison with the other muscles. The average 
duration of the short-latency responses for the population was always between 19 
and 26 ms. 
 Did these brief responses induce measurable movement effects? To investigate 
this, the goniometer data were screened for consistent changes occurring some 30 
ms following the short-latency responses. This delay was based on earlier studies 
in which changes in joint angle were shown to follow EMG responses (Duysens et 
al., 1992; Van Wezel et al., 1997). It was found that the EMG responses were not 
systematically followed by abrupt angle changes in the domain where such changes 
would have been expected on the basis of electromechanical delays. 
 
Phase-dependent modulation  
The amplitude of the responses depended on the step-cycle phase in which the foot 
collided with the obstacle, as is shown for all subjects in Fig. 3.3. In SO the activity 
measured during unperturbed walking (dark bars, Fig. 3.3A) was low in all three 
phases, yet the responses during stumbling were high (light bars, Fig. 3.3A). 
Furthermore, the response amplitudes were significantly different for the three 
phases (p<0.05 Friedman Two-Way Anova) and were most prominent in late 
swing. In this phase, the mean subtracted response (reflex minus background) 
reached a normalized amplitude of 0.63 (subtracted response divided by the 
maximum activity during unperturbed walking, Fig. 3.3B), while the amplitude in 
early swing was only 0.15 (Fig 3.3B). In SO, there was no strict pattern between 
reflex amplitude and background muscle activity. In TA this was also observed. 
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Although the control activity in this muscle was lowest in mid swing, the response 
amplitude was largest in this phase (normalized amplitude 0.88, Fig. 3.3B; p<0.05 
Friedman Two-Way Anova). For BF, the largest response (normalized amplitude 
0.43, Fig. 3.3B; p<0.05 Friedman Two-Way Anova) was found in late swing, the 
portion of the cycle where this muscle was also highly active during normal 
walking. In early and mid swing, BF responses to the perturbation were not 
significant. In RF however, the short-latency responses were obvious in all three 
phases. In these phases, the response amplitudes were approximately equal (p>0.05 
Friedman Two-Way Anova) and had normalized amplitudes between 0.37 and 0.46 
(Fig. 3.3B).  
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FIG. 3.3.  Mean (and SE) of normalized EMG response amplitudes (EMG
activity divided by the maximum activity during control trials) for the three
phases of perturbation. Responses shown are averages of the mean responses
of all subjects (n=8 subjects; number of trials per subject: 5-10). A, Average
EMG amplitudes during stumbling reactions (light bars) as compared to
average background activity (dark bars). These data are not subtracted. B,
Subtracted data: reflex amplitude minus background EMG. The asterisks
indicate the significant subtracted responses (Wilcoxon, p<0.05). (ES,
early swing; MS, mid swing; LS, late swing). 
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3.4 Discussion 

In this study, short-latency responses (latency 34-42 ms; duration 19-26 ms) were 
found during realistic human stumbling reactions. The latencies and the duration of 
the responses were similar to short-latency stretch reflexes previously described 
(Gottlieb and Agarwal, 1979; Sinkjaer et al., 1996; Toft et al., 1991; Yang and 
Stein, 1991). These stretch reflexes are generally ascribed to monosynaptic reflex 
pathways from the muscle spindle Ia afferents to the motoneurons. 
 In the present study, as short-latency responses occur simultaneously in both 
extensor and flexor muscles, it seems unlikely that the reflex responses were 
caused by the joint angle changes induced by the collision. Moreover, the reflex 
responses occurred too early to be induced by the gross joint angle changes. Prior 
studies emphasized that after a tendon tap, mechanoreceptors such as muscle 
spindles can be stimulated by the resulting vibration wave which propagates 
through bone and muscle (Burke et al., 1984; Lance and de Gail, 1965). The 
presently measured abrupt change in the acceleration profile possibly reflected a 
sudden jar through the ipsilateral leg caused by the collision of the foot with the 
obstacle. This jar might excite Ia afferents of muscles throughout the limb.  
 
Amplitude modulation  
The response amplitudes found in the present study depended on the phase in the 
step cycle in which the perturbation was presented. The modulation of the response 
amplitudes in the three phases showed similarities with earlier studies on the 
modulation of short-latency stretch reflexes in which the applied mechanical 
perturbations were controlled for constancy (Sinkjaer et al., 1996; Van de 
Crommert et al., 1996). During the stumbling reactions, SO showed largest short-
latency responses in late swing, confirming the results found by Sinkjaer et al. 
(1996) using an ankle stretch method. Also in BF, the largest short-latency 
responses were observed after late swing perturbations, which is similar to the BF 
response amplitudes observed by Van de Crommert et al. (1996), who described 
larger tendon tap reflexes in BF in late swing than in earlier parts of the swing 
phase.  
 The phase-dependent modulation in the present study may have various causes. 
First, changes in the amplitudes of the responses between the three phases might 
have been influenced by changes in the collision impact, which is largely 
determined by the toe velocity during the swing phase. The horizontal toe velocity 
was estimated to be about 1.5 times lower in early swing than in either mid or late 
swing (Winter , 1992). If the amplitudes of the responses were completely 
determined by the impact of the collision, one would expect to see the smallest 
responses in early swing. This was indeed the case for SO, but not for the other 
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muscles (e.g., TA). Furthermore, one would expect about equal amplitudes in mid 
and late swing. However, different response amplitudes were observed in these two 
phases, for example in BF (Fig. 3.3). 
 Secondly, the phase-dependent modulation of EMG responses may be 
attributed to the “automatic gain principle” (Matthews, 1986). Based on static 
conditions, this principle implies that the EMG amplitude of the response increases 
proportionally to the background EMG. During walking, the modulation of the 
stretch reflex might also be related to the excitation level of the motoneurons. 
However, in prior studies (Dietz et al., 1990; Sinkjaer et al., 1996; Van de 
Crommert et al., 1996) the response amplitude modulation pattern of mechanically 
evoked short-latency responses did not completely follow the excitability of the 
alpha motoneurons as indicated by the EMG activity. Similarly, in the present 
study, there was no strict pattern between reflex amplitude and background 
activity. For example, comparing mid and late swing, the background activity in 
TA was largest in late swing, whereas the response amplitude was largest in mid 
swing. Hence, the influence of background activity could not explain the observed 
response modulation.  
 In consequence, the present results provide support for the possibility that 
premotoneuronal mechanisms participate in the phase-dependency of the 
responses. Such premotoneuronal modulation was also demonstrated for reflexes 
after induced muscle stretch (Nielsen et al., 1998; Sinkjaer et al., 1996), tendon 
jerks (Dietz et al., 1990), as well as for H- (Capaday and Stein, 1986; Crenna and 
Frigo, 1987; Stein and Capaday, 1988) and cutaneous reflexes (Duysens et al., 
1992; Van Wezel et al., 1997; Yang and Stein 1990). Premotoneuronal gating of 
the short-latency responses could occur either through interactions between 
afferents (Brooke et al., 1997, Misiaszek and Pearson, 1997) or through control 
from central sources [24] (e.g., central pattern generator effects on presynaptic 
inhibition or fusimotor drive). On the basis of recent observations that both short-
latency stretch and soleus H-reflexes were suppressed during the swing phase even 
after ischaemia or after lidocaine injections, Nielsen et al. 1998 suggested that the 
suppression of these reflexes was centrally mediated. 
 
Functional implications 
Prior studies applying stretch in human triceps surae muscles by ankle joint 
rotations indicated that short-latency stretch reflexes might play a role in the 
regulation of muscle stiffness under static conditions (Allum and Mauritz, 1984; 
Toft et al., 1991) as was also demonstrated in the cat (Nichols and Houk, 1976). 
Other studies during walking showed that short-latency stretch reflexes in 
extensors are particularly large in the early stance phase (Dietz et al., 1990; 
Sinkjaer et al., 1996; Yang and Stein, 1991) when these reflexes may be important 
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for load compensation. After the presently described unexpected perturbations 
during the swing phase of walking, short-latency responses occurred 
simultaneously in flexor and extensor muscles, especially during late swing, and 
the responses were not followed by clearly observable joint angle changes. This 
lack of noticeable mechanical effect might occur because the forces produced were 
simply too small, but it could also be the result of the cocontraction of agonists and 
antagonists. The latter possibly suggests that after this type of perturbation, short-
latency responses may be important in the regulation of joint stiffness. Note that in 
the present study joint stiffness is not generated by increasing muscle stiffness in 
one specific muscle group (Allum and Mauritz, 1984; Toft et al., 1991), but by 
coacivation of antagonistic flexor and extensor muscles, which possibly “locked” 
the joints in the forward swinging leg. This may be seen as a first line of defense, 
in preparation of longer-latency responses (such as described by Schillings et al. 
1996 and Eng et al. 1994), which are more specifically aimed at dealing with the 
obstacle.  
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Chapter 4 
 
Muscular responses and movement strategies 

during stumbling over obstacles 

 

 
Adapted from: Schillings et al. Muscular responses and movement strategies 
during stumbling over obstacles. J. Neurophysiol. 83: 2093-2102, 2000. 
 
4.1 Introduction 

The pattern and timing of motor output during human locomotion are determined 
by a mixture of influences, some arising from neural circuits entirely within the 
central nervous system and others arising from a variety of sensory afferents. The 
electromyographic (EMG) responses in leg muscles occurring after stimulation of 
cutaneous and proprioceptive afferents during locomotion have been described in 
many studies (see reviews Dietz 1992; Duysens et al. 2000). The amplitudes of the 
responses to such stimuli were dependent on the phase (or time) of stimulation in 
the step cycle. For instance, electrical stimulation of the human sural nerve yields 
facilitation of the ankle flexor muscle tibialis anterior during early swing, but leads 
to suppression when delivered during late swing (reflex reversal, Duysens et al. 
1990, 1992, 1996; Tax et al. 1995; Van Wezel et al. 1997; Yang and Stein 1990).  
 It has been assumed that the phase-dependent response modulation adapts the 
responses in a functional way to the circumstances at various times in the step 
cycle. Previous studies have suggested that the phase-dependent responses and the 
corresponding joint angle changes following selective cutaneous stimulation might 
be functionally relevant in stumbling reactions (Van Wezel et al. 1997; Zehr et al. 
1997). However, the EMG and the accompanying kinesiologic responses occurring 
after more realistic perturbations (e.g., stumbling over an object, such as a doorstep 
or a paving stone) have not been studied very extensively. Hence, it is of 
importance to describe the compensatory reactions during stumbling and to study 
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the functional significance of the observed responses. 
 To evoke natural stumbling reactions in an experimental setting, mechanical 
perturbations were induced by an obstacle suddenly rising above the ground and 
perturbing the forward swinging foot of subjects walking on a walkway (Eng et al. 
1994). When a perturbation occurred in early swing an ‘elevating strategy’ was 
performed, during which the flexion angles of the hip, knee, and ankle of the swinging 
leg increased following the perturbation. In contrast, during late swing mostly a 
‘lowering strategy’ was performed, in which the foot of the swinging leg was rapidly 
lowered to the ground causing a shortened step length. The reflex responses in the leg 
muscles during these recovery strategies had latencies varying from 60 to 140 ms. 
 It cannot be determined whether the responses described above were mainly 
related to the phase of perturbation in the step cycle or to the strategy performed. 
Hence, a method was developed in which the perturbations can be induced in all 
parts of the swing phase, including mid swing, in which both strategies could occur 
(Schillings et al. 1999a), allowing for a comparison of the two strategies in the 
same phase. Perturbations are caused by an obstacle put on a treadmill, which 
unexpectedly obstructs the forward swinging foot (Schillings et al. 1996). Because 
of its weight (2.2 kg) the obstacle has a considerable impact on the ongoing 
movement of the forward swinging leg. A previous study showed that after 
perturbations with this obstacle, short-latency stretch reflexes form a consistent 
part of the stumbling reactions (Schillings et al. 1999b). The aim of the present 
study is to describe the responses with longer latencies and the co-ordination of leg 
muscle activity compensating for this natural unexpected perturbation. The 
questions whether these responses are dependent on the phase of perturbation in the 
step cycle and/or whether the responses are functionally related to the stumble 
strategy performed (elevating or lowering) will be discussed.  
 
4.2 Methods 

Eight healthy subjects (5 male, 3 female) aged between 20 and 47 years (mean age 
27) participated in the experiment. They had no known history of neurological or 
motor disorder. The experiments were carried out in conformity with the 
declaration of Helsinki for experiments on humans. All subjects gave informed 
consent and the study was approved by the local ethical committee.  
 
Experimental set-up 
A detailed account of the experimental set-up can be found in Schillings et al. (1996). 
While subjects walked on a treadmill (speed 4 km/h), an obstacle (length, width, 
and height: 40.0, 30.0, and 4.5 cm, respectively; weight 2.2 kg) was held by an elec-
tromagnet above the treadmill in front of the subject (see Fig. 2.1). To induce 
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perturbations, the obstacle was dropped on the belt thereby unexpectedly 
obstructing the forward sway of the left (ipsilateral) leg. Release of the obstacle 
occurred at a predetermined delay after ipsilateral or contralateral heel strike. In the 
thin flexible shoes, the toes were covered with a piece of cotton to protect them. A 
pressure-sensitive strip attached to the front of the obstacle measured the time at 
which the foot hit the obstacle. The subjects wore a pair of glasses, which blocked 
downward sight (and thus blocked the view of the obstacle). Earplugs eliminated 
most of the sound perception of the obstacle landing on the treadmill. In addition, 
the sound was masked by music through headphones. Further, to avoid that the 
subjects could feel the vibration of the obstacle landing on the treadmill, a heavy 
metal object was put on the treadmill at irregular intervals (imitating the landing of 
the obstacle). As a result of these measures, subjects were not able to perceive the 
obstacle prior to the collision with the foot. Subjects were instructed to keep the 
same position on the treadmill prior to the perturbation, but after the collision they 
were free to react without restrictions. The subjects wore a safety harness, fixed to 
a safety brake on the ceiling that would hold the subject and stop the treadmill in 
case a subject should start to fall. In practice, this never occurred because none of 
the subjects really started to fall. The harness was loosely suspended and did not 
provide extra stability during the experiment. 
 
Data sampling 
Bipolar surface electromyogram (EMG) activity of the biceps femoris (BF), rectus 
femoris (RF), tibialis anterior (TA), and soleus (SO) of both legs was measured. 
Laterally placed goniometers were used to measure the joint angles of the knee and 
ankle of the ipsilateral leg. Thin insole foot switches measured foot contact with 
the treadmill. Data were sampled in a time interval starting 100 ms prior to 
triggering the electromagnet and lasting for 2100 ms. For the control trials the same 
intervals were sampled but no obstacle was dropped after the trigger. The EMG 
was (pre-)amplified, high-pass filtered (>3 Hz), full-wave rectified, low-pass 
filtered (<300 Hz), AD-converted (500 Hz), and stored on hard disk along with the 
signals of the goniometers, foot switches, and pressure-sensitive strip. In practice, 
this sampling rate appeared to be sufficiently high. Increasing the sampling rate to 
1000 Hz did not lead to appreciable improvement of the signals for the purpose of 
this study. In addition, the subjects were recorded on video (25 Hz).  
 
Experimental protocol 
Each experiment consisted of three parts. Part one (5 minutes) consisted of the 
registration of unperturbed walking. This control condition enabled to check 
whether the presentation of the obstacles (in following parts) affected baseline-
walking characteristics (because of possible effects due to anticipation or fear of 
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stumbling).  
 In part two (20 minutes), the effect of the timing of the perturbation on the 
behavioral response “strategies” (elevating or lowering) was studied for a wide 
variety of delays after onset of swing. For this purpose the computer triggered the 
electromagnet to drop the obstacle on the treadmill after fixed delays (0 ms, 40 ms, 
80 ms, .., 600 ms) following heel strike. Each delay condition was randomly 
applied only once. A perturbation-free period of at least ten seconds was taken 
between two succeeding trials to be sure that the subject was walking normally 
again at the time of the next perturbation. The normal walking pattern was usually 
regained within approximately two step cycles. The behavioral responses were 
classified in two categories (Fig. 4.2) on the basis of video analysis. A response 
was labeled as “elevating strategy” (Eng et al. 1994) when the ipsilateral foot was 
lifted over the obstacle during the perturbed swing. The stumble response was 
classified as “lowering strategy” when the foot was first placed on the treadmill 
and then lifted over the obstacle.  
 In part three (30 minutes) stumbling reactions were repeatedly and randomly 
introduced during early (5-25%, time of obstacle contact with respect to control 
swing duration), mid (30-50%), and late swing (55-75%) in order to construct 
averages. On average 8 trials (minimal 5 trials) were obtained for each phase of 
perturbation. The responses during these perturbed cycles were compared with 
unperturbed control trials obtained in between the perturbation trials (perturbation-free 
period between trials >10 seconds).  
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FIG. 4.1.  Example of an averaged
subtracted EMG response of the
tibialis anterior during stumbling
(averaged stumbling response
minus averaged control EMG)
showing the four response peaks
(RP1-RP4). These four response
peaks were not always clearly
observable in every muscle during
all phases. The window settings,
which were used to determine the
mean response amplitudes in this
example are indicated with gray.
Zero time is the time the foot
collided with the obstacle.  

Data analysis  
The stumble responses of each subject occurring in the same phase of the step cycle 
were averaged. In addition, the corresponding control trials were averaged. Then the 
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averaged control activity was subtracted from the averaged stumbling trials. To 
quantify the amplitudes of the responses, the mean EMG activity was calculated in 
the period between the beginning and end of the response. For this purpose, 
windows were set around the individual response peaks occurring within the first 200 
ms (see Fig. 4.1). To enable a proper intersubject comparison of the response 
amplitudes, the resulting data of each muscle were normalized with respect to the 
maximal EMG activity during the control step cycles. The normalized responses of 
all subjects were averaged. This type of analysis was performed on four response 
peaks, namely RP1 (latency ~40 ms), RP2 (latency ~75 ms), RP3 (latency ~110 
ms), and RP4 (latency ~160 ms, see Fig. 4.1). The RP1 responses have already 
been described in a previous publication (Schillings et al. 1999b) and are only 
included in the present paper as a basis for comparison with the later responses. 
The Wilcoxon Matched-Pairs Signed-Ranks Test was used to test whether the 
response amplitudes during stumbling were significantly different from the control 
EMG activity. The Friedman Two-Way Anova was used to test whether the 
subtracted response amplitudes were different for the three phases of perturbation 
(8 triples of comparison: 8 subjects, three phases; p<0.05). The Wilcoxon Rank 
Sum Test was used to compare the response amplitudes of the two strategies in mid 
swing (p<0.05). The choice for non-parametric tests was based on the low number 
of averages that were compared (8 subjects). 
 
4.3 Results 

Normal walking 
To check whether the normal walking pattern was affected by the knowledge that a 
stumble over an obstacle could occur, the normal walking pattern measured in 
between the stumble trials (control trials of part three) was compared with the normal 
walking pattern measured during unperturbed walking (part one, see methods). None 
of the subjects clearly changed his/her normal walking pattern during the stumble 
experiment.  
 
Strategies in general 
The choice for the behavioral strategy depended on the timing of the perturbation 
in the step cycle. This is shown for all subjects in Fig. 4.2C (data of second part of 
the experiment). When perturbations were caused in early swing (5-25%, time of 
obstacle contact with respect to control swing duration), all subjects showed the 
‘elevating strategy’ (see Fig. 4.2A). After perturbations in late swing (55-75%), all 
subjects showed the 'lowering strategy' (see Fig. 4.2B). In mid swing (30-50%) 
both strategies could occur. It can be seen that some subjects showed a distinct 
transition in choice from elevating to lowering strategy (subjects 3-5,7, and 8, Fig. 
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4.2C), whereas others showed a zone of overlap of the two strategies (for example 
49-54% in subject 2, Fig. 4.2C). For each subject the transition point from the 
elevating to the lowering strategy was defined as the time for half the interval 
between the last elevating and the first lowering strategy occurrences. This 
transition point varied for all subjects from 35% into the swing phase (subject 7, 
Fig. 4.2C) to 52% (subject 2, Fig 4.2C) and was on average 44% (SD 5%, n=8 
subjects). 
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FIG. 4.2.  Behavioral response strategies as a function of perturbation onset. (A)
Schematic picture of the characteristics of the foot trajectory during the elevating
strategy. After the collision with the obstacle, the foot was directly lifted over the
obstacle during the perturbed swing. (B) Characteristics of the foot trajectory
during the lowering strategy. Following the perturbation, the ipsilateral foot was
quickly placed on the treadmill without clearing the obstacle. The foot was lifted
over the obstacle in the swing phase that succeeded the perturbed swing. (C)
Strategies performed as a function of perturbation onset in all subjects (% of
swing indicates time of obstacle contact with respect to control swing duration).
These data are based on the second part of the experiment (see methods). 



Passive joint movements during both the elevating and the lowering strategy 
During both the elevating and the lowering strategy, the collision of the foot with 
the obstacle induced small passive movements in the ipsilateral knee and ankle 
joint. These movements are considered to be passive because they start before the 
occurrence of the first EMG responses in the muscles that could influence these  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 4.3.  Typical average subtracted EMG responses and joint angle changes
during the early swing elevating strategy (n=8 trials, subject 4). EMG responses
(mV) are shown for the ipsilateral biceps femoris (iBF), rectus femoris (iRF),
tibialis anterior (iTA), and soleus (iSO) as well as for the contralateral biceps
femoris (cBF). Joint angle changes (degrees; not subtracted) are shown for the
ipsilateral knee (iKnee) and ankle (iAnkle). Angle at standing position is zero.
Two lowest traces show stance phases of the ipsilateral (iFoot) and contralateral
foot (cFoot). Goniometer and foot signals: solid lines indicate stumble responses;
dashed lines indicate control data (n=15). Zero time is the time the foot collided
with the obstacle. (Ext., extension; Fl., flexion; Plant. Fl., plantar flexion; Dorsi
Fl., dorsiflexion). 
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joints. As seen in both the elevating strategy of Fig. 4.3 and the lowering strategy 
of Fig. 4.4 the ankle is first plantar flexed due to the collision (amplitude for all 
subjects between 1 and 10 degrees) with a latency of ~15 ms, whereas the first 
responses in iSO and iTA occurred with a latency of ~40 ms. Second, the knee was 
flexed due to the collision with a latency of 46 ms and an amplitude of 13 degrees 
during the elevating strategy (see Fig. 4.3) and 34 ms and 9 degrees during the 
lowering strategy (see Fig. 4.4). In the muscles ipsilateral biceps femoris and rectus 
femoris (iBF and iRF), which could influence the knee joint angle, no responses 
were observed prior to this early flexion. 
 
Responses during the early swing elevating strategy 
After the collision with the obstacle, active ipsilateral knee and ankle flexion 
assisted the elevation of the swing foot in order to step over the obstacle. The 
active knee flexion started ~160 ms after perturbation onset (see sudden increase of 
the knee flexion in Fig. 4.3; mean latency of active knee flexion for all subjects 
was 169 ms, SD 47 ms). The maximum knee flexion reached during the elevating 
swing was considerably larger than during normal swing (96 degrees versus 58 
degrees for the subject of Fig. 4.3). The upper leg muscles typically showed first a 
large iBF burst (latency 64 ms, Fig. 4.3) assisting knee flexion, followed by a large 
iRF burst (latency 154 ms, Fig. 4.3) extending the knee before touch down.  
 The ankle dorsiflexion started 90 ms after perturbation and the maximum 
dorsiflexion reached during the movement over the obstacle was ~17 degrees 
larger than the maximum dorsiflexion during the unperturbed swing (Fig. 4.3). 
Facilitatory iTA responses (latency ~75 ms) assisted this dorsiflexion. In two out of 
eight subjects, suppressive iTA responses (latency ~80 ms; suppressive response: 
the response EMG activity is lower than the control EMG activity) preceded the 
main facilitatory responses in iTA (latency 112 and 214 ms). This suppression 
possibly had the function to allow for ankle plantar flexion to avoid that the foot 
got hooked behind the obstacle. The change in foot trajectory caused a lengthening 
of the ipsilateral swing and concomitant of the contralateral stance with on average 
128 ms (SD 30) and 81 (SD 41 ms), respectively (see Table 4.1). 
  Contralaterally, a large burst of activity in the cBF appeared with a latency of 
66 ms (subject of Fig. 4.3) after the perturbation. Since, during stance the 
biarticular BF serves as a hip extensor (Winter 1987), the cBF response could 
contribute to stabilizing the upper body by the standing leg after perturbations of 
the swinging leg, as was also suggested by other authors (Dietz et al. 1986a; Eng et 
al. 1994). In the other contralateral muscles (cRF, cTA, cSO) the responses were 
too variable or small to give a detailed description. 
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FIG. 4.4.  Typical
average subtracted EMG
responses (mV) and joint
angle changes (degrees)
during the late swing
lowering strategy (n=10
trials, subject 4). Two
lowest traces: stance
phases of the ipsilateral
(iFoot) and contralateral
foot (cFoot). The same
format is used as in Fig.
4.3. 

Responses during the late swing lowering strategy  
During the lowering strategy, the foot was quickly placed on the treadmill by 
shortening the forward sway and slightly extending the knee. The knee extension 
needed to place the foot was small in comparison with the knee extension before 
touch down during normal walking (see Fig. 4.4). This was firstly, because the foot 
was already close to the treadmill at the time of the perturbation (~2-4 cm above 
the treadmill) and secondly because the position of the foot during the landing 
(forefoot or flat foot landing) was different from normal (heel landing). The knee 
extension started 94 ms after perturbation and was presumably related to the large iRF 
burst (latency 62 ms, see Fig. 4.4). For all subjects, the iRF burst occurred on average 
53 ms (SD 36 ms) prior to the average foot placing in late swing. In 3 out of 8 
subjects, responses in iBF occurred approximately simultaneously with the responses 
in iRF (see Fig. 4.4). In the other 5 subjects the onset of the main responses in the iBF 
occurred ~25 ms later than the onset of the main iRF burst. The iBF activity could 
slow down the forward swing in preparation of the early foot placement (hip joint 
angles were not measured). 
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 TABLE 4.1.  Changes in ipsilateral swing and contralateral stance phase durations (ms) 
 
 

Early Swing 
Elevating  Mid Swing 

Elevating 
Mid Swing 
Lowering 

Late Swing 
Lowering 

 iSwing cStance  iSwing cStance iSwing cStance iSwing cStance 
Subject 1 +71 +54    (9)  +146 +81    (8)   -38* -64    (9) 
Subject 2  +146 +40    (6)  +207 +40    (10)   -17 -118  (10) 
Subject 3 +117 +80    (9)  +129 +72    (9)   -48 -65    (10) 
Subject 4 +128 +149† (8)  +240 +92    (10)   -38 -42    (10) 
Subject 5 +120 +92    (5)  +137 +65    (9)   -76 -22    (10) 
Subject 6 +154 +38    (8)    +1 -82    (7) +5 -57    (7) 
Subject 7 +159 +115  (6)    +1 -97    (7) -32 -64    (7) 
Mean +128 ±30 +81 ±41  +172 ±49 +70 ±20 +1 ±0 -90 ±11 -35 ±25 -62 ±29 
 
 
Values in Mean are the pooled averages of all subjects ± SD; number in 
parenthesis is number of times the stumble strategy was observed in each subject. 
Mean differences (in ms) between stumble and control trials (stumble minus 
control) of the ipsilateral swing-phase durations and the contralateral stance-
phase durations. The data of early, mid, and late swing perturbations are shown 
for all subjects separately and averaged. For the stumble trials the ipsilateral 
swing (iSwing) is the swing in which the ipsilateral foot hits the obstacle, and the 
contralateral stance (cStance) is the corresponding stance phase of the 
contralateral leg. After mid swing perturbations, subjects 1-5 repeatedly performed 
an elevating strategy; whereas subjecst 6 and 7 performed a lowering strategy 
(data of third part of the experiment). The number of trials was always between 5 
and 10. * Based on 3 trials; † based on 1 trial because of the absence of some foot 
switch data, which was also the reason for excluding subject 8 (n=9 trials for each 
phase). 
 
 In the lower leg muscles, first short-latency responses occurred with a latency 
of 40 ms in both iTA and iSO, possibly transiently enhancing ankle-joint stiffness 
(see Schillings et al. 1999b). Subsequently, a large activity burst was observed in 
iTA (latency 66 ms after perturbation, Fig. 4.4), which could participate in the 
ankle dorsiflexion (latency ~90 ms, Fig. 4.4). A large iSO burst appeared with a 
latency of 111 ms and was well timed to take up body support during the 
preliminary stance phase. This sequence of iTA and iSO responses was observed in 
7 out of 8 subjects and could support an initial movement away from the obstacle 
(iTA activity and ankle dorsiflexion) followed by foot placement (iSO activity). 
The mean latency of the premature placing off all subjects was 125 ms after the 
collision (SD 35 ms). The ipsilateral swing phase and the contralateral stance phase 
were shortened with on average 35 ms (SD 25 ms) and 62 ms (SD 29 ms, Table 4.1), 
respectively. Contralaterally, the main consistent responses occurred in the cBF, 
which showed a large response with a latency of 62 ms (subject of Fig. 4.4).  
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FIG. 4.5.  Subtracted EMG responses (mV) and averaged joint angles (degrees) of 
the elevating (thin lines) versus the lowering strategy (heavy lines) after 
perturbations in mid swing for subject 5 (perturbation onset 41% of swing; data 
from third part of the experiment). For each muscle two separate traces show the 
subtracted EMG responses for the two strategies. EMG calibration, 1 mV (the 
calibration is the same for the two strategies). The joint angle changes (not 
subtracted) of the elevating strategy (n=1), the lowering strategy (n=1), and the 
averaged control (dashed line; n=15 trials) are superimposed. Angle at standing 
position is zero. Calibration goniometer traces, 10 degrees. Two lowest traces 
show stance phases of the ipsilateral (iFoot) and contralateral foot (cFoot). Zero 
time is the time the foot collided with the obstacle. Ext., extension; Fl., flexion; 
Plant. Fl., plantar flexion; Dorsi Fl., dorsiflexion. 
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Responses during mid swing 
After mid swing perturbations (30-50% of swing), both strategies could occur. For 
the mid swing elevating strategy, the major characteristics were the same as for the 
early swing elevating strategy (lengthening of swing phase duration, increased 
knee flexion and ankle dorsiflexion, first iBF activation then iRF activation, large 
iTA activity). However, some small differences could be observed. For example, 
the duration of the perturbed swing was lengthened in both phases, but the swing 
phase duration increased on average 55 ms more (SD 42 ms) in mid swing than in 
early swing (average of subject 1-5, see Table 4.1). Comparing the mid swing 
lowering with the late swing lowering strategy, it was found that the foot was 
placed later after mid swing (mean latency 246 ms; subject 5-7) than after late 
swing perturbations (mean latency 125 ms; subject 1-7). 
 The differences between responses in early and late swing could be related to the 
strategy performed. However, some of these differences may be related more to 
variations in the timing of the perturbation within the step cycle (“phase-dependency”; 
see introduction) than to changes in strategy. This complication does not occur for 
some of the data related to mid swing perturbations. Three subjects performed an 
elevating strategy in one trial, while a lowering strategy was used in another trial, 
despite the same timing of the perturbation. Hence, in these cases it was possible to 
study which parts of the responses were strictly coupled to either lowering or 
elevating strategy. In Fig. 4.5 the signals of an elevating (thin lines) and a lowering 
strategy (heavy lines) occurring in the same phase are compared. 
 The knee goniometer signals of both the elevating and the lowering strategy 
started deviating from the control (dashed line) in the direction of knee flexion with a 
latency of 60 ms. This knee flexion increased during both strategies till ~150 ms. 
After this common movement, the knee flexed further to lift the foot over the obstacle 
during the elevating strategy, whereas the knee started to extend in order to place the 
foot on the ground during the lowering strategy. 
 It was observed that the responses in the first 100 ms after the perturbation 
were similar for both strategies (Fig. 4.5). In this interval, the most obvious 
responses were observed in iTA with a latency of ~70 ms in both the elevating and 
the lowering strategy. In the period after 100 ms the first difference between the two 
strategies occurred in iBF, namely after 104 ms (subject of Fig. 4.5). In this subject, 
the iBF (knee flexor) showed a burst, which was followed by a burst in the iRF 
(latency 148 ms, Fig. 4.5) during the elevating strategy. In contrast, during the 
lowering strategy the iRF was activated (latency 136 ms, Fig. 4.5) prior to the iBF. 
Similar results were observed in two other subjects. In each case there was a common 
initial movement in the knee (mean onset of difference in knee trajectory was 136 and 
186 ms, respectively). Correspondingly, these two subjects showed a common pattern 
of EMG responses during the first 100 ms for the two strategies. 
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FIG. 4.6.  Subtracted EMG responses (mV) and averaged joint angles (degrees)
 of the elevating (thin lines, n=1) versus the delayed lowering strategy (heavy lines,
n=1) after perturbations in early swing for subject 6 (perturbation onset
16% and 14% of swing, respectively; data from third part of the experiment). The
same format is used as in Fig. 4. 5. 

The delayed lowering strategy  
In the previous section it was shown that the EMG responses during the first 100 
ms did not determine the ensuing behavioral response (strategy). Later EMG bursts 
(between 100-150 ms) were characteristic for the strategies but the question 
remains how predetermined these later responses were. If these responses were 
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completely defined from the moment of collision onwards, a fixed response pattern 
could be expected and no changes should occur during the course of this reaction. 
The example shown in Fig. 4.6 however, illustrates that this is not the case. In this 
exceptional trial, the subject started with an elevating strategy after the early swing 
perturbation, but the obstacle stuck to the toes and the subject was unable to clear 
the obstacle. Instead, he extended the knee (latency 236 ms) and placed the foot on 
the treadmill (latency 416 ms) without clearing the obstacle (“delayed lowering”). 
In the succeeding swing phase the foot was lifted over the obstacle. In this 
situation, in which the reaction was in fact a mixture of the two strategies, the 
EMG responses of the two strategies (normal elevating and delayed lowering) 
showed similar responses till ~120 ms after perturbation. From then on the iRF 
showed a large response during the delayed lowering strategy which was absent 
during the elevating strategy. This iRF burst occurred 116 ms before the onset of 
the knee extension, which resulted in foot placement. 
 
Modulation of the response amplitudes 
In the EMG traces the main responses of the stumbling reactions occurred with four 
peaks (RP1-RP4) within the first 200 ms. To study the amplitudes of the EMG peaks, 
time windows were set in these four periods and the mean EMG activity was 
calculated within these time windows (see Table 4.2). 
 
TABLE 4.2.  Mean onset and end of windows around the four response peaks (ms)  
 
 RP1 RP2 RP3 RP4 

iSO 42 - 67  (± 3) 76 - 100  (± 4)  112 - 147  (± 6)  162 - 197  (± 12) 

iTA 41 - 64  (± 3) 78 - 105  (± 7)  120 - 144  (± 3)   164 - 197  (± 3) 

iBF 34 - 53  (± 4) 71 -  98  (± 5)  103 - 143  (± 3)  159 - 200  (± 8) 

iRF 39 - 63  (± 4) 72 -  94  (± 6)  104 - 140  (± 5)  160 - 198  (± 7) 

cBF --- 74 - 104  (± 5)  118 - 151  (± 10)  164 - 201  (± 14) 

 
 
 
 
 
 

Mean onset and end of windows, which were set around the four response peaks
(RP1-RP4) in the muscles iSO, iTA, iBF, iRF, and cBF. These values are means
of all subjects (n=8) in ms after perturbation. Between brackets the SD of the
beginning of the window is indicated.  
 

In Fig. 4.7, the amplitudes of the mean normalized control and response activity of all 
subjects are shown during early swing elevating (n=8 subjects), mid swing elevating 
(n=5), mid swing lowering (n=3), and late swing lowering reactions (n=8). Below the 
bars is indicated whether the pooled average response amplitudes of all subjects were 
significantly different from the average control activity (asterisk) or not (open circle).  
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FIG. 4.7.  Mean normalized EMG amplitudes (average of all subjects) of the 4
response peaks (RP1-RP4) in iSO, iTA, iBF, iRF, and cBF. Response amplitudes
are shown with respect to the phase of perturbation and with respect to the
behavioral strategy: early swing elevating (ES el), mid swing elevating (MS el), mid
swing lowering (MS lo), and late swing lowering (LS lo). Dark bars show the
normalized background activity (normalization with respect to the maximum
background locomotor activity). Light bars show the normalized EMG response
amplitudes during the stumbling reactions. In this way, the part of the light bars
above the dark bars indicate the amplitude of the subtracted responses. In case the
response was suppressive, the dark bar was larger than the light bar (see for
example iTA, LS lo, RP4). The SE of the control activity and the subtracted
response activity is shown by error bars. Number of trials per subject: 5-10 (see
Table 4.1 between brackets). Averaged responses were calculated by averaging the
mean responses of all subjects: n=8 subjects for ‘ES el’ and ‘LS lo’, n=5 for ‘MS
el’, and n=3 for’ MS lo’. *, pooled average response amplitudes of all subjects
were significantly different from the averaged control activity (Wilcoxon Matched-
Pairs Signed-Ranks Test, p<0.05). ○, non-significant responses (p>0.05). The
responses of the mid swing lowering (MS lo) were not analyzed with the Wilcoxon
Matched-Pairs Signed-Ranks Test (p<0.05) because the number of subjects was too
small (n=3). 
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 Representing the data of all subjects together (Fig. 4.7), enabled us to study 
phase and strategy dependency for the data of all subjects. First, to study whether 
different response peaks are phase dependent, the responses occurring in the three 
phases (early swing ‘ES’ versus mid swing ‘MS’ versus late swing ‘LS’, Fig. 4.7) 
were compared, irrespective of the strategy performed. Almost all responses were 
phase-dependent as determined with the Friedman Two-Way Anova (p<0.05). The 
only responses, which did not show a significant phase effect were the RP2 of iSO, 
RP3 and RP4 of iBF, RP1 and RP2 of iRF.  
 In general for all muscles, the response amplitudes were not strictly related to 
the background EMG activity (see Fig. 4.7). For a clear example, compare the 
response amplitudes of the iTA RP3 that showed largest responses in mid swing, 
when the background activity was lowest, and the smallest responses in late swing, 
when the background activity was largest.  
 Second, to study whether the responses are strategy dependent, the responses 
occurring during the two strategies (elevating ‘el’ versus lowering ‘lo’, Fig. 4.7) in 
mid swing were compared. As expected on the basis of the observation of Fig. 4.5, 
no significant differences in the RP1 and RP2 amplitudes between the elevating 
and the lowering strategy in mid swing were observed (Wilcoxon Rank Sum Test). 
The amplitudes of the late responses (RP4) in iSO were significantly related to the 
strategy. A general characteristic of the late iSO responses in mid swing was that 
they were small during the elevating strategy and large during the lowering 
strategy.  
 
4.4 Discussion 

The present study demonstrates that stumbling over a rigid object on a treadmill 
induces a sequence of EMG and behavioral responses. The elevating and lowering 
stumbling strategies presently described show basic similarities with previously 
described stumbling reactions, which were induced by more flexible obstacles (Eng 
et al. 1994). However, some differences were observed. First, the short-latency 
stretch reflexes in the ipsilateral leg muscles were not present after perturbations 
with the flexible metal strip (Eng et al. 1994; Rietdyk and Patla 1998). The larger 
impact of the collision, influenced by the weight and flexibility of the obstacle, in 
the present study might be the cause of this difference. The occurrence of short-
latency stretch reflexes in both flexors and extensors can be understood since these 
responses are caused by a sudden jar through the ipsilateral leg due to the collision 
of the foot with the obstacle (see Schillings et al. 1999b). 
 Second, in the late swing lowering strategy, the quick foot placement after the 
perturbation was accompanied by iTA and iRF facilitations (latency ~75 ms). Eng 
et al. (1994) described suppressive responses during the same period in these 
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muscles, and they speculated that this permitted gravity to assist the lowering of the 
foot. Again, the observed difference might be related to the characteristics of the 
perturbing obstacle. With the presently used obstacle, subjects tried to avoid that 
they would step on the obstacle. So they tended to move away from the obstacle 
(iTA activity) prior to the quick touchdown assisted by iRF. In the study of Eng et 
al. (1994) there was no chance to step on the obstacle, since the flexible metal strip 
disappeared directly after the collision (the strip turned to a flat position). Hence, it 
was of less importance to actively control the quick foot placement. 
 Third, Eng et al. (1994) described a ‘reaching strategy’ after late swing 
perturbations, while in the present study this strategy was not observed. During this 
strategy, the foot is directly lifted over the obstacle, primarily due to hip flexion 
rather than knee flexion. Apparently the reaching strategy was avoided in the 
present study because it requires considerably more hip flexion to cross a long 
obstacle than a short one.  
  
Phase dependency of the EMG responses 
Differences in response amplitudes in the three phases (early, mid, and late swing) 
could either be due to changes in stimulation or to modulation of reflexes by the 
nervous system. Changes in the intensity of the collision of the foot with the 
obstacle could influence the amplitude of the EMG responses. The impact of the 
collision on the foot is mainly dependent on the horizontal toe velocity, which 
varies during the swing phase. The horizontal toe velocity is about 1.5 times lower 
in early swing than in either mid or late swing (Winter 1992). If the amplitudes of 
the responses were completely determined by the impact of the collision, one 
would always expect the smallest responses in early swing. This was not the case. 
For example, the RP2 response of iBF was largest in early swing and smallest in 
late swing (see Fig. 4.7). Furthermore, one would expect about equal amplitudes in 
mid and late swing. However, different response amplitudes were often observed in 
these two phases. Another possible cause for the amplitude modulation observed 
could be that the responses were related to the background activity (Matthews 
1986). However in general, there was no strict relation between reflex amplitude 
and background activity. This leaves the possibility that premotoneuronal 
mechanisms might contribute to the phase-dependent modulation of the response 
amplitudes. 
 
Initial common reaction of the two strategies in mid swing 
The occurrence of the two strategies after perturbations in mid swing offered the 
unique possibility to study which parts of the responses were strictly coupled to either 
the lowering or the elevating strategy. Both strategies in mid swing started with the 
same EMG responses during the first 100 ms after the perturbation. Neither the RP1 
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nor the RP2 responses predicted the choice for one of the two strategies. Only the RP3 
and RP4 responses (>100 ms) of some muscles (iBF and iSO) correlated well with the 
behavioral strategy performed (e.g. see the large iBF RP3 during the mid swing 
elevating strategy in Fig. 4.5, and see the large iSO RP4 during the mid swing 
lowering strategy in Fig. 4.7). The initial common reaction of the two strategies in mid 
swing firstly consists of the short-latency stretch reflex (RP1), which might contribute 
to a temporary stiffening of the joint (Schillings et al. 1999b). Secondly, it involves 
the RP2 response in muscles such as iTA. The iTA RP2 activation could contribute to 
the observed ankle dorsiflexion to move the foot away from the obstacle. The same 
initial reaction of the two strategies possibly provides the central nervous system 
sufficient time to integrate information obtained by various sensory receptors (Brooke 
et al. 1997; Dietz 1992; Jankowska et al. 1992) and supraspinal sources (see review 
Dietz 1992) in order to make an appropriate decision about the final behavioral 
strategy. 
 
The behavioral responses are not predetermined at the time of perturbation 
The occurrence of both behavioral strategies in mid swing indicates that the decision 
about the final behavioral strategy is not tightly linked to the time of impact. Further 
support for this idea comes from the example of a lowering strategy performed when 
a subject’s foot got hooked behind the obstacle during an early swing perturbation. 
The foot was first lifted as in the elevating strategy (initial reaction plus onset of the 
elevating strategy), but because the obstacle stuck to the toes (continuing 
mechanoreceptor feedback information), the subject decided to place the foot on the 
ground again and finally completed a delayed lowering strategy. Apparently, on-line 
afferent information during the stumble response is integrated in the final reaction and 
can be used to adjust the strategy to the demands of the moment. In the example of the 
delayed lowering strategy, the earliest adaptive response to extend the leg for the foot 
placement on the treadmill was observed after 120 ms in the iRF. This is too early to 
be a voluntary reaction, since the earliest EMG changes during voluntary reactions 
occur after about 150 ms. For example, in a study of Hase and Stein (1998), in which 
subjects were instructed to stop walking as soon as they got a cue by electrical 
stimulation of the superficial peroneal nerve, the earliest voluntary changes in EMG 
activity of leg muscles occurred 150 - 200 ms after stimulation. 
 The idea that a corrective response can be adjusted ‘en route’ has found 
support in some earlier observations as well. While subjects were walking on a 
treadmill, Dietz et al. (1986b) applied a holding impulse by a cord attached to the 
swinging leg, which was followed by a second perturbation, i.e. a treadmill 
deceleration. On the basis of their results they suggested that the first part of the 
compensatory reaction is released as an immutable pattern within the spinal cord. 
In contrast, the later part of the response (in the order of 120 ms after the first 
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perturbation, see their Fig. 2) can be modified by external factors and adjusted to 
the actual nature of the task. 
 Furthermore, the present data are in line with the finding of bimodal responses 
in subjects who were tripped while they were taking a single step forward (Rietdyk 
and Patla 1998). In this situation, the perturbation always induced an initial change 
in ankle trajectory (elevation of the ankle), which could or could not be followed 
by a second elevation of the ankle. Thus, the initial response could be followed by 
a later correction, which resulted in an enhancement of the initial movement. In the 
present study it was demonstrated that the later correction is not always an 
enhancement of the first movement as observed in the study of Rietdyk and Patla 
(1998), but can also be a reversal of the first movement. 
 
Origin of the responses 
On the basis of several studies on cats, it has been assumed that the responses 
observed during “stumbling corrective reactions” (Forssberg 1979) are mainly 
cutaneous in origin (Forssberg 1979; Forssberg et al. 1975, 1977; Prochazka et al. 
1978; Wand et al. 1980). In addition, for humans it has been suggested that the 
medium-latency EMG responses and the accompanying joint angle changes after 
electrical cutaneous stimulation might be functionally relevant in the context of 
stumbling reactions (Van Wezel et al. 1997; Zehr et al. 1997; see however Duysens 
et al. 1992). There are indeed some similarities between the modulation of 
medium-latency cutaneous responses and the RP2 responses observed during 
stumbling. For example, the iTA facilitation (RP2) with ankle dorsiflexion 
observed during the early swing elevating strategy was also observed after sural 
nerve stimulation in early swing (Duysens et al. 1992; Van Wezel et al. 1997). 
However, cutaneous stimulation evoked suppression of the iTA activity in late 
swing (Duysens et al. 1990; Yang and Stein 1990; Zehr et al. 1997), while the 
present mechanical perturbation evoked facilitatory iTA (RP2) responses. Hence, 
these differences indicate that the RP2 observed during stumbling in humans 
cannot be fully attributed to cutaneous responses (although we cannot rule out the 
possibility that cutaneous responses after mechanical perturbations are different 
from cutaneous responses after electrical stimulation). 
 Alternatively, proprioceptive afferents might contribute to the RP2 responses 
observed. Medium-latency stretch responses (M2 or MLR) in leg muscles with 
latencies similar to the RP2 responses (~75 ms) have been described by many 
authors after joint rotations during various conditions (Fellows et al. 1993; Nielsen 
et al. 1998; Schieppati et al. 1995; Schieppati and Nardone 1997; Sinkjaer et al. 
1988; Toft et al. 1989). Although some authors suggested that Ia afferents could 
mediate medium-latency stretch reflexes in leg muscles (Berardelli et al. 1982; 
Fellows et al. 1993), most evidence points in the direction of a contribution of 
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muscle proprioceptive group II afferents in these responses (see Corna et al. 1995; 
Dietz 1992; Nardone et al. 1996; Nielsen et al. 1998; Schieppati et al. 1995; 
Schieppati and Nardone 1997). Even activations of Ib afferents cannot be excluded 
because of the strong impact of the obstacle (for review see Duysens et al. 2000). 
The contribution of vestibular afferents in the RP2 responses during stumbling is 
probably small since vestibular responses have much smaller amplitudes than 
somatosensory responses (Horstmann and Dietz 1988). 
 For the short-latency responses, there is little doubt that these are spinal stretch 
reflexes mediated by Ia afferents (see Schillings et al. 1999b). The responses with 
longer latencies (RP2-RP3) during stumbling could follow both spinal or 
supraspinal neural pathways. In principle, these responses might be polysynaptic 
EMG responses of spinal origin and could be related to activation of slower 
conducting afferents (see review Dietz 1992). However, the latency of these 
responses is also long enough to be compatible with long-loop reflexes through the 
cortex (Christensen et al. 1999; Nielsen et al. 1997; Petersen et al. 1998; Pijnappels 
et al. 1998). Although the same neural pathways could contribute to the RP4 
responses, these responses are likely to be at least partly under voluntary control 
since they have latencies above the voluntary reaction time of ~150 ms in leg 
muscles. 
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Chapter 5 
 
Stumbling over obstacles in older 

adults compared to young adults 

 

 
Adapted from: Schillings et al. Stumbling over obstacles in older adults compared 
to young adults. Accepted  J. Neurophysiol, DOI, 10.1152/jn.00396.2004. 
 
5.1 Introduction 

Falling is a relevant health problem for many elderly. Thirty percent of the 
community-dwelling people over 65 years of age falls at least once a year (Tinetti 
et al. 1988). These falls may have a profound impact on the lives of elderly. They 
may lead to a decrease of activity resulting in social isolation, to serious injuries, 
such as fractures of the wrist and hip, and even to death (Nevitt et al. 1991; Sattin 
et al. 1990; Stel et al. 2004; Tinetti et al. 1995a).  
 In risk factor studies, it has been described that an important cause of falling in 
community-dwelling elderly is stumbling (Blake et al. 1988). For instance, 12 to 
38% of falls leading to hip fractures in older adults was caused by stumbling 
(Cumming and Klineberg 1994; Nyberg et al. 1996, Parker et al. 1996). Hence, it is 
important to gain more insight into the mechanisms, which play a role in the 
balance problems of elderly people after tripping. Next, this insight might enable us 
to find ways to reduce the risk of falling.  
  In general, there are two main reactions of the body to being tripped (or 
stumbling strategies) dependent on the phase of the step cycle, as has been 
observed in prior studies with young adults (Eng et al. 1994; Schillings et al. 
1999b, 2000). After perturbations in the early swing phase the ‘elevating strategy’ 
was performed; after the collision with the obstacle, the foot was directly lifted 
over the obstacle during the perturbed swing (see Fig. 4.2A). After perturbations in 
the late swing phase, subjects usually showed the 'lowering strategy'. Following the 
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perturbation, the ipsilateral foot was quickly placed on the treadmill without 
clearing the obstacle. This foot was lifted over the obstacle in the swing phase that 
succeeded the perturbed swing (see Fig. 4.2B).  
 Only a few studies have actually studied reactions of elderly after unexpected 
trips during walking (see for review Grabiner et al. 2002). In these studies, 
stumbling reactions were induced by a mechanical obstacle on a walkway, which 
perturbed the toe of the shoe of the swing foot during mid-to-late swing in older 
adults. Biomechanical variables of stumbling reactions resulting in falls (i.e. 50% 
of the subject's body weight supported by the safety harness ropes) were compared 
with the same variables during successful recoveries. Some factors at the time of 
perturbation increased the risk of falling, such as a high walking velocity and a 
more anterior center of mass of the upper body. In addition, a significantly slower 
placement of the tripped foot during the lowering strategy appeared to be an 
important factor that increased the risk of falling in older adults (Van den Bogert et 
al. 2002).  
 In these previous studies, the focus was on the factors contributing to a fall 
after tripping. The question remains, however, whether stumbling reactions differ 
between young and older adults, even if the stumbling reactions do not lead to 
actual falls. Are there indications that elderly react differently after being tripped? 
 In the leg muscles of young adults, reflex responses of various latencies have 
been observed after being tripped. Short-latency reflexes (latency ~40 ms) were 
most obvious after late swing perturbations in the perturbed leg (Schillings et al. 
1999b). These responses occurred simultaneously in flexor and extensor muscles 
and the responses were not followed by clearly observable joint angle changes. 
Hence, it has been suggested that the short-latency responses may generate a 
temporary stiffening of the joints (Schillings et al. 1999b). Medium-latency 
responses (latency ~75 ms) and long-latency responses (>100 ms) occurred in 
muscles of both legs and were an essential part of the stumbling reactions. In mid 
swing, the short- and medium-latency responses were similar during the two 
stumbling strategies (elevating and lowering). Possibly this initial aspecific 
response provides the CNS some time to integrate information from sensory 
receptors and supraspinal sources to make an appropriate decision about the final 
behavioral strategy, which was mainly determined by the responses occurring later 
than ~100 ms after the  perturbation (Schillings et al. 2000). The amplitudes of the 
short-, medium-, and long-latency responses were dependent on the phase of 
perturbation in the step cycle (Schillings et al. 2000). 
 For stumbling it is unknown whether elderly have longer response latencies 
and lower response amplitudes than young adults. Some evidence pointing in that 
direction comes from studies with another type of unexpected perturbations of 
older adults during walking, namely induced slips. Tang et al. (1998, 1999) 
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described longer response latencies and lower response amplitudes after slipping at 
heel strike in older adults compared to young adults. On the basis of these studies, 
it is hypothesized that during stumbling older adults may also have longer 
electromyographic response latencies and lower response amplitudes than young 
adults. The aim of the present study was to induce trips during walking in older 
adults, and to compare the stumbling strategies and the concurrent 
electromyographic and kinematic responses of older adults with the responses of 
young adults. 
 
5.2 Methods 

Eight older healthy, community-dwelling adult subjects (five male, three female) 
aged between 60 and 73 years (mean age 65 years) participated in the experiment. 
Subjects reported to be free from neurological or motor disorder and had no known 
history of repeated falling. They were all active elderly and reported to be capable 
of walking continuously for at least two hours. The experiments were carried out in 
conformity with the declaration of Helsinki for experiments on humans. All 
subjects gave informed consent and the study was approved by the local ethical 
committee.  
 
Experimental set-up 
Since a detailed account of the experimental set-up can be found in Schillings et al. 
(1996), only a short description is given here. While subjects walked on a treadmill 
(speed 4 km/h), an obstacle (length, width, and height: 40.0, 30.0, and 4.5 cm, 
respectively; weight 2.2 kg) was held by an electromagnet above the treadmill about 
one meter in front of the subject (see Fig. 2.1). To induce perturbations, the obstacle 
was dropped unexpectedly on the belt thereby obstructing the forward sway of the 
left (ipsilateral) leg. Release of the obstacle occurred at a predetermined delay after 
ipsilateral or contralateral heel strike. A pressure-sensitive strip attached to the front of 
the obstacle was used to measure the time at which the foot hit the obstacle. In the thin 
flexible shoes, the toes were covered with a piece of cotton to protect them during the 
collision. The subjects wore a pair of glasses, which blocked downward sight (and 
thus blocked the view of the obstacle). Earplugs eliminated most of the sound 
produced by the obstacle landing on the treadmill. In addition, the sound was 
masked by music through headphones. As a result of these measures, subjects were 
not able to perceive the obstacle prior to the collision with the foot. Subjects were 
instructed to keep the same position on the treadmill prior to the perturbation, but 
after the collision they were free to react without restrictions. The subjects wore a 
safety harness, fixed to a safety brake on the ceiling that would hold the subject and 
stop the treadmill in case a subject should fall. The safety brake was activated 

 63



when a force of >120 N was exerted. The harness was loosely suspended so that it 
did not provide extra stability during the experiment. 
 
Data sampling 
Bipolar surface electromyogram (EMG) activity of the biceps femoris (BF), rectus 
femoris (RF), tibialis anterior (TA), and soleus (SO) of both legs was measured. 
Laterally placed goniometers were used to measure the joint angles of the knee and 
ankle of the ipsilateral leg. Thin insole foot switches measured foot contact with 
the treadmill. Data were sampled in a time interval starting 100 ms prior to 
triggering the electromagnet and lasting for 2100 ms. For the control trials the same 
intervals were sampled but no obstacle was dropped after the trigger. The EMG 
was (pre-) amplified (by a factor in the order of 104 to maximally 106), high-pass 
filtered (>3 Hz), full-wave rectified, low-pass filtered (<300 Hz), AD-converted 
(500 Hz), and stored on hard disk along with the signals of the goniometers, foot 
switches, and pressure-sensitive strip. In addition, the subjects were recorded on 
video (25 Hz) during the experiment.  
 
Experimental protocol 
The experiment consisted of three parts. The first and second part were preparations 
for the main experiment (third part). In the first part, subjects walked on the treadmill 
for at least 5 minutes in order to get used to the treadmill (unperturbed walking). In 
the second part (20 minutes), the obstacle perturbed the walking pattern in phases 
spread all over the step cycle. The computer triggered the electromagnet to drop the 
obstacle on the treadmill after fixed delays (0 ms, 40 ms, 80 ms, .., 600 ms) follo-
wing heel strike (in total 32 delays). Each delay condition was randomly applied 
only once, consistent with the protocol used for the young adults. The aim of this 
part of the experiment was to select the delay conditions in which stumbling 
reactions were evoked in early (5-25%, time of obstacle contact with respect to 
control swing duration), mid (30-50%), and late swing (55-75%). The three selected 
delay conditions were used in the third part of the experiment.   
 In the third part of the experiment (30 minutes), stumbling reactions were 
repeatedly and randomly introduced during early, mid, and late swing in order to 
construct averages. On average 8 trials (minimal 5 trials) were obtained for each phase 
of perturbation. The responses during these perturbed cycles were compared with 
unperturbed control trials (n=10 to 15) obtained in between the perturbation trials 
(perturbation-free period between trials >10 seconds).  
 
Data analysis  
To obtain the averaged responses, only trials in which the collision of the foot with 
the obstacle occurred during early (5-25%) and late swing (55-75%) were analyzed 
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(the mid swing data were not further analyzed since the number of trials per 
strategy was too small to allow a quantitative analysis). For each muscle of each 
subject separately, the stumble responses occurring in the same phase of the step cycle 
were averaged. In addition, the corresponding control trials were averaged. 
Subsequently the averaged control activity was subtracted from the averaged 
stumbling trials.  
 To quantify the amplitudes of the responses, the mean EMG activity was 
calculated in the period between the beginning and end of the response. For this 
purpose, windows were set around the individual response peaks occurring within the 
first 200 ms (see Schillings et al. 2000); windows were set around responses with 
short-latencies (~45 ms, RP1), medium-latencies (~80 ms, RP2), and two windows 
for responses with long-latencies (~110 ms, RP3 and ~ 160 ms, RP4, respectively). 
When a response did not have the shape of a sharp peak, an extrapolation was 
made on the basis of other trials or conditions of the same subject in which such 
peaks were clearly detected. In this way it was possible to discern peaks with 
latencies which corresponded well with those seen in young adults (Schillings et al. 
2000). The RP1-RP3 responses (occurring before ~150 ms) are considered to be 
reflex responses, while the RP4 responses (occurring after ~150 ms) might be 
under voluntary control. The latter conclusion is based on the findings of a study of 
Hase and Stein (1998), in which subjects were instructed to stop walking as soon as 
they got a cue by electrical stimulation of the superficial peroneal nerve. It was found 
that the earliest voluntary changes in EMG activity of leg muscles occurred 150-200 
ms after stimulation. 
 To enable a proper intersubject comparison of the response amplitudes, the 
resulting data of each muscle were normalized with respect to the maximal EMG 
activity during the control step cycles. To obtain the mean response of the whole 
group, the normalized responses of all older adults were averaged. This type of 
analysis was performed on the four response peaks. The Wilcoxon Matched-Pairs 
Signed-Ranks Test (P < 0.05) was used to test whether the response amplitudes 
during stumbling were significantly different from the control EMG activity.  
 
Video analysis 
In order to find out whether a lengthened swing duration of the perturbed leg also 
implied a lengthened step distance, video recordings were analyzed. For both control 
trials and stumble trials, the distance between the two feet at the time of ipsilateral 
heel contact was determined using video analysis of marks on the treadmill belt 
(distance between two marks = 6.0 cm). In addition, for the stumble trials it was 
determined whether a secondary contact of the ipsilateral foot with the obstacle 
occurred, or not. 
 

 65



Comparison of the data of older adults with young adults  
The results of the present study were compared with the stumbling reactions of 
young adults, which were mostly described in a prior study (Schillings et al. 2000). 
The number of young subjects was eight (5 male, 3 female, mean age 27). The 
latencies of the short-latency responses and medium latencies were determined 
automatically for the average subtracted EMG responses of all older adults 
separately, and of all young adults separately. First, the SD of the non-perturbed 
subtracted EMG activity was calculated in the last 100 ms prior to the perturbation. 
Secondly, the latencies of the stumble responses were defined as the time at which 
the EMG amplitude exceeded three times the SD and stayed above this level for at 
least four succeeding samples (~ 8 ms in duration). In some cases where the EMG 
activity did not return under the 3SD level after the short-latency response, the 
onset of the medium-latency response was defined as the onset of the subsequent 
increase of EMG activity. To compare the response latencies of older and young 
adults, the Wilcoxon rank sum test (P < 0.05) was used. When the EMG activity 
did not meet the criteria (EMG level >3SD, duration >8ms), the data were treated 
as missing data. With this automatic detection criterion, it was not possible to 
distinguish reliably between the medium- and long-latency responses since in the 
majority of trials the EMG activity did not return under the 3SD level. Hence, the 
latencies of the RP3 and RP4 responses could not be compared between the two 
age groups. 
 The EMG amplitudes calculated from the four time windows in older adults 
(see data analysis) could be compared with the responses in young adults since the 
same method was used to quantify the amplitudes of responses in young adults 
(Schillings et al. 2000). The Wilcoxon rank sum test (P < 0.05) was used to 
compare the response amplitudes of the iBF (ipsilateral BF), iRF, iTA, iSO, and 
cBF (contralateral BF) in the two groups. 
 
5.3 Results 

Normal walking 
All older adults were capable of walking at the speed of 4 km/hour imposed by the 
treadmill. The average step cycle duration during the control trials, in which the 
walking pattern was not perturbed, was 1088 ms (SD 79 ms). This was similar to the 
step cycle duration found in young adults (step cycle 1120 ms, SD 65 ms). The 
average duration of the swing phase in older adults was 438 ms (SD 32 ms; young 
adults mean 454 ms, SD 28 ms) and of the stance phase was 650 ms (SD 48 ms; 
young adults mean 666 ms, SD 41 ms). These control step parameters were not 
significantly different between older and young adults, as determined with the 
Wilcoxon rank sum test. 
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Stumbling strategies 
All older adults were able to restore their walking cycle by making a stumbling 
movement after mechanical obstruction of the forward swinging foot. None of the 
subjects completely lost balance after being tripped. In principle, a loss of balance 
could be identified by a stop of the treadmill, because a large force (>120 N) on the 
safety harness (owing to the subject’s weight) would activate the safety brake. 
However, this never happened during the stumbling experiments.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Similar to the stumble responses of young adults, all older adults used two different 
types of stumble strategies. The choice for one of the two strategies depended on the 
timing of the perturbation in the step cycle. The stumbling responses after 
perturbations in the same phase of the step cycle were quite reproducible within the 
same subject, as can be observed in figure 5.1. All older adults showed elevating 
strategies after perturbations in early swing (5-25%) and lowering strategies in late 
swing (55-75%). This is in agreement with the strategies performed by young adults, 
who always showed elevating strategies in the first 35% of the swing phase and 
lowering strategies after 52%. 
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FIG. 5.1.  Within-subject variability
of the responses. Traces show iBF
EMG activity (normalized to the
maximum background activity)
during individual trials of one
typical subject after early swing
perturbations. 
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FIG. 5.2.  Typical average subtracted EMG responses and joint angle changes for 
subject 6. A: responses during the early swing elevating strategy (n=5 trials). 
Averaged subtracted EMG responses (mV) are shown for the ipsilateral biceps 
femoris (iBF), rectus femoris (iRF), tibialis anterior (iTA), and soleus (iSO) as well 
as for the contralateral biceps femoris (cBF). Joint angle changes (Degrees; not 
subtracted) are shown for the ipsilateral knee (iKnee) and ankle (iAnkle). Angle at 
standing position is zero. Two bottom traces show stance phases of the ipsilateral 
(iFoot) and contralateral foot (cFoot). Goniometer and foot signals: solid lines 
indicate stumble responses; dashed lines indicate control data (n=15). Zero time is 
the time the foot collided with the obstacle. B: responses during the late swing 
lowering strategy (n=5 trials; Ext., extension; Fl., flexion; Plant. Fl., plantar 
flexion; Dorsi Fl., dorsiflexion). 

B A 

 
 Figure 5.2 shows the reactions during the early swing elevating strategy and 
the late swing lowering strategy for one (typical) older subject. Soon after the early 
swing perturbation, the ipsilateral knee started to flex in order to lift the foot over 
the obstacle (Fig. 5.2A). Knee flexion was assisted by increased iBF activity, 
which was followed by increased iRF activity assisting the subsequent knee 
extension. Only ~20 ms after the perturbation, the ankle showed (passive) plantar  
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flexion followed by (dorsi-)flexion, presumably related to the increased activity in 
iTA. Due to these reactions, the foot trajectory of the ipsilateral foot was changed 
which led to a lengthened swing phase duration (see iFoot).  

0
 
4

Older versus Young Early Swing
−−− Older−−−−−−−−−−−−
−−− Young−−
−−− Older−−−−−−−−−−−−
−−− Young−−
−−− Older−−−−−−−−−−−−
−−− Young−−
−−− Older−−−−−−−−−−−−
−−− Young−−
−−− Older−−−−−−−−−−−−
−−− Young−−
−−− Older−−−−−−−−−−−−
−−− Young−−
−−− Older−−−−−−−−−−−−
−−− Young−−
−−− Older−−−−−−−−−−−−
−−− Young−−iBF

0
 
4

cSO

Time (ms)0 100

0
 
4

iTA

 0
  

10

iRF

0
 
4

iSO

0
 
4

cBF

0
 
4

cTA

0
 
 
6

cRF

FIG. 5.3.  EMG responses
during the early swing
elevating strategy for older
and young adults. The
averaged normalized subtrac- 
ted responses of all older
adults (n=8) are shown by
heavy lines and of all young
adults (n=8) by thin lines.
EMG responses (normalized
to the maximum background
activity) are shown for the
ipsilateral and contralateral
biceps femoris (iBF; cBF),
rectus femoris (iRF; cBF),
tibialis anterior (iTA; cTA),
and soleus (iSO; cSO). Zero
time is the time the foot
collided with the obstacle.  

 After the collision in late swing perturbations, the ipsilateral foot was first 
placed on the treadmill, before crossing the obstacle. In order to place the foot, 
responses in iBF and iRF occurred simultaneously (see Fig 5.2B). In this way the 
forward swing could be decelerated (iBF) and the knee extended (iRF). In the 
lower leg, iTA responses were followed by responses in iSO, which could take up 
body support after foot placement.  
 Although some differences are apparent, it is striking to see that these patterns 
of muscle and movement responses of the elevating and the lowering strategy were 
generally quite similar to the response patterns observed in young adults 
(Schillings et al. 2000). The similarity of the muscle response patterns is apparent 
in Figs. 5.3 and 5.4, showing the average EMG responses of all older subjects  
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FIG. 5.4.  EMG responses
during the late swing
lowering strategy for older
and young adults. The
averaged normalized sub-
tracted responses of all
older adults (n=8) are
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along with the average responses of all young subjects. 
 Nevertheless, a closer look at the data revealed several differences. In figures 
5.3 and 5.4 it can be seen that in both phases of perturbation, the average EMG 
responses of several muscles in older adults had longer latencies and lower 
amplitudes than in young adults (see for clear example iRF). These differences in 
response latency and response amplitude were further analyzed quantitatively. 
 
Muscle response latencies  
First, short-latency responses (latency ~45 ms) were small in early swing (Fig. 5.3). 
Hence, the averages of the responses were rarely larger than the 3SD level used to 
automatically detect the response latencies in each subject. In late swing however, 
the short-latency RP1 responses in iRF and iSO did exceed the 3SD level in 5 
subjects (in both young and older adults). The response latency in iRF was not 
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significantly lengthened in older adults (iRF average latency: young 41 ms, SD 4.1 
ms; older 44 ms, SD 4.6 ms). In iSO however, the latency of the short-latency 
response was significantly increased by 6 ms in older adults (average latency 
young: 43 ms, SD 2.3 ms; older: 49 ms, SD 3.3 ms, Wilcoxon rank sum test).  
 Secondly, it can be observed that the latencies of the main responses (mostly 
medium-latency responses with latencies of ~75 ms) of older adults were mostly 
longer than the latencies observed in young adults (see Figs. 5.3 and 5.4). The 
latencies of the medium-latency responses were determined for all subjects 
separately, allowing a statistical analysis (see Table 5.1). In early swing a 
significant difference was found between older and young adults in three muscles: 
iBF, iTA and iSO. In these muscles, the response latencies of older adults 
compared to young adults increased by 10 ms, 19 ms and 17 ms, respectively. In 
late swing, a significantly longer latency was observed as well; in the cBF muscle, 
the average latency in older adults was 10 ms longer than in young adults. 
 

TABLE 5.1.  Latencies of medium-latency responses of older versus young adults 

                Early swing                  Late swing 

 Older Young  Older Young 
iBF 78  (±10; 7)     * 68  (±5; 8)  93  (-; 2) 80  (±12; 3) 
iRF 72  (-; 2) 76  (±7; 7)  77 (±5; 3) 77  (±10; 8) 
iTA 88  (±5; 4)       * 69  (±3; 5)  82  (±8; 3) 78  (±10; 8) 
iSO 95  (±4; 4)       * 78  (±8; 5)  90  (±5; 5) 82  (±7; 6) 
cBF 77  (±8; 3) 72  (±10; 8)  78  (±6; 6)       * 68  (±8; 8) 
cRF -- 87  (±6; 3)  78  (-; 1) 73  (±8; 7) 
cTA 82  (-; 1) 80  (-; 1)  89  (-; 2) 80  (±12; 4) 
cSO -- 95  (±2; 3)  -- 64  (-; 1) 

 
Mean latencies in ms after perturbation of older versus young adults (±SD; n = 
number of subjects included in average). Note that in older adults the number of 
subjects with observed medium-latency responses >3SD was smaller than in young 
adults (and was sometimes zero as indicated with --). * indicates a significant 
difference in response latency between older and young adults (Wilcoxon Rank 
Sum Test , P < 0.05). i, ipsilateral; BF, biceps femoris; RF, rectus femoris; TA, 
tibialis anterior; SO, soleus; c, contralateral. 
 
Muscle response amplitudes 
In order to quantitatively compare the amplitudes of the responses, the average 
EMG activity within certain windows of interest were compared between older and 
young adults (see Table 5.2 and Schillings et al. 2000). Figures 5.5 and 5.6 show 
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the average EMG amplitudes of the older adults in comparison with young adults 
for early swing and late swing perturbations, respectively. The dark bars indicate 
the background activity during unperturbed walking.  
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FIG. 5.5.  Mean normalized EMG amplitudes of the four response peaks (RP1-RP4) 
in iBF, iRF, iTA, iSO and cBF of older (O) and young (Y) adults during the early 
swing elevating strategy. Dark bars show the normalized background activity; light 
bars show the normalized EMG response amplitudes during the stumbling 
reactions (normalization with respect to the maximum background locomotor 
activity). In this way, the part of the light bars above the dark bars indicate the 
amplitude of the subtracted responses. The SE of the control activity and the 
subtracted response activity is shown by error bars. Averaged responses were 
calculated by averaging the mean responses of all subjects: n=8 for both older and 
young adults (number of trials per subject: 5-10, except for one subject with 3 
trials). * below the bars, pooled average response amplitudes of all subjects were 
significantly different from the averaged control activity (Wilcoxon Matched-Pairs 
Signed-Ranks Test, P < 0.05). * above the bars, pooled average response amplitudes 
of all older adults were significantly different from the pooled average response 
amplitudes of all young adults (Wilcoxon Rank Sum Test, P < 0.05). 
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TABLE 5.2.  Mean onset and end of windows around the four response peaks 
 
Muscle Function  RP1 RP2 RP3 RP4 

iSO Ankle plantar flexion O: 47-65 (±4) 
Y: 42-67 (±3) 

O: 80-101 (±5) 
Y: 76-100 (±4) 

O : 112-143 (±6) 
Y : 112-147 (±6) 

O : 159-194 (±8) 
Y : 162-197 (±12) 

iTA 
 Ankle dorsiflexion O: 47-65 (±6) 

Y: 41-64 (±3) 
O : 83-100 (±3) 
Y : 78-105 (±7) 

O : 107-139 (±9) 
Y : 120-144 (±3) 

O : 158-195 (±6) 
Y : 164-197 (±3) 

iBF Knee flexion and 
Hip extension 

O: 36-50 (±4) 
Y: 34-53 (±4) 

O : 80-100 (±5) 
Y : 71-98 (±5) 

O : 107-143 (±3) 
Y : 103-143 (±3) 

O : 158-194 (±6) 
Y : 159-200 (±8) 

iRF 
 

Knee extension and 
Hip flexion 

O: 51-71 (±16) 
Y: 39-63 (±4) 

O : 80-98 (±5) 
Y : 72-94 (±6) 

O : 108-147 (±7) 
Y : 104-140 (±5) 

O : 162-195 (±7) 
Y : 160-198 (±7) 

cBF 
 

Knee flexion and 
Hip extension 

- 
- 

O: 77-99 (±7) 
Y: 74-104 (±5) 

O:  113-145 (±6) 
Y : 118-151 (±10)

O :  161-196 (±7) 
Y : 164-201 (±14) 

 
Mean onset and end of windows, which were set around the four response peaks 
(RP1-RP4) of older (O) and young (Y) adults in the muscles iSO, iTA, iBF, iRF, 
and cBF. These values are means of all subjects (n=8 for both groups) in ms after 
perturbation. Number in parentheses is ±SD of the window onset. The movement 
functions of the muscles in the saggital plane are indicated in the second column. i, 
ipsilateral; SO, soleus; TA, tibialis anterior; BF, biceps femoris; RF, rectus 
femoris; c, contralateral. 
 
No significant differences were found between the background EMG activity in 
older and young adults, as determined by the Wilcoxon rank sum test. When the 
amplitude of the stumble response was significantly different from the background 
activity an asterisk is shown below the bar (Wilcoxon matched-pairs signed-rank 
test, P < 0.05). A larger asterisk in the center above the top of the bars indicates a 
significantly different response amplitude between older and young adults 
(Wilcoxon rank sum test, P < 0.05).  
 Significant differences were usually due to smaller responses in older adults (as 
compared to young adults). In early swing, this can clearly be observed for iBF and 
iRF (see Fig. 5.5). The amplitudes of the medium-latency responses (RP2) of the 
iBF and iRF as well as the long-latency responses (RP3) of iBF were significantly 
lower in older adults. At most older adults increased their iBF activity to a level 
beneath the maximum EMG activity during normal walking (RP2: ~0.6; RP3: ~0.5; 
values indicate subtracted normalized amplitudes, see Fig. 5.5). However, young 
adults increased their iBF activity to ~3 times the maximum EMG activity during 
normal walking (amplitude of RP2: 2.4; RP3: 3.1). Similarly, in late swing 
significantly lower amplitudes were found in older adults. The medium-latency 
responses (RP2) of iTA and cBF were smaller for older than for young adults (iTA  
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FIG. 5.6.  Mean normalized EMG amplitudes of the four response peaks (RP1-RP4) 
in iBF, iRF, iTA, iSO, and cBF of older (O) and young (Y) adults during the late 
swing lowering strategy. Dark bars show the normalized background activity; light 
bars show the normalized EMG response amplitudes during the stumbling 
reactions (normalization with respect to the maximum background locomotor 
activity). In this way, the part of the light bars above the dark bars indicate the 
amplitude of the subtracted responses. In case the response was suppressive, the 
dark bar was larger than the light bar (see for example, iTA, RP4). The SE of the 
control activity and the subtracted response activity is shown by error bars. 
Averaged responses were calculated by averaging the mean responses of all 
subjects: n=8 for both older and young adults (number of trials per subject: 5-10). 
The same format is used as in Fig. 5.5. 
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RP2 0.9 in older adults versus 1.8 in young  adults; cBF RP2 1.0 in older adults 
versus 3.2 in young adults). The long-latency responses (RP3) of iSO and iBF were 
also smaller in older adults (see Fig. 5.6).  
 Whereas RP2 responses were always smaller (or equal) in older adults 
compared to the young, for the later responses (RP3 and RP4) the inverse was 
sometimes true. An example is the cBF activity of the long-latency responses 
(RP4) in early swing. The normalized amplitude of this response was 3.3 in older 
adults, which was significantly larger than the RP4 response of 1.1 in young adults. 
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Also in late swing the RP3 response of iTA in older adults (1.1) was significantly 
larger than in young adults (0.2).  
 
Kinematics of the early swing elevating strategy 
The increased response latencies as well as the lower response amplitudes in older 
adults as compared to young adults might influence the kinematics of the stumble 
responses. After early swing perturbations, for example it is clear that the iBF 
response (latency older adults 78 ms; young adults 68 ms) was smaller in older than in 
young adults (see Figs. 5.3 and 5.5). The iBF response contributed to the knee flexion 
of the ipsilateral leg in order to step over the obstacle. To see whether this diminished 
activity resulted in changes of the kinematics during the early swing elevating 
strategy, the average joint angle changes were investigated (see Fig. 5.7).  
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FIG. 5.7.  Pooled joint angle changes (Degrees; not subtracted) during the early 
swing elevating strategy for the ipsilateral knee (iKnee) and ankle (iAnkle) of all 
older and all young adults. Angle at standing position is zero. Two lowest traces 
show stance phases of the ipsilateral (iFoot) and contralateral foot (cFoot). Thin 
lines indicate pooled stumble responses of all young adults (n=8); heavy lines 
indicate pooled stumble responses of older adults (n=4-8); dashed lines indicate 
control data (average of pooled controls of older and young adults). Zero time is 
the time the foot collided with the obstacle. (Ext., extension; Fl., flexion; Plant. Fl., 
plantar flexion; Dorsi Fl., dorsiflexion). 
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 Both older and young adults increased the knee flexion during the perturbed 
swing (solid lines) as compared to the knee flexion during normal walking (dotted 
lines) in order to lift their foot directly over the obstacle. Older adults showed less 
increase of the knee flexion than young adults (Wilcoxon rank sum test, P = 0.32). 
Although the first part of the iTA activity (between ~70 ms and 120 ms) showed some 
difference (see Fig. 5.4), the ankle joint changes of older and young adults were 
similar during the early swing elevating strategy.  
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FIG. 5.8.  Pooled joint angle changes (Degrees; not subtracted) during the late 
swing lowering strategy for the ipsilateral knee (iKnee) and ankle (iAnkle) of all 
older and all young adults. Angle at standing position is zero. Two lowest traces 
show stance phases of the ipsilateral (iFoot) and contralateral foot (cFoot). The 
same format is used as in Fig. 5.7. 
 
 What do these differences in EMG activity and joint movements mean for the 
duration of step parameters in early swing? During the early swing elevating strategy, 
both young and older adults lengthened the duration of the ipsilateral swing phase in 
order to step over the obstacle (see Fig. 5.7 solid lines in lower trace). However, older 
adults lengthened their swing phase by on average 69 ms (which was ~16% of normal 
swing phase duration, SD 40 ms, Wilcoxon matched-pairs signed-ranks test, P < 
0.01), whereas young adults lengthened their swing phase by 128 ms (which was 
~29% of normal swing phase duration, SD 30 ms, see Schillings et al. 2000). The 
lengthening of the swing phase was significantly reduced in older adults (Wilcoxon 
rank sum test, P < 0.01).  
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 The same can be observed for the contralateral stance phase. While older adults 
did not significantly change the contralateral stance phase (on average the 
contralateral stance phase was shortened by 11 ms, ~2%, SD 46 ms), young adults 
significantly lengthened the contralateral stance phase by 81 ms (~12%, SD 41 ms, 
Schillings et al. 2000). The difference in the duration of the contralateral stance phase 
between older and young adults was significant (Wilcoxon rank sum test, P < 0.01). 
 
Failed obstacle clearance during the elevating strategy 
On the video recordings, the number of trials in which the subjects had secondary 
contact with the obstacle was counted. Secondary contact occurred since the subject 
landed with the foot on top of the obstacle, after an attempt to step over it. In older 
adults, in 10 out of 56 trials a secondary contact was observed. For five of the older 
adults the secondary contact occurred in one single trial, for one subject it happened in 
two trials, for another in three trials. For only one older subject no secondary contact 
occurred. In the young subjects, merely one secondary contact was observed in the 
whole group (total number of trials 56). 
 The risk to step on the obstacle increases when a shorter step distance is made. 
Therefore, on the video recordings it was determined whether the step distance during 
the elevating strategy was shorter than the step distance during normal walking, or 
not. The video recordings revealed that during the elevating strategy, older adults 
shortened their step distance in 73% of all trials (although they significantly 
lengthened their sway duration). In contrast, young adults shortened their step 
distance in only 30% of all trials. Indeed, it was found that most secondary contacts of 
older adults occurred in the trials in which the step distance was shortened; 9 out of 10 
secondary contacts of older adults were made in trials with a shortened step distance. 
 
Kinematics of the late swing lowering strategy  
Comparing the late swing lowering responses of older adults and young adults, the 
EMG-activity of all muscles reached lower maximum amplitudes in older adults (Fig. 
5.4). The joint movements in the ipsilateral leg of older adults however, showed 
relatively small changes in older adults with respect to young adults (see Fig. 5.8). 
Possibly older adults used other strategies to make the same joint movements. For 
example, it might be possible that they recruited other muscles, which were not 
recorded. 
 The average latency of foot placement of the ipsilateral foot after the perturbation 
in older adults was 151 ms (SD 60 ms), which was slightly longer than the latency of 
foot placement in young adults (125 ms; SD 35 ms; Wilcoxon rank sum test, P = 
0.69). Since foot placement of the ipsilateral foot is considered to be actively 
controlled by iRF for knee extension and iBF for deceleration of the forward sway, 
the lower responses in these muscles (though not significant in iRF) might be 
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responsible for the somewhat later placing of the foot on the treadmill in older adults. 
In addition, there was no consistent difference between young and older adults in the 
amount of shortening of the corresponding contralateral stance phase (older 47 ms, 
SD 19 ms, ~7%; young 62 ms, SD 29 ms, ~9%; Wilcoxon rank sum test, P = 0.30).  
 
5.4 Discussion 

The present study reports on stumbling responses in the elderly. The responses 
were compared with stumbling responses of younger adults (as published in 
Schillings et al. 2000). Changes in the stumbling reactions of older adults as 
compared to young adults might elucidate factors that contribute to the increased 
risk of falling in the elderly. The results showed that stumbling over obstacles 
induces similar behavioral responses ("strategies") in elderly as in young adults. 
Early swing perturbations led to elevating strategies (foot directly lifted over the 
obstacle after contact with the obstacle), while late swing perturbations induced 
lowering strategies (foot quickly placed on the treadmill and lifted over the 
obstacle in the succeeding swing). Similarly, the general pattern of muscle 
activation underlying these strategies was consistent with the pattern observed in 
young adults. However, some important differences in the stumbling responses of 
older and young adults occurred. Firstly, elderly had less success in avoiding the 
obstacle after tripping in early swing, since more older adults had a secondary 
contact with the obstacle. Secondly, after both early and late swing perturbations, 
the characteristics of the motor responses, such as response latency and amplitude 
varied between both groups.   
 
Early swing elevating strategy  
Response amplitudes of ipsilateral upper leg muscles (iBF and iRF) were smaller in 
older adults than in young adults during the early swing elevating strategy. Most 
markedly decreased were the RP2 and RP3 response amplitudes. The decreased 
muscle responses were associated with a reduction of the lengthening of the 
ipsilateral swing phase during obstacle crossing. Shorter swing durations might 
result in smaller safety margins during stepping over the obstacles, leading to an 
increased risk of falling in older adults. The video observations clearly supported 
this interpretation showing more secondary contact with the obstacle in older 
adults. In these cases the ipsilateral foot was properly elevated above the obstacle, 
but instead of placing the foot over the obstacle, it was placed on top.  
 The video observations revealed that older adults mostly made shorter steps (in 
distance) during stumbling than during unperturbed walking, whereas young adults 
mostly increased their step length. This finding is in agreement with studies on 
obstacle anticipation on a walkway (Begg 2000; Chen et al. 1991; McFadyen and 
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Prince 2002). In these studies, older adults used shorter stride lengths and reduced 
toe clearances during stepping over obstacles, as compared to young adults. This 
can be interpreted as a preference of the elderly to use smaller steps over the 
obstacle, possibly to reduce the effort and keep their gait more consistent with their 
normal cadence of walking. 
 However, a large disadvantage of shortening the step is the increased risk of 
falling from a trip, because the center of mass presumably tends to be anterior to 
the position of foot contact with the ground at the time of landing. This makes it 
difficult to slow the forward body rotation imposed by the perturbation, which was 
described earlier for postural perturbations during stance (i.e. treadmill 
accelerations, Owings et al. 2001). In the present study, it is unknown whether the 
center of pressure relative to the base of support was indeed different for older and 
young adults, since these parameters were not measured. 
 Knee flexion during the elevation of the ipsilateral foot over the obstacle also 
tended to be reduced in older adults compared to the young. Although this 
difference was not significant with the current number of subjects, this finding may 
be an important factor in studies on falling in the elderly, since less knee flexion 
could result in lower clearance of the foot over the obstacle with smaller safety 
margins. This increases the risk that the foot re-encounters the obstacle, which 
induces a second obstruction of the foot.  
 In contrast to the ipsilateral responses, the amplitudes of the upper leg muscle 
BF in the contralateral leg (RP4) were larger in older than in young adults after 
early swing perturbations. These BF responses on the contralateral side are 
considered to be of utmost importance in restoring balance. It has been suggested 
that in response to perturbations of the swinging leg, BF responses in the 
supporting leg could contribute to the stability of the upper body (Dietz et al. 
1986a; Eng et al. 1994). During the elevating strategy, the forward rotation of the 
body and the trunk needs to be stopped in order to regain balance (Eng et al. 1994; 
Grabiner et al. 1993; Pavol et al. 2001). Pijnappels et al. (2002; 2004a; 2004b) 
described that a push-off force generated by hamstring and gastrocnemius muscles 
in the support limb contributes to the reduction of the forward rotation. Hence, the 
increased cBF activity of the older adults in the present study might reflect an 
increased effort of these subjects to stabilize the upper body in early swing, which 
possibly points to a higher demand for trunk stabilization. 
 
Late swing lowering strategy 
In late swing, older adults showed significantly lower RP3 responses in some 
muscles (iBF and iSO) compared to the young. These muscles can contribute to an 
early foot placement since iBF contributes to slowing down the forward swing and 
iSO (and iRF) can take up body support in preparation of the early foot placement. 
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The smaller muscle activity in older adults results in a somewhat later placement of 
the ipsilateral foot compared to the young, though the relative delay (25 ms) was 
not significant. In studies on stumbling reactions after tripping on a walkway it has 
been described that a delayed foot placement during the lowering strategy is 
associated with falling in older adults (Pavol et al. 2001; Van den Bogert et al. 
2002). Pavol et al. (2001) showed that older adults who fall quickly after placing 
their foot during the lowering strategy had a latency of touchdown which was 
approximately 100 ms longer than the latency of those who did not fall. Delayed 
foot placement leads to increased forward rotation of the body and to the center of 
mass being in front of the base of support during the limb loading of the ipsilateral 
leg. Hence, the support force of the lowered limb cannot be used to stop the trip-
induced forward body rotation (Pavol et al. 2001; Van den Bogert et al. 2002).  
 
Underlying mechanisms of reduced ipsilateral RP2-RP3 responses in elderly 
As mentioned above, the amplitudes of the RP2 and RP3 responses during 
stumbling were mostly smaller in older adults than in young adults. A reduction of 
medium- and long-latency muscle response amplitudes in elderly has also been 
described in previous studies with other types of unexpected perturbations during 
walking or stance. For example, in studies in which subjects slipped during 
walking, Tang and Woollacott (1998) found a reduction in muscle response 
amplitudes in both the ipsilateral and contralateral leg muscles of older adults. 
Some studies, in which stance was perturbed by sudden platform rotations in 
various directions, reported that the balance correcting responses in TA and SO 
showed smaller amplitudes in elderly than in young adults in the interval between 
120-220 ms after perturbation (Allum et al. 2002). However, others did not find 
major age-related changes in the amplitude of the responses (Nardone et al. 1995). 
 The underlying mechanism of the decreased response amplitudes during the 
stumbling reactions in aging could be due to both peripheral and central changes. It 
was shown that the sensitivity in the proprioceptive sensory systems decreases with 
aging (Alexander 1994; Horak et al. 1989; Nadler et al. 2002; Stelmach and 
Worringham 1985; Verrilo 1980). In addition, the number of motoneurons is 
reduced (Mynark and Koceja 2001). Further, it is well known that during aging, the 
muscle properties change, resulting in muscle atrophy and reduced numbers of 
motor units, with especially a decrease of type II muscle fibers (Bouche et al. 1993; 
Maki and Fernie 1996; Merletti et al. 2002; Mynark and Koceja 2001).  
 On the other hand, changes in the central nervous system could also contribute 
to the reduced response amplitudes in older adults. Medium-latency reflex 
responses are considered to travel through a short train of spinal interneurons 
(Dietz 1992; Jankowska 1992, Nardone and Schieppati 1998). It has been 
suggested that age-related decreases in the supraspinal facilitatory drive on these 
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interneuronal circuits interposed in these reflexes (Dietz 1992) might play a role. In 
addition, the excitability of aging motoneurons could be reduced by increased 
levels of presynaptic inhibition with aging (Koceja and Mynark 2000; Morita et al. 
1995).  
 
Latency of medium-latency responses 
The present finding that older adults show significantly longer response latencies 
(prolongation 10-19 ms) in some muscles such as iBF, iTA, iSO and cBF is in 
agreement with previous studies in which another type of unexpected perturbation 
was introduced during stance or walking (Nardone et al. 1995; Stelmach et al. 
1989; Tang and Woollacott 1998, 1999). For example, in studies on slips during 
walking in early stance, the response latencies in the ipsilateral muscles of the 
anterior side of the leg (TA and RF) of elderly increased by approximately 20 to 50 
ms (see Fig. 2 in Tang and Woollacott 1998), whereas the ipsilateral muscles of the 
posterior side of the leg were not significantly different. In contrast, in the present 
stumbling experiments, we have found that muscles on both the anterior (iTA) and 
the posterior side (iBF and iSO) showed significantly delayed latencies.  
 Medium-latency reflex responses are most likely due to proprioceptive group II 
afferents (Dietz 1992; Jankowska 1992; Nardone et al. 1995, 1998; Schillings et al. 
2000) or cutaneous afferents (Schillings et al. 2000). For cutaneous afferents, the 
latency increase could be accounted for by changes in the sensory thresholds of 
these afferents (Baloh et al. 2003; Verrillo 1980). Alternatively, there might be a 
decrease in nerve conduction velocity of the afferents, as has been suggested for 
the group II afferents by Nardone et al. (1995). Moreover, the latency increase 
could be due to changes in the central nervous system (Tanosaki et al. 1999; 
Tobimatsu et al. 1998) or the alpha-motoneurons (Mynark and Koceja 2001). 
 
RP1 Short-latency responses 
During the stumbling reactions, older adults showed significant short-latency 
responses (latency ~45 ms) in the muscles of the ipsilateral leg after the collision 
with the obstacle. The latency of the short-latency response in iSO was 6 ms longer 
in older adults (this study) than in younger subjects (Schillings et al. 1999b). 
Similar lengthened latencies of short-latency stretch or H-reflexes in older adults 
have been described in studies on reflexes after stance perturbations (Nardone et al. 
1995; Sabbahi and Sedgwick 1982; Scaglioni et al. 2002). The increase of these 
latencies in older adults can largely be attributed to a decrease of the peripheral 
nerve conduction velocity (for review see Mynark and Koceja 2001). However, 
slowing of central synaptic transmission at the spinal level might also play a role 
(Mynark and Koceja 2001; Sabbahi and Sedgwick 1982). 
 Regarding the amplitudes of short-latency responses, many authors described 
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that for static body postures (sitting, prone, and standing) the amplitudes of either 
H-reflexes or tendon tap reflexes decline with normal aging (Angulo-Kinzler et al. 
1998; Bouche et al. 1993; Kido and Stein 2002; Koceja et al. 1995; Sabbahi and 
Sedgwick 1982; Scaglioni et al. 2002; Mynark and Koceja 2001; Van Rey et al. 
2002). Correspondingly, studies describing reflex responses during walking 
showed that in phases of the walking cycle, in which responses are prominent (in 
the stance phase), the amplitude of the soleus H-reflex was found to be smaller in 
elderly than in young adults (Chalmers and Knutzen 2000; Kido and Stein 2002). 
However during the swing phase of walking, H-reflexes were very small in both 
young and older adults and the two groups were not significantly different from 
each other (Chalmers and Knutzen 2000). This is similar to our results, which also 
showed no significant difference between the RP1 response amplitudes of older 
and young adults. It is suggested that under a dynamic condition, such as the swing 
phase of walking, the responses are too small and variable to allow a convincing 
identification of subtle reductions in amplitude.  
 
In summary, the present results suggest that the increased risk of falling after a trip 
in the elderly results from changed muscle responses in the stumbling reactions of 
older adults. The older adults in the present study were all healthy community-
dwelling and had no history of falls. The age effects described might be even more 
pronounced if the group of elderly was at a more advanced age. In addition, in 
every-day life the circumstances of a trip could be more complex for older adults 
(such as circumstances with reduced vision, reduced attention, higher obstacles and 
uneven floors). Further studies are needed to test these hypotheses. 
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Samenvatting 
 
Vallen is een relevant gezondheidsprobleem voor veel ouderen. Dertig procent van 
de zelfstandig levende ouderen van 65 jaar of ouder valt minstens een keer per jaar. 
Vallen kan een grote invloed hebben op het leven van ouderen. Het resulteert vaak 
in een afname van activiteiten, in sociale isolatie, ernstige verwondingen zoals 
fracturen van de heup of pols en zelfs tot de dood. Struikelen is een belangrijke 
oorzaak voor het vallen bij ouderen. Daarom is het belangrijk om meer inzicht te 
krijgen in de problemen die ouderen hebben wanneer ze struikelen. 
 Het doel van dit proefschrift was het onderzoeken van struikelreacties. Eerst 
werden de struikelreacties van jonge volwassenen bestudeerd in verschillende 
fasen van de stapcyclus om inzicht te krijgen in de spierresponsen en 
bewegingsstrategieën tijdens het struikelen. Daarna werden de struikelreacties van 
ouderen bestudeerd en vergeleken met de reacties van de jongeren. Er werd 
bediscussieerd of verschillen in de struikelreacties tussen ouderen en jongeren 
konden bijdragen aan het verhoogde risico op vallen bij ouderen. 
 Om struikelreacties in een gecontroleerde laboratorium opstelling te kunnen 
bestuderen, werd een nieuwe methode ontwikkeld waarmee onverwachts 
mechanische verstoringen veroorzaakt konden worden tijdens het lopen op een 
lopende band. Deze nieuwe methode wordt gepresenteerd in hoofdstuk 2. De 
verstoringen bestonden uit een obstructie van de voorwaarts zwaaiende voet. Deze 
obstructie werd veroorzaakt door rigide obstakels, die voor de proefpersoon op de 
lopende band geplaatst werden. De timing van de verstoring werd gecontroleerd 
door een elektromagneet. Deze liet het obstakel los op een vooraf geprogrammeerd 
tijdstip na het neerzetten van de linker of de rechter hak. Met deze methode werden 
met succes struikelreacties veroorzaakt. De elektromyografische en kinematische 
responsen waren reproduceerbaar, wanneer de verstoringen werden veroorzaakt in 
dezelfde fase van de zwaai van verschillende stapcycli.   
 De vroegste responsen die optraden tijdens de struikelreacties van jonge 
volwassenen waren de korte-latentie reflexen. Deze worden gepresenteerd in 
hoofdstuk 3. Alle proefpersonen lieten reflexen zien met latenties van 32-42 ms in 
de flexoren en extensoren van zowel het bovenbeen als het onderbeen van het 
verstoorde been. Deze vroegste responsen worden verondersteld korte-latentie rek-
reflexen te zijn, die worden opgeroepen door de impact van de botsing van de voet 
met het obstakel. De amplitudes van deze responsen waren afhankelijk van de fase 
in de stapcyclus en waren niet strikt gerelateerd aan de achtergrondactiviteit van de 
betreffende spieren of aan de variaties van de verstoringen. De co-activatie van 
antagonisten en het gebrek aan evidente kinematische consequenties na de 
responsen suggereren dat de korte-latentie responsen gewrichtsstijfheid genereren. 
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Dit zou een eerste reactie zijn, als voorbereiding op de meer functionele reactie, die 
wordt gegenereerd door de responsen met langere latenties, om het obstakel te 
ontwijken. 
 Naast de vroege responsen, werden de latere responsen en hun relatie met de 
bewegingsstrategieën tijdens struikelen bestudeerd. Deze worden in hoofdstuk 4 
beschreven. Er konden twee struikelstrategieën van elkaar onderscheiden worden: 
de “elevating strategie” en de “lowering strategie”. Alle proefpersonen voerden een 
elevating strategie uit na verstoringen in de vroege zwaaifase en een lowering 
strategie na verstoringen in de late zwaaifase. Tijdens de elevating strategie werd 
de voet direct over het obstakel getild door extra knieflexie, die ondersteund werd 
door responsen in de ipsilaterale biceps femoris (iBF) en enkel dorsiflexie, die  
ondersteund werd door tibialis anterior (iTA) responsen. Daarna induceerde grote 
activaties van de rectus femoris (iRF) knie extensie om de voet op de lopende band 
te plaatsen. Tijdens de lowering strategie werd de voet snel op de lopende band 
geplaatst en werd de voet pas over het obstakel getild in de daaropvolgende 
zwaaifase. Het plaatsen van de voet werd actief gecontroleerd door iRF en iBF 
responsen, die gerelateerd waren aan knie extensie en aan het afremmen van de 
voorwaartse zwaai. Activatie van iTA ging vooraf aan de  belangrijkste ipsilaterale 
responsen in de soleus (iSO). 
 Voor beide strategieën konden na de korte latentie responsen (~40 ms, RP1) 
respons pieken met medium latenties (~75 ms, RP2) en lange latenties (~110 ms, 
RP3 en ~160 ms, RP4) worden onderscheiden. Net zoals bij de korte latentie-
responsen, hing de amplitude van de medium- en lange-latentie responsen af van 
de fase in de stapcyclus. Beide strategieën hadden dezelfde initiële 
elektromyografische responsen tot ~100 ms (RP1 en RP2) na de verstoring. Terwijl 
van de eerste respons gedacht wordt dat het een korte latentie rek reflex is, heeft de 
tweede respons (RP2) karakteristieken die doen denken aan cutane of 
proprioceptieve reflex responsen. Deze beide reflexen (RP1 en RP2) waren niet 
bepalend voor de gedragsstrategie die werd uitgevoerd. De functioneel belangrijke 
strategieën waren afhankelijk van de latere responsen (RP3–RP4). Deze resultaten 
suggereren dat tijdens struikelen, als een eerste verdediging, het centrale 
zenuwstelsel reageert met een relatief aspecifieke respons, gevolgd door een meer 
aangepaste gedragsstrategie om het obstakel te ontwijken. 
 In hoofdstuk 5 worden struikelreacties van ouderen beschreven en vergeleken 
met die van jongeren. In het algemeen, gebruikten ouderen dezelfde 
bewegingsstrategieën als jongeren (elevating en lowering). De latenties van de RP1 
responsen namen toe met ~6 ms en van de RP2 met 10-19 ms bij ouderen in 
vergelijking met de jongeren. De amplitudes van de RP1 waren vergelijkbaar voor 
beide groepen, terwijl de amplitudes van RP2-RP4 konden verschillen. Tijdens de 
elevating-strategie (waarin de verstoorde voet direct over het obstakel wordt getild) 
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lieten ouderen kleinere responsen in de ipsilaterale bovenbeen spieren (biceps 
femoris en rectus femoris) zien. Dit was gerelateerd aan kleinere veiligheidsmarges 
tijdens het stappen over het obstakel omdat ouderen een kortere zwaaiduur en een 
kortere staplengte hanteerden. Bovendien maakten ouderen meer fouten bij het 
stappen over het obstakel. Tevens was de RP4 activiteit in de contralaterale bicpes 
femoris (cBF) vergroot in ouderen, wat mogelijk wijst op een toegenomen beroep 
op de rompstabiliteit bij ouderen. Tijdens de lowering strategie in het eind van de 
zwaaifase (voet plaatsing op de lopende band voordat over het obstakel wordt 
gestapt) lieten ouderen lagere RP2 en RP3 responsen zien in de meeste spieren die 
gemeten werden. Desalniettemin waren de kinematische responsen vergelijkbaar 
met die van jongeren. Uit de verschillen tussen jongeren en ouderen kan 
geconcludeerd worden dat de veranderde spierresponsen in ouderen het risico op 
vallen vergroten tijdens het struikelen, met name bij struikelingen in de vroege 
zwaaifase.   
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Dankwoord 
Dit zijn vaak de enige regels van een proefschrift die men leest.  
Maar echt, er staan nog meer interessante regels in dit proefschrift. 
Ik wil iedereen bedanken die daaraan heeft meegewerkt ! 
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