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In the preceding chapters, seven studies were presented aimed at understanding 
how rhythmic bodily movements are coordinated with external rhythmic stimuli 
of visual and acoustic modality, and how those external rhythms might be 
exploited to enhance the performance of impaired rhythmic movements, 
focusing on gait after stroke as a case in point. In the studies in question the 
generic notion of anchoring played a central role in view of its potentially 
important theoretical implications and promising therapeutic applications. First, 
the theoretical implications of Chapters 2-5 are discussed with regard to the 
notion of anchoring, including a state-of-the-art definition of anchoring and its 
relation to referential dynamics and similar theories. Second, the practical 
implications of Chapters 6-8 are discussed with regard to the utilization of 
external rhythms to enhance impaired gait in practical settings. The focus of this 
discussion is on the exploitation of external rhythms for improving gait 
coordination, gait modulation, and the evaluation of limitations in the ability to 
modify gait. In this context, a new therapeutic tool for the assessment and 
training of various aspects of gait is presented in this epilogue, capitalizing on 
the instrumented treadmill described in Chapter 8. 
 

Part 1: Furthering the theoretical notion of anchoring 
Originally, anchor points were defined as “organizing centers within, and for” 
cyclical movements (Beek, 1989), implying that the notion of anchoring entails 
the adjustment of rhythmic movements to those points. Typically, those 
“organizing centers” have been identified as regions of reduced spatial 
variability in movement trajectories (Beek, 1989; Byblow et al., 1994; Carson et 
al., 1994; Fink et al., 2000; Maslovat et al., 2006), while Beek’s (1989) 
concurrent hypothesis that at, or around, anchor points critical task-specific 
information is available for organizing a cyclical act has received less attention. 
Hence, the notion of anchoring has been used predominantly in descriptive 
rather than explanatory fashion. To help resolve this situation, four well-
controlled experiments were conducted to test whether anchor points are indeed 
linked to task-specific information, for instance, information about the required 
timing specified by the external rhythm, or whether those points reflect other 
task-specific constraints that may be exploited in rhythmic movement execution.  

The work presented in this thesis clearly showed that neuromuscular or 
mechanical constraints play a prominent role in anchoring. The registration of 
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systematic shifts in wrist posture towards the anchored point (Chapters 2 and 4) 
and the systematic manipulations of wrist posture (Chapters 3 and 5) were 
instrumental in that regard. In brief, anchoring occurred at peak flexion with a 
flexed posture and at peak extension with an extended posture (Chapters 3 and 
5). Also, with the wrist in a neutral posture, small shifts in the center of 
oscillation towards the anchor point occurred when movements were adjusted at 
a particular endpoint on the basis of gaze direction (Chapters 2 and 4) or when 
synchronizing with the beat of a single metronome (Chapter 5). Those findings 
were further supported by concomitant changes in muscle activity (Chapter 5) 
and led to the conclusion that also neuromuscular properties are implicated in 
anchoring. Due to changes in wrist posture, the relative length of agonist and 
antagonist muscles changes considerably, affecting positions in corresponding 
force-length profiles and fueling the passive moment capacity of the elongated 
muscle group. The latter factor may allow for the possibility of saving 
mechanical energy from half cycle to half cycle owing to the ability of muscles 
to store mechanical energy in a potential, elastic form towards the end of each 
half cycle to facilitate the production of the next half cycle (Guiard, 1993; see 
also Discussion of Chapters 3 and 5). Other mechanical constraints that may 
promote anchoring behavior include gravity when rhythmic limb movements are 
made in a sagittal plane, frictional resistance, and surface contact (e.g., Esposti 
et al., 2005; Ivry et al., 2002; Zelaznik et al., 2005). Those factors were not 
investigated but controlled for in the reported experiments.  

Besides neuromuscular and mechanical constraints, clear empirical 
evidence for a link between anchoring and (the use of) task-specific information 
was found in the investigated rhythmic sensorimotor tasks. In visuomotor 
tracking, anchor points proved to be gaze dependent (Chapters 2 and 3), 
suggesting the presence of an information-mediated eye-hand coordination. In 
Chapter 4 the informational basis of anchoring was further uncovered by 
uncoupling hand and target movements through antiphase tracking. In this 
situation, signatures of anchoring were found at both endpoints. It was 
concluded that anchoring to the non-foveated endpoint was linked to target-
related timing information, whereas anchoring to the foveated endpoint was 
engendered by using information about the spatial location of movement 
reversals, as specified or coded by the point of gaze. The latter interpretation is 
akin to the notion of gaze anchoring put forward by Neggers and Bekkering 
(2000) for discrete aiming tasks. Finally, in Chapter 5, evidence was found for a 
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link between anchoring and discrete acoustic events, reflecting again the use of 
target-related timing information. 

The systematic examination of neuromuscular, mechanical, and 
informational constraints that played into anchoring also revealed that 1) the 
effects of those constraints are independent (Chapters 3 and 5), 2) anchor points 
may be actively created or assembled in the perceptual-motor workspace 
(Chapter 2), 3) anchoring may have both spatial and temporal expressions 
(Chapters 3-5), 4) more anchor points in a movement cycle may enhance the 
accuracy of a rhythmical sensorimotor task (Chapters 4-5), while 5) less anchor 
points in the movement cycle may increase the parsimony of movement 
execution (Chapters 2, 4, and 5).  

Next, the theoretical implications of those findings are discussed in 
relation to affiliated concepts like referential behavior theory, gaze anchoring, 
“Betonung”, and event-based timing. 
 
Anchoring and referential behavior theory 

So far, anchor points were defined as organizing centers, but what is exactly 
organized at or around those points? To address this question, it is fruitful to 
consider Pressing’s referential behavior theory, a general framework for 
accounting for behaviors that are structured over time in relation to one or more 
reference sources (Pressing, 1998, 1999). In general, referential behavior is built 
on the assumption that at certain points in the trajectory, the values of reference 
variables are compared to their respective target values. Prospective changes are 
then effectuated on the basis of referencing using, for example, discrepancy 
minimization (Pressing, 1998). From this theoretical perspective, sensorimotor 
synchronization may be interpreted as a reference process with, for example, 
relative phase as reference variable. Although task execution is always 
continuous, and may be aimed at continuous or discrete goals, it may be based 
on both continuous and discrete control, and involve either continuous or 
discrete referential processes. The connection between goals, types of control, 
and underlying referential processes, however, is not one-to-one. For example, a 
ubiquitous form of motor control is intermittent control, where control is exerted 
not continuously, but rather at specific points of the cycle, but this does not 
necessarily imply that the underlying referential process is also discrete. It may 
be the case that a continuous referential process is at play that determines the 
time points of intervention (cf. Pressing, 1998). From these theoretical 
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considerations, Pressing (1998) addressed the connection between referencing 
and anchoring by suggesting that referential behavior theory “might be fruitfully 
used to analyze continuous data for error correction processes with respect to 
anchor points in continuous tasks” (p. 375). Identifying the precise nature of the 
reference (i.e., type of reference variable(s) and associated control) may help 
answering the question what is organized at and around anchor points. Based on 
a synthesis of the outcome measures used to study anchoring phenomena, an 
educated guess can be made with regard to the reference variables in play in the 
sensorimotor tasks of interest here. 
 
Anchor or referential points depend on the task at hand 

Reference variables depend on the motor control task at hand. Chapters 2-4 
examined visuomotor tracking. For discrete visuomotor tasks, like pointing and 
aiming, there is a lot of evidence suggesting a strong neural coupling of hand 
movements to the point of gaze: movements are more accurate in the direction 
of foveation (e.g., Prablanc et al., 1979) and foveal fixation remains locked to 
the target until it is reached (Neggers & Bekkering, 2000). These combined 
findings have led to the notion of gaze anchoring, that is, a bidirectional forced 
co-alignment of eye and hand (Neggers & Bekkering, 2000), independent of 
visual information of the moving limb (Neggers & Bekkering, 2001; Prablanc et 
al., 1986). Also in rhythmic visuomotor tracking tasks eye and hand movements 
appear to be closely coupled and to facilitate task performance (Koken & 
Erkelens, 1992; Leist et al., 1987). This is reflected, for example, in the 
observed gaze-related reduction in spatial endpoint variability (Chapters 2-4), 
indicating a co-alignment of hand movements to the point of gaze. Since a 
spatial co-alignment of eye and hand is the defining characteristic of gaze 
anchoring (Neggers & Bekkering, 2000, 2001), the spatial location specified or 
coded by the point of gaze seems a plausible reference variable to account for 
gaze-related anchoring in rhythmic visuomotor tracking.  

This conjecture can be evaluated empirically by quantifying the absolute 
difference between the target turning points and the actual movement reversals. 
The data of Chapter 4 are particularly well-suited for this purpose because in-
phase and antiphase tracking was performed with concurrent visual feedback, 
allowing for a direct spatial co-alignment of gaze and the visual feedback 
representation of the hand movement. A smaller error was expected at the 
foveated than at the non-foveated endpoint for tracking with feedback, 
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independent of tracking mode. This was indeed the case (IP: 0.74° vs. 2.66°, t(8) 
= 4.50, p < 0.005; AP: 0.74° vs. 2.81°, t(8) = 5.47, p < 0.001). It seems fair to 
conclude that the difference between the actual turning point and the intended 
turning point, as specified by the point of gaze, indeed acts as a reference 
variable in visuomotor tracking. Spatial endpoint variability was thus reduced by 
minimizing the spatial location error. This type of referencing was most 
pronounced for tracking with feedback, allowing for a direct comparison of 
point of gaze and the feedback representation of hand movement, yet was also 
evident for tracking without visual feedback, allowing for an indirect alignment 
of hand movements to the point of gaze (Chapter 4). 

Given that for antiphase tracking without feedback spatial anchoring 
phenomena were also observed at the endpoint opposite to the point of gaze (i.e., 
Chapter 4), spatial location specified by the point of gaze is likely not the only 
spatial reference variable involved in rhythmic visuomotor tracking. In this 
condition, also a shift in the oscillation center was observed towards the non-
foveated endpoint. Together, these observations may suggest that rhythmic wrist 
movements are consistently oriented at a particular spatial point in the 
movement cycle co-existent with target-related timing information picked up at 
the point of gaze. Similar shifts and spatial endpoint variability results were 
observed in Chapter 5 for the single metronome conditions. In the flex-on-the-
beat condition, flexion endpoint variability was lower and the oscillation center 
was shifted slightly towards more flexion. The converse was true for the extend-
on-the-beat condition. In general, these converging findings suggest that in 
rhythmic sensorimotor tasks a spatial reference variable is involved that ensures 
that the hand is consistently oriented at a particular spatial point at times when 
target-specific timing information is available (e.g., foveal information about 
target reversals and auditory information about metronome onsets). This form of 
spatial referencing is presumably based on an internal rather than external 
reference (see also Pressing, 1998), because the observed anchoring effects were 
associated with systematic shifts in oscillation center or posture. Thus, whereas 
spatial location information specified by the point of gaze acts as the reference 
variable for visuomotor tracking (especially in the presence of a visual feedback 
representation of the hand movement), a more general internal spatial reference 
seems involved to consistently orient rhythmic movements to an explicit spatial 
location in the movement cycle at times that target-related timing information is 
picked up. 
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A critical evaluation of the defining characteristics of anchoring 

The preceding insights into the referential basis of anchor points are consistent 
with the original definition of anchoring stating that rhythmic movements are 
often organized around certain spatial locations that serve as intentional 
attractors or organizing centers within and for the movement cycle (Beek, 1989). 
The reduced spatial variability at anchor points follows from movement 
adjustments to spatial reference variables associated with those points. Hence, it 
seems that the defining characteristic of anchoring (i.e., local reduction of spatial 
variability in movement trajectories) results from reducing the difference 
between actual and referential positions (see e.g., Figure 4.1). Given that 
anchoring may also manifest itself as points of reduced temporal variability, the 
conventional spatial analysis of anchor points was complemented in Chapters 3-
5 by an analysis of temporal endpoint variability (see also Maslovat et al., in 
press). In Chapter 3, no difference in temporal endpoint variability between 
foveated and non-foveated endpoints was observed, whereas in Chapter 4 
temporal endpoint variability was significantly higher at foveated than non-
foveated endpoints12. The latter observation was largely attributable to the 
feedback conditions; the difference in temporal endpoint variability for tracking 
without feedback was negligible and not significant. Combining the results for 
spatial and temporal endpoint variability led to the finding that temporal 
endpoint variability was larger at points of reduced spatial variability in the 
movement cycle (Chapter 4), in particular at points involving pronounced spatial 
location referencing (i.e., foveated endpoints for in-phase and antiphase tracking 
with feedback). This suggests that error correction processes associated with 
minimizing differences in spatial location are instantiated at the expense of 
increased timing variations.  

Overall, the temporal endpoint variability results for visuomotor tracking 
were not very conclusive, presumably because factors like movement rate, wrist 
posture, and spatial error correction played an obscuring role. Future studies 
should delineate the contributions of those factors, for example, by comparing 
temporal endpoint variability between self-paced and visually-paced movements 
of increasing frequency. To speculate, the faster the movement, the more open 
loop the rhythmic movements will be controlled and the lower will be the 
temporal endpoint variability. The observed reduced temporal endpoint 
                                                 
12 This incongruence was supposedly caused by differences in target frequencies, being fast in Chapter 3 (1.8 
Hz) and much slower in Chapter 4 (1.0 Hz), which could have altered the type of control implicated in tracking.  
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variability at peak flexion with the wrist flexed and at peak extension with the 
wrist extended (Chapters 3) is consistent with this expectation. 

In Chapter 5 no difference between flexion and extension temporal 
endpoint variability was observed in the different metronome conditions for 
auditory-motor coordination in a neutral posture. In contrast, the phase 
difference between peak hand excursions and metronome onsets was 
systematically affected by metronome conditions; in the flex-on-the-beat 
condition flexion reversals were leading extension reversals relative to 
metronome onsets (and vice versa for the extend-on-the-beat condition). This 
finding was supported by changes in the timing of muscular activity. It may be 
speculated that this relative phase difference between external events and 
movement reversals constituted a reference variable for auditory-motor 
synchronization, now of temporal origin. Support for this interpretation was 
found in Chapter 7, where stroke patients’ non-paretic leg preceded footfalls of 
the paretic leg relative to metronome beats. The identification of temporal 
reference variables involved in rhythmic sensorimotor synchronization may 
benefit further from an analysis of the structure of the temporal variability, as 
this may reveal the nature of the timing (e.g., Delignières et al., 2008; Pressing, 
1999; Repp, 2005; Semjen et al., 2000; Torre & Delignières, 2008a, 2008b; 
Vardy et al., in press; Vorberg & Wing, 1996; Wing & Kristofferson, 1973; 
Wing et al., 2004). 
 
Anchoring and its relation to event-based and emergent timing 

The notions of behavioral referencing and anchoring are closely related to the 
framework of emergent and event timing put forward by Ivry, Zelaznik, and 
colleagues (e.g., Ivry et al., 2002; Spencer et al., 2003; Zelaznik et al., 2002), 
according to which some rhythmic movements, like circle drawing, are 
controlled continuously, whereas others, like tapping, are controlled 
discontinuously. In the latter case, an explicit event-based representation of the 
temporal goal is available, specifying the timing of critical events such as the 
onset of each cycle. Continuous tasks have a different form of representation 
because salient events are absent: online control of these movements does not 
require the operation of an internal clock timing for the timing of discrete motor 
events. Rather, timing is indirect as temporal regularities might be achieved by 
optimizing some other variable such as maintaining a constant angular velocity. 
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This form of timing has been dubbed emergent as it can be achieved by varying 
a non-temporal control parameter like joint stiffness (e.g., Ivry et al., 2002).  

Wrist cycling can fall in either category, depending on how the cycling 
movements are controlled. In case of anchoring, for example, the cyclical 
movement is consistently oriented at a particular point in the movement cycle. 
Presumably, this event-based timing representation in wrist cycling operates on 
the basis of intermittent control and may involve both continuous and discrete 
referencing (Pressing, 1998). In contrast, wrist cycling has more in common 
with emergent timing when anchoring signs are absent, which was for example 
the case when participants directed their gaze at the center in between the two 
target turning points (Chapters 2 and 3). The corresponding movement 
trajectories were often smooth and harmonic, suggesting that control of tracking 
did not occur at a specific point in the movement cycle. In this situation, 
participants most likely adopted a gaze-through strategy, allowing for visual 
monitoring of task performance using peripheral visual information.  

In this respect, rhythmic wrist oscillations constitute an interesting 
experimental paradigm to integrate cognitive and dynamical approaches to 
rhythmic coordination, as indeed was anticipated by Pressing (1998). Most 
studies conducted from information-processing accounts a priori label a given 
task to be discontinuous or continuous, thereby limiting their experimental 
repertoire to a few tasks only (e.g., key-pressing, tapping, and circle drawing). 
Those studies may benefit from anchoring studies revealing the constraints that 
determine whether continuous rhythmic movements are oriented at specific 
points in the movement cycle (i.e., anchoring and the related concept of event-
based timing) or not (i.e., emergent timing). Alternatively, most studies on, and 
with it the notion of, anchoring have so far been more descriptive than 
explanatory; they could benefit from the operational repertoire of various 
information-processing accounts to rhythmic coordination to answer the 
question what is actually being controlled or organized at, and around, anchor 
points. 
 
Anchor points: (un)intentionally selected organizing centers  

In the preceding, anchor points were considered referential points in the 
movement cycle. Those points are, however, not fixed in the perceptual-motor 
workspace, but can be actively created or assembled, for example, when task 
requirements or postural configurations change. It appears that the accuracy and 
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parsimony of task performance is determined by the nature, number, and 
compatibility of anchor points in the perceptual-motor workspace and the 
associated referential processes. The analyses of the visual search behavior and 
its relation to specific features of the movement trajectories observed during the 
unimanual visuomotor tracking task of Chapter 2 clearly supported both 
conjectures. At low oscillation frequencies some participants tended to follow 
the target with their point of gaze, allowing for a continuous comparison of 
target and hand trajectories13. The corresponding movement trajectories were 
wrinkled (see Figure 2.8, left panels), suggesting that movement adjustments 
were distributed throughout the movement cycle. Patently, kinematic signatures 
of anchoring were absent in this situation (see e.g., Table 2.3 and Figure 2.8, left 
panels). At higher oscillation frequencies, in contrast, participants consistently 
foveated their gaze at either the left or the right target turning point. Presumably, 
in this case, movements are controlled on the basis of the previously identified 
spatial reference variables, resulting in anchoring phenomena at those points14. 
Alternatively, referencing may take place on the basis of peripheral rather than 
foveal vision, for instance in conditions where gaze was directed at the center in 
between the target turning points with accompanying smooth kinematics. In 
complex situations like ball sports (cf. Williams & Davids, 1998) and juggling 
(Huys & Beek, 2002), expert performers often adopt a single fixation point, a 
“visual pivot” or “gaze through”, from where, presumably, task-specific 
information is extracted in a more global, ambient manner. In passing through 
the aforementioned conditions, task performance progressed from being 
continuously guided (monitored from point-to-point, continuous gaze 
anchoring), to event-based timing (monitored at the endpoint only, (gaze) 
anchoring) to emergent timing (monitored using more global references), 
indicating that the parsimony of task performance improved accordingly. 
                                                 
13 The notion of gaze anchoring of Neggers and Bekkering (2000) may thus also apply to continuously guided 
visuomotor control. That is, hand movements are forced to co-align with the point of gaze, independent of 
whether gaze is foveated at a stationary or moving target. With frequency-locked gaze oscillations, the 
continuous spatial alignment of gaze and hand resulted in distributed rather than local adjustments of hand 
movements. The difference in spatial location between target (= point of gaze) and hand then represents the 
continuous reference variable. 
14 As can be seen in Figure 2.8, the oscillation center, identified as internal spatial reference, progresses 
considerably towards the anchored endpoint, in particular with increasing movement rate. On a neuromuscular 
level, these gradual shifts in posture may result in one-sided rather than reciprocal bursting since phase-
dependent bursting activity of both flexor and extensor muscles is typically observed in a neutral posture while 
in extreme postures mainly one-sided muscular activity occurs (Figure 5.4). Consequently, only one half cycle 
needs to be controlled while counteracting passive moments assist in bringing the hand out again (e.g., Figure 
5.1). Neuromuscular properties were exploited to a greater extent with increasing oscillation rate, apparently in 
favor of parsimony of task execution. 



Chapter 9 

 195

It has been suggested that the distinction between event and emergent 
timing may not be solely based on the discrete versus continuous nature of the 
task being performed but that learning is necessary for emergent timing to be 
invoked (Studenka & Zelaznik, 2008). Also, task constraints (e.g., differences in 
movement frequency), task requirements (e.g., move at the right tempo versus 
precisely follow the target), and participants’ intentions regarding task 
performance (e.g., to meet minimal achievement criteria versus as good as 
possible) invoke similar effects as expertise on the observed control. That is, 
with more complex tasks or when more effort is put into task performance, more 
control is monitored at a conscious level (e.g., using foveal vision). In contrast, 
control of a visuomotor task becomes more automatized or economical (e.g., 
using peripheral vision) when the task gets simpler or when the task is 
performed at leisure. The wide variety of visual search behaviors observed in 
Chapter 2 illustrates that participants’ expertise level and overall effort affected 
their performance. Specifically, it was observed that in the beginning of the 
experiment and during practice trials of new conditions most participants tended 
to follow the target with their gaze more often than during subsequent trials, 
whereas other participants adopted a gaze-through strategy at the center from the 
first trial onwards, which could imply that they were either already more skilled 
or, alternatively, less eager to perform the task as good as possible. Therefore, 
when studying visuomotor control it is recommended to either monitor visual 
search behavior using eye-tracking systems (Chapters 2 and 3) or to tightly 
control gaze via instructions (Chapters 4 and 5). 

These examples illustrate that anchor points are not fixed in the 
perceptual-motor workspace but can change during task performance. In all 
likelihood, those changes occurred unintentionally or automatically. With regard 
to this unintentional nature of anchor point selection, a revival of Wachholder 
and Altenburger’s (1926) study on “Betonung” of rhythmic finger, hand, and 
arm movements is in place. Their early observations resemble the signatures of 
anchoring in kinematics and muscle activity described in Chapter 5. Wachholder 
and Altenburger (1926) induced “willkürliche Betonung”, for example, by 
instructing participants to emphasize or accentuate flexion. They compared the 
corresponding features in kinematics and muscle activity to situations in which 
participants performed the same, but uninstructed movements, allowing them to 
recognize instants of “unwillkürliche Betonung”, which they related to 
neuromuscular and mechanical constraints (Wachholder & Altenburger, 1926). 
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Toward therapeutic implications: a note on BATRAC  

It can be concluded that anchor points, and the associated referential processes, 
can be either voluntarily or involuntarily selected in the perceptual-motor 
workspace at locations where task-specific information is available and/or 
musculoskeletal properties may be exploited for organizing a cyclical act. Using 
task instructions to influence the intentional or unintentional accentuation of a 
particular point in the movement cycle is potentially relevant for therapeutic 
applications of the notion of anchoring. The auditory-motor synchronization 
study of Chapter 5 revealed that the performance of rhythmic movements 
depended on task instructions, even if the external rhythm was kept the same. 
That is, by asking participants to flex on the beat of a metronome, the flexion 
phase was controlled, and vice versa for the extend-on-the-beat condition. These 
instructions not only affected kinematic properties but also had profound effects 
on the underlying muscle activation patterns. The implication of this observation 
for the use of external rhythms in therapeutic settings is that specific task 
instructions may thus influence the execution of rhythmic movements. In 
BATRAC studies in stroke survivors, for example, limb movements are 
coordinated with rhythmic acoustic stimuli, showing beneficial effects on arm 
functioning after a period of BATRAC training (e.g., Luft et al., 2004; Whittal et 
al., 2000). In view of the fact that the greatest gain in arm functioning is 
typically reached when wrist extensor dexterity improves, instructing patients to 
extend on the beat may result in even greater improvements in arm functioning 
because this instruction promotes the use of extensor muscles. Other therapeutic 
implications of the use of external rhythms to improve impaired motor 
functioning will be discussed next, focusing on gait after stroke. 
 

Part 2: Therapeutic applications, from theory to treadmill 
This thesis showed that three distinct aspects of walking could be changed and 
evaluated by means of external acoustic rhythms. Chapter 6 demonstrated that 
acoustic rhythms could be used to normalize gait after stroke (i.e., gait 
coordination becomes more symmetric). Furthermore, stroke patients’ cadence 
was found to be modifiable simply by changing the metronome rate. Chapter 7 
showed that differences in the ability to adjust gait between stroke patients and 
healthy controls were identifiable by means of rhythm perturbations. 
Specifically, stroke patients preferred a slower-step response following 
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perturbations in the acoustic rhythm to restore sensorimotor synchronization, 
even if this response required a greater adjustment. These findings demonstrate 
that the use of external rhythms provides an effective means for modifying and 
evaluating various aspects of impaired gait and, therefore, may be meaningfully 
applied in clinical practice. In line with the integrative translational approach 
adopted in this thesis, this possibility was pursued further by developing a new 
therapeutic tool based on an instrumented treadmill for clinical gait analysis and 
training. The treadmill in question was developed in close collaboration between 
clinical professionals, movement scientists, and technicians. A few demands 
were formulated: the treadmill had to be easy to use in clinical practice and able 
to quantify gait without the need for time-consuming analysis afterwards, 
without constraining the patients’ gait in terms of foot placement, and without 
loosing time in equipping a patient with measuring devices or markers and 
subsequent calibration measurements. 

This resulted in the development of an instrumented treadmill for online 
detection of gait events and related gait characteristics (Chapter 8). The use of a 
single large force platform embedded in the treadmill allowed for gait analysis 
over a large number of strides without imposing constraints on foot placement. 
Assessment of overground gait over a large number of strides becomes 
cumbersome due to the lack of control of speed over consecutive strides and 
trials (hampering averaging over analyzed strides). Furthermore, when a force 
platform in the walkway is used to measure ground reaction forces during 
overground walking, footfalls have to be specifically targeted to its location, 
which introduces an additional task constraint affecting locomotion (Wearing et 
al., 2000). Chapter 8 indicated that gait events as well as selected gait 
parameters can be accurately extracted online, which is a prerequisite for 
successful implementations of movement-dependent event control in gait 
research and clinical gait training.  

Examples of applications that could benefit from online gait event 
detection include audiofeedback in which acoustic feedback is based on the 
footfalls of the participant or patient (Schauer & Mauritz, 2003) or obstacle 
avoidance in which obstacles can be presented at specific instances in relation to 
the ongoing gait cycle (Pijnappels et al., 2004, 2005; Schillings et al., 1996). 
Furthermore, external cueing could also benefit from gait-dependent event 
control as visual or acoustic rhythmic pacing signals are now typically provided 
externally by the experimenter or therapist (Chapters 6-7; Thaut et al., 2007; van 
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Wegen et al., 2006a). These applications of movement-dependent event control 
were implemented in the instrumented treadmill of Chapter 8 to generate the 
intended therapeutic tool for gait analysis and gait training. The upshot of this 
development is that this therapeutic tool has been patented and is now 
commercially available (the C-Mill, ForceLink, Culemborg, The Netherlands). 
Below, some technical specifications of the underlying methodology of 
movement-dependent event control are described and specific directions are 
formulated for implementations in clinical gait training and research. 
 
Movement-dependent event control in clinical gait training and research 

A system was required that monitored each center-of-pressure sample to detect 
predefined center-of-pressure features (see Figure 8.1) that could generate and 
control events or manipulations with minimal delay. Finite state machines, i.e., 
imaginary machines with a finite number of well-defined resting states (cf. 
Oudejans & Coolen, 2003), are particularly well-suited for this purpose. 
Decisions as to what action needs to be taken are made by the state machine 
itself on the basis of the current state of the machine in combination with the 
system’s input (e.g., force data). It requires real-time data processing and to 
ensure acceptable delays the dimensionality of the data is typically reduced to a 
few points only – in the case of the instrumented treadmill, force data are 
converted to center-of-pressure data. Movement-related event control then 
involves online pattern recognition of this movement representation and 
translation of these data to initiate events or manipulations (e.g., presentation of 
obstacles or feedback sound). Center-of-pressure data were therefore modeled as 
a sequence of states (i.e., swing phase right leg, double stance from right heel 
strike to left toe-off, swing phase left leg, double stance from left heel strike to 
right toe-off), enabling implementation of event detection and controlling 
subsequent actions in a structured and flexible way (cf. Oudejans & Coolen, 
2003). A generic architecture was developed (depicted schematically in Figure 
9.1) to be able to induce movement-dependent manipulations (see step 6 in the 
gray panel of Figure 9.1). Of particular interest for research and clinical 
applications is that these manipulations can be changed, added, or removed in 
real-time by the therapist or experimenter. From this general architecture, three 
applications for gait research and clinical gait training were implemented, as 
represented schematically in the right panels of Figure 9.1. 
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Figure 9.1. Generic architecture of event detection and control using center-of-pressure 
profiles during treadmill walking (gray panel) and three specific ‘manipulation state’ 
applications (transparent panels). (*The means are used in event manipulations and the 
parameter is adjustable ranging from a minimum of one to infinity. **Soundcards, at 
least in LabVIEW, for presenting real-time beeps have a delay between the 
programmatic start of the sound and the actual sound (in some cases 30 ms). To 
guarantee sound onset a custom solution was used for sound generation with a delay of 
300 microseconds.) 

Generic architecture (iterative loop) 
1. read force data 
2. calculate center of pressure (COP) 
3. peak detection and pattern recognition 
4. when new peak is found  
    - determine state of COP profile  
    - calculate gait parameters 
    - strides are counted 
5. calculate running mean of gait parameters  
    over # of gait cycles*  
6. specific event manipulation state, e.g., 
    a) audiofeedback 
    b) visual obstacle presentation 
    c) acoustic or visual cueing 
7. store data (force data, COP, detected gait  
     events, imposed manipulations, et cetera)      
8. check for end of measurement, if not, go to 1 

a) audiofeedback 
1. wait for FOleft or FOright 
2. wait for adjustable time period  
3. detect FCleft or FCright with fast  
    peak detection algorithm based  
    on limited number of samples 
4. sound on**  
5. wait for end of sound duration  
    (50 ms in our case)  
6. sound off 
7. go to 1

b) obstacle presentation 
1. initialize variables 
2. wait until at least an adjustable 
    number of strides occurred 
3. wait for user- or programmatic 
     input to present obstacle 
4. wait until mid stance  
5. use mean frequency, step 
    length and asymmetry to 
    calculate position of walker in 
    real-world coordinates  
6. calculate position of obstacle in 

real world coordinates and trans-
form them to screen coordinates 

7. present obstacle 
    - repeat this until the object has 
      passed participant 
8. go to 1 

c) acoustic/visual cueing  
1. initialize variables 
2. wait until at least an adjustable 
    number of strides occurred 
3. wait for user- or programmatic 
    input to present cues 
4. wait until mid stance 
5. for visual cueing:  

- use mean frequency, step length 
and asymmetry to calculate position 
of walker in real-world coordinates 
- calculate position of visual cues in 
real-world coordinates and transform 
them to screen coordinates 

6. present visual or acoustic cues 
7. process user input for changes in 
    cueing parameters (i.e., frequency, 
    asymmetry)  
8. go to 1
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Audiofeedback 
In the first application, labeled audiofeedback (Figure 9.1a), participants receive 
intrinsic movement-related acoustic feedback about their gait in the form of 
acoustic feedback at times of heel strike, providing information about gait 
(a)symmetry, variability, and cadence. Beneficial effects of audiofeedback have 
been demonstrated in a randomized clinical trial by Schauer and Mauritz (2003), 
showing that gait training of stroke patients was enhanced by acoustic feedback 
(in a musical context) of the stroke patient’s own strides, with significantly 
greater improvements in gait speed and gait symmetry compared to a control 
group receiving conventional gait training. Gait assessment and gait training 
with the instrumented treadmill described here may also benefit from 
audiofeedback. By turning the acoustic feedback on and off intermittently, one 
can assess immediate and potential transfer effects of audiofeedback on the gait 
parameters of interest. These effects can be monitored by the therapist on a 
computer screen, displaying those gait parameters on a step-to-step basis. By 
replaying previous recordings of audiofeedback, deviations in pace, variability, 
and symmetry become immediately apparent, allowing for monitoring or 
increasing awareness of the (lack of) gait improvement in a given patient. A 
third promising gait training intervention with audiofeedback is to implement a 
constraint that determines whether or not acoustic feedback is provided at times 
of heel strike. For example, if the aim of gait training is to promote a more 
symmetric gait, only acoustic feedback can be given as long as the difference 
between consecutive step lengths and/or step times is smaller than a certain 
threshold (or vice versa, using audiofeedback to punish ‘poor’ strides instead of 
rewarding ‘good’ strides). In the course of training sessions, this threshold can 
be set more stringently to potentially speed up the learning curve. 
 
Obstacle presentation 
In the second application, participants are confronted with a real virtual15 visual 
obstacle approaching at a speed corresponding to that of the treadmill (i.e., the 
obstacle remains stationary with respect to the prevailing frame of reference). 
The ‘moving’ obstacle is projected with a beamer on a long horizontal 
projection board (180 × 80 cm), which requires a real-world to computer-screen 
coordinates calibration to insure constant obstacle dimensions throughout its 
presentation. The projection board is attached to the treadmill using similar 
                                                 
15 Note that a “real virtual” obstacle is distinct from an obstacle in “virtual reality”. 
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materials as the treadmill surface to enhance constancy of the visual projection 
when progressing from the horizontal projection board onto the moving 
treadmill belt (see Figure 9.1). Based on online detected gait events, the position 
and timing of future foot placement can be predicted, enabling appropriate 
presentation of the obstacle in time and place. 

In previous studies movement-dependent obstacles appeared late during a 
step, mediating an actual stumble or trip (e.g., Pijnappels et al., 2004, 2005) or 
triggering obstacle-induced reflexive gait reactions (e.g., den Otter et al., 2005; 
Hofstad et al., 2006; Schillings et al., 1996; Weerdesteyn et al., 2005, 2006, in 
press). Deviations or limitations in reflexive obstacle avoidance strategies were 
demonstrated for different groups with elevated fall risk, including stroke 
patients (den Otter et al., 2005), patients with an amputated lower limb (Hofstad 
et al., 2006), and elderly with a history of falls (Weerdesteyn et al., 2006, in 
press). A major advantage of the relatively long projection board in the 
instrumented treadmill described here is that it also allows for a systematic 
examination of gait anticipation in avoiding obstacles, simply by presenting 
obstacles a few steps ahead. Therapists can then instruct patients with high fall 
risk how to best approach and negotiate an obstacle and to practice safe obstacle 
avoidance strategies repeatedly. Thus far, studies on anticipatory obstacle 
avoidance with gait dependent obstacle presentation are lacking, apart from a 
few studies on overground obstacle negotiation with fixed obstacles (e.g., Chen 
et al., 1994; Patla et al., 1999). By manipulating the available response time and 
thereby the location of obstacle presentation with respect to the ongoing gait 
cycle, both anticipatory (long response times) and reflexive (short response 
times) obstacle avoidance behavior can be induced with the described 
instrumented treadmill. This allows for training of the integration of visual 
obstacle information from the environment with ongoing gait coordination, 
including gait adjustments of proper size and timing. 

With the obstacle presentation implementation of the treadmill described 
here a therapist or scientist can on the one hand evaluate both anticipatory and 
reflexive obstacle avoidance skills in a group of patients but on the other hand 
also use this implementation to train obstacle avoidance behavior in a 
therapeutic setting. A recent randomized clinical trial with stroke patients on 
treadmill training with virtual reality obstacle avoidance found greater 
improvements in walking speed, walking endurance, and the ability to cross 
obstacles than a control group who trained overground obstacle negotiation 
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(Jaffe et al., 2004). Motivated by these promising findings, a randomized 
clinical trial is initiated on the effect of obstacle avoidance training with the 
instrumented treadmill described here on various aspects of walking (including 
gait speed, endurance, ability to negotiate obstacles, confidence, fall risk) in a 
group of elderly recovering from a fall-related hip fracture. This study is 
performed in collaboration with Jan Visschedijk, MD, and Stefan Kok, PT, from 
the geriatric rehabilitation centre Solis in Deventer, associated with the 
University Network Elderly Care (UNO) of VU medical centre. This study will 
be a first step in evaluating the clinical effectiveness (i.e., T1 endpoint) of gait-
dependent obstacle avoidance training relative to a control group of usual care 
and a second control of standard treadmill training dose-matched with the 
intervention group. 
 
Visual and acoustic cueing 
Several studies have reported beneficial effects of acoustic and visual cueing on 
the speed, stride length, symmetry, and fluency of gait after stroke (e.g., Thaut et 
al., 2007). These benefits notwithstanding, also a few limitations of those studies 
were evident. In Chapter 6, the confounding influence of gait speed on gait 
symmetry was tackled, resulting in the unbiased conclusion that acoustic 
rhythms can indeed improve gait symmetry. Other limitations are more of a 
methodological nature, mainly hampering the suitability and effectiveness of the 
use of those rhythms in clinical gait training. The first limitation was that the 
cues in question could not be presented contingent on the participant’s current 
gait pattern (i.e., in terms of the prevailing stride frequency and step time/length 
asymmetries). Cadence must be determined first, for example by counting the 
number of strides per minute, which could introduce a mismatch between the 
metronome rate (based on this assessment) and the current stride frequency. 
Furthermore, standard metronomes have a fixed interbeat interval and can 
therefore not pace asymmetrically. Finally, the metronome was started 
manually, which, depending on the timing skills of the experimenter or therapist, 
may require a gait adjustment to synchronize footfalls with metronome beats. A 
second limitation was that the cues were not registered or registered 
synchronously with gait events, hampering an objective evaluation of how gait 
is adjusted to those rhythms. A third limitation is related to the choice of the 
modality of cueing. Visual cues, such as stripes on the floor, are probably more 
effective in modifying impaired gait due to a coupling of gaze and future foot 
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placement (as well as deviations therein with age and fall-risk, e.g., Chapman & 
Hollands, 2006). However, in contrast to acoustic cues, visual cues cannot be 
readily changed during gait training, hampering its feasibility for modifying 
impaired gait in gait training.  

The third application of the instrumented treadmill was implemented to 
solve these limitations. Specifically, participants walk on the treadmill for a 
certain amount of time during which the current gait pattern is determined, 
followed by an automatic presentation of an external rhythm of a selected 
modality (e.g., visual, acoustic) contingent upon the prevailing gait pattern (see 
Figure 9.1c for the applied sequence of states). Furthermore, by using an 
interface, therapists can gradually change the frequency and asymmetry of the 
external rhythm in an attempt to modulate or fine-tune impaired gait. Likewise, 
by using visual targets of a size corresponding to the length and width of the feet 
of the walker, also changes in step width can be induced by varying the distance 
between left and right stepping stones. The success or failure of such attempts in 
relation to the imposed gait pattern can be monitored by the therapist on a step-
to-step basis through visual feedback of the gait parameters of interest (e.g., 
stride frequency, step width, step time/length asymmetry) on the computer 
display. 

With this application, external rhythms can be easily used in rehabilitation 
practice to improve gait after stroke. Furthermore, the ability of external 
acoustic or visual rhythms to modify stride frequency or stride length by varying 
those rhythms (cf. Chapter 6, for acoustic cueing) is valuable for gait training in 
rehabilitation because the ability to modulate gait is important for everyday-life 
ambulation. For example, gait must be modulated to speed up at a road crossing 
when the traffic light turns to red, when catching up a bus, or when rushing to a 
shelter if it starts raining. Walking in a crowd or cluttered environment also 
requires intermittent adjustments of walking speed, cadence, and step length. As 
shown in Chapter 7, the ability to adjust gait to perturbations in the pacing 
rhythm may provide an efficient means to evaluate deficiencies in gait 
adaptability as well as a therapeutic means to train this aspect repeatedly in a 
safe environment. The instrumented treadmill described here seems particularly 
well suited for this purpose, as it not only provides a means for easy and flexible 
administration of patient-specific cues but also directly feeds back objective 
information on how well various aspects of gait are adjusted to those rhythms 
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(e.g., gait pattern, gait adaptability), which represents an important development 
towards evidence-based rehabilitation practice. 
 

Postscript 
All in all, the bidirectional translational approach adopted in this thesis not only 
proved instrumental in bridging (part of) the gap between basic and applied 
science but also led to new insights and developments that furthered both theory 
and practice. As such, the results of this thesis are positioned at the beginning of 
the long road of translational research, where clinical implications of basic 
knowledge are sought and where clinical practice inspires basic research. The 
obtained insights can be used to define targeted and theory-driven interventions 
further down the road of translational research. By adopting an integrative 
translational approach, effectuated through collaboration among clinical 
professionals, movement scientists, and technicians, a promising therapeutic tool 
was instantiated for use in future clinical gait training and research. A few 
specific directions for future research were formulated that are required to 
actually arrive at the important T1 (from fundamental science to clinical effect 
studies) and T2 (from clinical evidence to everyday implementation) endpoints 
of translational research. Hopefully, those recommendations, and the insights 
into anchoring on which they are based, will help the move from theory to 
therapy in the context of the use of external rhythms in rehabilitation. 
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